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Abstract we apply three different methods based on the analysis of the multicomponent seismic data to
detect seismovolcanic tremors and other seismovolcanic signals, to propose an approach to classify them,
and to locate their sources. We use continuous seismograms recorded during 1 year by 21 stations at the
Piton de la Fournaise volcano (La Réunion, France). The first method allows the detection of seismovolcanic
signals based on stability in time of the intercomponent cross-correlation function. Two other methods
based on the simultaneous analysis of the whole network can be used to detect seismovolcanic signals and
to locate their sources. In the first network-based method, the seismic wavefield is analyzed by

calculating the width of the network covariance matrix eigenvalue distribution.The second network-based
method consists in performing the 3-D backprojection of the interstation cross correlations in order to
calculate the network response function. Simultaneous analysis of the parameters measured by the

three different methods can be used to classify different types of seismovolcanic tremors. Our results
demonstrate that all three methods efficiently detect seismovolcanic tremors accompanying the 2010
eruptions and the preceding pre-eruptive seismic swarms. Furthermore, Methods 2 and 3 based on
simultaneous analysis of the whole network detect a large number of volcanic earthquakes. Our location
results show that each seismovolcanic tremor is located in a distinct regionof the volcano, close to the
eruptive site at a shallow depth, and the preceding seismic crisis is located deeper at about the sea level under
the summit crater.

1. Introduction

Volcanicactivity is generally accompanied by a large spectrum of seismic signals from pre-eruptive seismic
swarms to seismovolcanic coeruptive tremors (e.g., McNutt & Roman, 2015). The generation of seismic
waves in volcanoes might be related either to the release of mechanical stresses within the volcanic edifices
and underlying crust (e.g., Roman & Cashman, 2006) or to the movement of magma and related hydrother-
mal fluids and to their complex interactions with solid rock (e.g., Chouet, 1996). The interpretation of these
signals and the quantification of their source mechanisms allow us to better understand the oscillatory beha-
vior of volcanic systems and provide information about the underlying physical processes. Thus, seismovol-
canic data play a fundamental role in observing and understanding ongoing processes within active volcanic
systems and are critical for monitoring volcanoes and anticipating their eruptive behavior.

Collection of the seismological data on volcanoes is rapidly advancing because of the modern technologi-
cal developments. More and more volcanoes are equipped with networks composed of several very sensi-
tive and broadband seismographs recording continuous data and transmitting them more broadly and in
real time to volcano observatories. Archived continuous data sets and real-time data streams from several
volcanoes are available through main international data centers and data collecting systems such as IRIS
(https://ds.iris.edu/ds/nodes/dmc/) and ORFEUS/EIDA (http://www.orfeus-eu.org/data/eida/). This rapid
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increase in data quality, quantity, and availability opens new opportunities for seismovolcanic
monitoring.

At the same time, a full exploration of information contained in seismovolcanic data is a very challenging
problem. Many of the methods used in today's volcano seismology are inherited from the past and were initi-
ally developed for a manual or weakly automated analysis of very light data streams. Single-station and/or
event counting approaches remain dominantly used in the seismic volcano monitoring. These approaches
have a significant advantage of being simple and robust, making their implementation possible in the major-
ity of volcano observatories suffering from the lack of resources and infrastructure. Nevertheless, even with
massive implementation of these simple methods, the information contained in the seismovolcanic data
remains very poorly used.

A full and coherent exploration of the information provided by modern seismovolcanic monitoring facilities
requires a more systematic usage of advanced network-based methods. Most advanced volcanic observa-
tories are developing computing infrastructure that allows “in situ” implementation of such methods. In a
case of less well equipped observatories, the data streams can be transmitted to larger regional or national
(and eventually international) data analysis centers where advanced algorithms requiring significant com-
puting power can be applied. The results of such advanced seismological analysis can be then retransmitted
back to the observatories to be incorporated with other collected data and information for evaluation of the
state of the volcanoes.

Network-based seismological methods are recognized as having a large potential for improving volcano
monitoring because of their capacity to detect signals different from “regular” earthquakes and to
locate/characterize their sources. The main idea of the network-based analysis is, instead of trying to detect
signals at individual records, characterizing the level of spatial coherence of a wavefield as it is recorded by
the ensemble of instruments. As a result, they do not generate discrete catalogs of events but continuous
functions representing the properties of the recorded wavefields and, in favorable conditions, can be
“back-propagated” to characterize the emitting sources.

Network-based methods are particularly well adapted for analysis of seismovolcanic tremors (e.g., McNutt &
Nishimura, 2008) that are part of the long-period (LP) seismicity (Chouet, 1996). These ground vibrations with
a sustained amplitude lasting from minutes to months, characterized by a low-frequency content (0.5-5 Hz),
accompany eruptions and are often synonymous with the arrival of magma at the subsurface and the first
signs of degassing. Therefore, they are a key element in volcano monitoring, and a thorough study of these sig-
nals could allow us to bring new information about volcanic system and to develop new methods of eruption
forecasting. They can be caused by several volcanic processes including magma-hydrothermal interactions
and magmatic degassing (e.g., Chouet & Matoza, 2013), but their physical origin is poorly understood, and
the study of their source is part of the current challenges of the modern volcanic seismology.

The network-based methods can be also useful in characterizing volcanic earthquakes. In some cases, their
time resolution can be enhanced to resolve individual events. Alternatively, smoothed network-response
functions can be considered as proxies to the properties of the swarms composed of many earthquakes
and to infer their approximate source locations.

Network signal analysis is a very large family of methods (Rost & Thomas, 2002), and several of them have
been used in volcano seismology. Different methods are based on their own sets of assumptions, resulting in
different network-response functions with different detection capabilities and resolutions (in space, time,
and frequency domains). Simultaneous application of different network-based methods can provide us with
complementary information necessary to detect and to identify different types of volcanic activity. Testing
this multimethod approach was the main motivation for our present work. We focused on three different
methods and looked to applied them to a data set from a volcano with well-known activity. For this reason,
we selected Piton de la Fournaise (PdF) volcano (La Reunion island, France). This volcano is one of the most
active in the world and is systematically observed by the Observatoire Volcanologique du Piton de la
Fournaise (OVPF) with different monitoring techniques and, in particular, with a modern network of broad-
band seismographs.

The first of the tested methods is new (has been developed in this study) and explores the stability of inter-
component cross correlations to detect tremors. In a simplest case, it can be used in a single-station mode.
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The two other methods are existing interstation cross-correlation, network-based approaches described by
Seydoux, Shapiro, De Rosny, et al. (2016) and by Droznin et al. (2015). The latter has been modified here
to be computed on a 3-D grid. We compare these three methods in terms of volcano-seismic signal detection.
We also show how the simultaneous analysis of the parameters measured by the three different methods can
be used to separate the different types of detected signals, which suggests a potential application to classify
them. Moreover, we will also present locations of sources detected by the network-based methods. The loca-
tion method is from Soubestre et al. (2019), but here the temporal resolution is enhanced to study the
pre-eruptive seismic crises. Thus, another motivation of our study is to show how these methods can be
applied to follow the pre-eruptive seismic processes and seismovolcanic tremor activity through time and
space.

We analyze the data recorded by the PdF seismic network during 2010 when three eruptions occurred (see
Figure 1 for the positions of eruptive fissures and associated lava flows):

« the January eruption that lasted 11 days from 2-12 January 2010, with the eruptive fissure located on the
west part of the summit cone, inside the Dolomieu crater;

« the October eruption that lasted 17 days from 14-31 October 2010, with the eruptive site located in the
south flank of the volcano; and

« the December eruption that lasted about 15 hr between 9 and 10 December 2010, with the eruptive site
located in the northwestern part of the caldera.

These three eruptions were preceded by pre-eruptive seismic crises and accompanied by seismovolcanic tre-
mors starting at the onset of the eruption. Examples of seismograms and of real-time seismic amplitude mea-
surements (RSAM) (Endo & Murray, 1991) during the January and October eruptions are shown in Figure
S1 in the supporting information.

PdF volcano and its seismic network are introduced in section 2. Then, a rapid description of its seismovol-
canic tremors is made in section 3. The methods applied in this study are described in section 4, with the
obtained results presented in section 5 and discussed in section 6.

2. PdF Volcano and the Seismic Monitoring System

La Réunion is a volcanic island located in the southwest of the Indian ocean in the Marscarene Basin
(Figure 1). Based on dating and geodynamic reconstruction, its volcanism is thought to have a hot spot origin
and to have been generated by the same mantle plume that produced the Deccan Trapp about 65Ma
(Courtillot et al., 1986). The head of this mantle plume would have passed beneath La Réunion about
5Ma and would be now located 300 km southwest of the island (Bonneville, 1990). Tsekhmistrenko et al.
(2018) present a high-resolution body-wave tomography of the whole mantle column beneath the western
Indian Ocean providing a more complex view of the plume beneath La Réunion. Their model reveals that
the upwelling shows considerable tilt in the lower mantle instead of being near-vertical and splits into
branches near the surface.

The PdF volcano is an intraplate shield basaltic volcano of Hawaiian type located in the southeast part of the
island. It is 2,631 m high and active since about 530 ka. Throughout its existence, this volcano has been
marked by the formation of successive concentric calderas, the latest being the Enclos Fouqué, formed about
4,500 years ago (Bachelery, 1981), in which there is a summit cone 400 m high and 3 km wide at its base with
two craters: the Bory crater and the Dolomieu crater, the latter being the most active one.

The PdF is considered as one of the most active volcanoes in the world, with approximately one eruption
occurring every 9 months in average. Thus, its very frequent eruptions weakly dangerous for the population
(97% of the recent eruptions occurred within the uninhabited caldera) make it an ideal natural laboratory to
study active volcanic processes.

Geodetic and seismic data suggest the presence of a shallow magma reservoir around 2,500 + 1,000 m below
the PdF summit craters (Staudacher et al., 2016). However, the exact geometry of storage zones and their
possible interconnections are still debated. While Lénat and Bachelery (1990) suggested the presence of
small magma pockets scattered between the summit and the sea level, Peltier et al. (2008) inferred from geo-
detic data a single magma reservoir located above the sea level, regularly recharged by a deeper source.
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Figure 1. Color-shaded relief map of the Piton de la Fournaise volcano, located on the southeast part of La Réunion island. The bottom left inset shows the
location of La Réunion island in the Indian Ocean. Seismic stations used in this study are represented with white inverted triangles. Black dots stand for the
position of the eruptive fissures corresponding to the January, October, and December 2010 eruptions, located at the west part of the summit cone, south flank,
and northwest flank, respectively. Red lines stand for the lava flows associated with these eruptions.

Since the installation of the volcano observatory of PAF (OVPF) in 1979, the seismic network has evolved
from a small number of short-period stations recording on a triggered basis to a modern network combining
broadband and short-period sensors and recording continuously (Battaglia et al., 2016). In 1999, there were
19 short-period stations in the network, mostly installed near the summit and around the volcano. In May
1999, continuous recording appeared with storage on CD-ROMs, and the network was completed after
the 2007 Dolomieu crater collapse, including up to six broadband three-component stations by the middle
of 2009. Since October 2009, 15 broadband stations located on the volcano were installed as part of the
Understanding Volcano project (UnderVolc) (Brenguier, 2014; Brenguier et al., 2012), in addition to the
existing seismic network. Figure 1 shows the 21 broadband three-component stations present in 2010 that
we use in this study.

3. Seismovolcanic Tremor of PdF Volcano

The PdF seismovolcanic tremors are generally coeruptive, starting when the eruption begins and disappear-
ing at the end. It is characterized by a relatively broad spectrum around 0.5-10 Hz (Battaglia & Aki, 2003).

The signals generated by seismovolcanic tremors are generally emergent, without any clear onset. This
implies a lack of seismic phase identification and prevents the use of traditional strategies for seismovolcanic
tremor source location. Therefore, this is necessary to develop new methods better suited for its analysis.
Battaglia and Aki (2003) proposed a method based on seismic amplitudes for locating events. They showed
that once corrected for station sites effects using coda site amplification factors, the spatial distribution of
amplitudes shows smooth and simple contours for events including LP events and seismovolcanic tremor.
Following this approach, Battaglia et al. (2005) located sources of several coeruptive seismovolcanic tremors
at the PAF and found that they better correlated with the position of the eruptive vents for the 5-10 Hz band,
suggesting a generation directly located at the eruptive site. While for frequency above 1.5 Hz, the seismo-
volcanic tremor sources are generally found at shallow depth, they suggest that lower frequencies could
be related to deeper processes rather than directly by the eruption observed at the surface. Taisne et al.
(2011) used a similar method to study the PdF pre-eruptive seismic crises.
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4. Methods

Most volcano observatories monitor seismovolcanic tremor in real-time based on measuring their ampli-
tudes at a single reference station located near the volcano (e.g., Endo & Murray, 1991). The idea of this
approach is that the position of the seismovolcanic tremor source remains more or less stable in time and
that the amplitude of the seismic signal can be considered as a proxy of the intensity of the seismovolcanic
tremor generating processes. This single-station/component approach can be developed further with the use
of the spectral shape of the signal (instead of its averaged amplitude) leading to a better discrimination of
different phases of seismovolcanic tremor (Unglert & Jellinek, 2015; Unglert et al., 2016). One of the main
difficulties of single-component approaches is that they cannot be used to get information about the spatial
location and extent of the source. In particular, this might result in difficulties with distinguishing seismo-
volcanic tremors from other types of processes leading to increased seismic amplitudes such as, for example,
meteorological and anthropogenic noises.

In this paper, we systematically use and compare methods based on correlations of signals to perform detec-
tion and location of seismovolcanic signals. We first briefly describe the data preprocessing used in all ana-
lyses considered in this paper. Then, we introduce a single-station method aimed at detecting long-acting
sources based on stability of intercomponent cross correlations. In a next step, we consider methods
based on simultaneous analysis of the whole network of receivers. Our approach is different from the
antenna-type detection of seismovolcanic tremors based on small-aperture arrays and plane-wave approxi-
mation for measuring slowness and azimuth of incoming wave (e.g., Goldstein & Chouet, 1994; Haney,
2014; Métaxian et al., 2002). We rather consider a geometry where the source of seismic radiation is located
within the network. It implies that the moveouts are not described with plane waves but with a wave propa-
gation from a point source (cylindrical wave in a case of surface waves and ray-predicted times for body
waves). In this case, it has a strong imprint on interstation cross correlations (e.g., Ballmer et al., 2013;
Droznin et al., 2015; Shapiro et al., 2006). In volcanic environments, these cross correlations can be used to
detect seismovolcanic signals and to locate their source. Here we apply two network-based methods. First,
we use the representation of ensemble of interstation cross correlations in terms of network covariance
matrix suggested by Seydoux, Shapiro, De Rosny, Brenguier, et al. (2016); Seydoux, Shapiro, de Rosny, and
Landes (2016) and Seydoux et al. (2017) and used by Soubestre et al. (2018, 2019) to study seismovolcanic tre-
mors. Second, we adapt on a 3-D grid the approach of Droznin et al. (2015) that backproject the
cross-correlation envelopes in time using a 1-D S wave velocity model to detect seismovolcanic signals,
and we follow the approach described in Soubestre et al. (2019) to locate their sources.

We focus on the information contained in the time variations of the signal phase differences between sta-
tions. We also consider the instrument response of the seismic stations to be stable over time and, therefore,
do not consider instrument correction. We then further apply the preprocessing usually performed in
ambient-noise interferometry (e.g., Bensen et al., 2007; Shapiro & Campillo, 2004; Shapiro et al., 2005).

The data are stored in 24-hr-long time series in SAC downsampled from 100 to 20 samples per second. We
apply demeaning, linear detrending, and bandpass filtering between 1 and 10 Hz. Then, a spectral whitening
is applied followed by a temporal normalization according to Bensen et al. (2007).

4.1. Single-Station Intercomponent Cross Correlations

We present here a new method to detect some seismovolcanic signals including seismovolcanic tremors
based on the stability of the intercomponent cross correlations at a single station. Let us consider a wavefield
generated by a seismovolcanic tremor source that remains at the same location and with a constant source
mechanism. As argued by Droznin et al. (2015) and Soubestre et al. (2018), the cross correlation of such a
wavefield between two receivers will remain stable in time and can be used as a “fingerprint” of this parti-
cular source. This principle also holds for a cross correlation between two components of the same receiver,
and we use this property to design a simple single-station seismovolcanic tremor detector. We start with
computing intercomponent cross correlations CC;; (i,j=E,N,Z) in moving windows of length At and shifted
by At/2. We then compute correlation coefficients between cross-correlation waveforms from consecutive
time windows and take the mean value of six consecutive computations. The obtained functions cc? jprovide
us with estimation of the stability of the cross-correlation waveforms that, in turn, is related to existence of
stable seismovolcanic tremor source. In our case, we use moving windows of length At=200s to compute
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intercomponent cross correlations, and therefore, the cc ;functions correspond to a short-term estimation of
the cross-correlation waveform stability over 700s. The ccg ; function is represented in section 5.1. This
method allows us to detect seismovolcanic tremor activity by using only one component pair of a single seis-
mic station. In order to improve the seismovolcanic tremor detection results, we can first average the three
ccﬁ ; functions obtained from the three component pairs of one single station and then average the previous
functions on several stations.

4.2. Interstation Single-Component Cross Correlations: Covariance Matrix Spectral Width

We use the method proposed by Seydoux, Shapiro, De Rosny, et al. (2016) where an ensemble of interstation
cross correlations is computed in the frequency domain (also called network covariance matrix). This matrix
is decomposed on the basis of its eigenvectors associated with real positive eigenvalues. The main idea
behind this method is to consider that the rank of the covariance matrix (number of nonzero eigenvalues)
is related to the number of independent signals composing the wavefield and then of independent seismic
sources. A single source would generate a rank 1 covariance matrix, and this rank would increase with
the number of independent sources. However, because of the presence of seismic noise (generated by ocean
microseismicity, wind, etc.) and instrumental electronic noise in the data, it is complicated to estimate the
effective rank of the covariance matrix, and the number of independent sources cannot be directly inferred.
In addition, as the covariance matrix is estimated from a finite number of windows, this may reduce the abil-
ity to capture the independent seismic signals. Nevertheless, the width of the covariance matrix eigenvalues
spectrum (o(f) called spectral width) can be used as a proxy for the number of independent seismic sources
composing the wavefield (Seydoux, Shapiro, De Rosny, et al. 2016). Thus, this spectral width is high when it
corresponds to ambient seismic noise produced by distributed sources, while it is low when it corresponds to
a spatially coherent signal produced by a single localized source, such as seismovolcanic tremor and
volcano-tectonic earthquakes (VTs).

Following Seydoux, Shapiro, De Rosny, et al. (2016), we start by cutting the daily traces into a number of
overlapping time windows that we call averaging windows. Then, each averaging window is cut into
M overlapping subwindows of length &t such that At=Mrdt, where At is the length of the averaging
time window and r the overlapping ratio that is 0.5 on our case. We apply a taper on the data prior to
calculating the Fourier transform on the subwindow to avoid sharp windows; that is why the signal seg-
ments are overlapped with a factor of 50% in order not to loose any information located in consecutive
windows. We then collect the array data vector from the N seismic stations u(f) as u(f)=[u,(H),us(),...,
un(H]” and compute the outer product u(Hu'(f) within each subwindow, where 7 stands for the
Hermitian transpose. Then the covariance matrix C(f) is estimated on any averaging window from M con-
secutive subwindows:

U=l ()= 2 e (1), @

with u,,(f) the data Fourier spectra vector in the subwindow m. Note that the inverse Fourier transform of
Equation 1 is the interstation single-component cross correlation estimated over the M subwindows.

This calculation can be extended on consecutive averaging window over the whole year 2010 with M=50 and
8t=40s. We note that 5t must be long enough for the seismovolcanic tremor seismic wave to have time to
propagate through the entire network. We thus obtain 1,000-s-long windows that overlap with a 50% factor.
The obtained covariance matrix is Hermitian and positive semidefinite, so it can be decomposed on the basis
of its complex eigenvectors v, associated with real positive eigenvalues 4,,:

N

C(f)=X tn(HvalHVLS). )

n=1

Then eigenvalues are arranged in decreasing order and the covariance matrix spectral width is computed as
a function of frequency as
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olf)= 2 A(f)

3

4.3. Interstation Single-Component Cross Correlations: Network Response and Source Location
4.3.1. Detection of Seismovolcanic Signals From Full-Rank Interstation Cross-Correlation Matrix
We follow the approach of Droznin et al. (2015), who developed a 2-D source-scanning algorithm based on
the stacks of interstation cross-correlation envelopes, in order to detect seismovolcanic tremors and to locate
their sources. This method is based on an assumption that seismovolcanic tremor source is relatively shallow
and that seismic energy propagates toward the stations along the surface. The differential travel times of sig-
nals emerging in interstation cross correlations are then interpreted in terms of surface wave (2-D) propaga-
tion in order to find the geographical location of the seismovolcanic tremor source. Here we apply this
method in a 3-D grid in order to locate also deeper seismovolcanic sources such as VTs. The location is done
by performing a 3-D grid search with tested sources spaced 200 m apart. We first compute the interstation
cross correlations (we only use the vertical component seismograms) between all pairs of available stations.
We therefore end up with 210 pairs of cross correlations when data from the 21 stations are available. The
next step consists in computing the smoothed envelopes of the cross-correlation waveforms. This is done
by computing the absolute value of the analytic signal derived from the Hilbert transform and by performing
a convolution with a 3-s-long Gaussian window. Then, for every tested source position in our 3-D grid, we
compute travel times for all stations using a 1-D S wave velocity model of the PdF volcano from Mordret et al.
(2015) (shown in Figure S2) by considering that seismovolcanic tremors and their cross correlations are
dominated by S waves (Soubestre et al., 2019). We note that the weak S wave velocities observed in the
near-surface layers constituted of poorly consolidated volcanic materials (Figure S2) are consistent with
the horizontal wave propagation velocity that we can estimate as seen in Figure S3 by performing a linear
regression between the maxima of the smoothed cross-correlation envelopes. Figure S3 represents the
smoothed cross correlations calculated between the UV05 station (the closest available station to the
January eruptive center) and all the others available stations for 3 January 2010. We chose the UVO05 station
because we assume that the source of the seismovolcanic tremor is located close to the January eruptive cen-
ter and its position is stable. The red line is the result of the linear regression whose slope corresponds to a
horizontal wave propagation velocity of 700 m/s. We also observe similar velocities for other days with seis-
movolcanic tremor activity.

Then, for every point r=xe,+ye,+ze,, each cross-correlation envelope S% is shifted by the time difference
needed for the wave to travel from the tested source to the two stations i and j, and we finally compute the
network response R(r) by stacking at zero lag time the value of the shifted envelopes for all station pairs as

N

RP=3 3 SI[ER—o(r), @

i=1j=i + 1

with N the number of stations and ti(r) the travel time between the tested source and the station i. This
network response (called likelihood afterwards) characterizes the likelihood of location of a seismic source
in a particular position. Finally, we calculate the normalized maximum network response called NRF
afterwards for network response function

Rmax(n)_Rmin(n)
NRF(n)=100 X — T (5)

for every day of 2010, where 7 is the day number and R" % a normalization coefficient chosen as an average
of R™™—R™" gver the October 2010 eruption, the longest period of seismovolcanic tremor activity during
the year. The function is defined in such a way that it maximizes when most of its values are concentrated
in the vicinity of the main maximum, that is, in a case of a strong localized source. The NRF is then used
as a proxy for signal detection. The obtained detection results are shown in section 5.1.

4.3.2. Location of Seismovolcanic Sources From Low-Rank Interstation Cross-Correlation Matrix
This location method (described in Soubestre et al., 2019) is similar to the 3-D source-scanning algorithm
described in the previous part, but here we focus on the dominant wavefield. To do that, we focus on the first
eigenvector of the network covariance matrix containing information about the location and the mechanism
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Figure 2. Seismovolcanic activity detection from intercomponent cross correlations at a single station. The three red
areas highlight the January, October, and December eruptions, while the two orange areas highlight an increase of
seismovolcanic activity at the beginning of September and seismovolcanic activity linked to a dike intrusion on 23

September 2010. (a) Correlation coefficient function ccg ; computed for the N-Z component pair of the UV12 seismic

station. (b) Average of the three correlation coefficient functions cc? ; obtained for the three component pairs of the UV12

seismic station. (c) Average of the averaged function represented in panel (b) on 12 seismic stations whose data
availability is stable and identical over 2010 (UV01 to UV14, without UV04 and UV06). High values of this correlation
coefficient function are also observed during the seismic crises preceding the three eruptions, and zoomed images are
provided in Figures 3a, 4a, and 5a.

of the dominating seismovolcanic tremor source. The first eigenvector represents the most coherent part of
the wavefield and acts as a denoising operator. We show in Figure S4 a comparison between the
cross-correlation functions (CCFs) from the full recorded seismic wavefield (left panel) and the CCFs
extracted from the first eigenvector filtered covariance matrix (right panel). We note that this filtering
based on covariance matrix decomposition increases the signal-to-noise ratio, and we therefore use it to
improve our location results as it can be seen in Soubestre et al. (2019).

The filtered covariance matrix C (f) is obtained from the complex outer product of the first eigenvector v;(f)
with himself:

C(f)=v1(f)vi (f)- (6)

Then, the time-domain-filtered cross correlations are retrieved by performing the inverse Fourier transform
of é(f ) and smoothed to obtain their envelopes, as explained in the previous section.

After the smoothing, each cross-correlation envelope is shifted by the time difference between travel times
from every tested point of the 3-D grid to the two considered stations. The network responses are then
obtained by stacking the value at zero lag-time of shifted cross-correlation envelopes using Equation 4. In
order to better visualize the location result, a normalized network response R(r) is computed:
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Figure 3. Zoom on the January eruption and its pre-eruptive seismic swarm for (a) the station-averaged ccﬁj coefficient
correlation function, (b) the spectral width, and (c) the NRF. The red color stands for the January seismovolcanic tremor
activity, and the fuchsia color stand for the corresponding pre-eruptive seismic crisis, following the color code of
Figures 7 and 8.

R ™

with R™* and R™" the absolute maximum and minimum of R(r). The obtained location results are shown
in section 5.2.

We tested different values of the Gaussian window width used to smooth the cross correlations recon-
structed from the first covariance matrix eigenvector. We make our tests on four hours of 15 October 2010
during the October seismovolcanic tremor between 15 and 19 hr, when intercomponent cross correlations
remain stable. We thus stack the obtained cross correlations computed in 1,000-s windows during these four
hours. We compute their envelopes by testing different values of smoothing Gaussian window width and
normalize them by their maxima. We then perform a 3-D backprojection of these obtained
cross-correlation envelopes and compute the maximum likelihood value for each tested value of the smooth-
ing Gaussian window width. We show in Figure S5 the maximum likelihood value as a function of the
smoothing Gaussian window width. We chose a Gaussian window width value of 1.5s, corresponding to
the corner of the curve in Figure S5 pointed by the red dashed lines, beyond which the maximum likelihood
value no longer increases significantly.

5. Results

5.1. Detection of Seismovolcanic Tremors and Other Types of Seismic Activity

Figure 2a shows the result of the cc? jfunction (described in section 4.1) for the N-Z component pair of station
UV12. We note that we can detect the three eruptive seismovolcanic tremors (highlighted in red in the
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Figure 4. Zoom on the October eruption and its pre-eruptive seismic swarm for (a) the station-averaged ccg ; coefficient
correlation function, (b) the spectral width, and (c) the NRF. The green color stands for the October seismovolcanic
tremor activity, and the cyan color stands for the corresponding pre-eruptive seismic crisis, following the color code of
Figures 7 and 8.

figure) only with one component pair of a single station. We can then improve these detection results by
averaging the three ccg ; functions obtained from the three component pairs, and we show an example for
the UV12 station in Figure 2b. In order to improve the signal-to-noise ratio, we perform an average over
several stations. We show in Figure 2c the result averaged over 12 stations (36 components) whose
continuous records without significant interruption are available through the whole year 2010. We
represent some zoom of this station-averaged ccg j function in Figures 3a, 4a, and 5a in which we can
observe the high values associated to the seismic crises preceding the three eruptions. In addition to the
seismovolcanic tremors and to their preceding seismic swarms, we can also observe high values of the
function (highlighted in orange in Figure 2) at the beginning of September when an increase of the
seismovolcanic activity is detected and on 23 September 2010 when a dike intrusion occurred without
leading to an eruption (Roult et al., 2012).

Figure 6a shows the covariance matrix spectral width (Equation 3) computed on 1,000-s-long overlapping
time windows for every frequency; this can be seen as a time-frequency representation of the wavefield
recorded by the whole network highlighting the coherent signals. Figure 6b represents the average of this
spectral width on the frequency band 1-5Hz. This function represents another network-based detector,
and all three seismovolcanic tremors can be identified with lower values of the spectral width.

Figure 6¢ shows the NRF (Equation 5) computed every day (time resolution similar to Droznin et al., 2015).
This allows us to detect the January and October seismovolcanic tremors (red areas in the figure). However,
we cannot detect the December seismovolcanic tremor here because of the temporal resolution. Figure 6d
shows the same function computed with a finer time resolution, that is, in 1,000-s-long time windows. We
can now detect the three seismovolcanic tremors, and we also observe that the NRF becomes more sensitive
to the high-seismicity periods.
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Figure 5. Zoom on the December eruption and its pre-eruptive seismic swarm for (a) the station-averaged cc? j coefficient
correlation function, (b) the spectral width, and (c) the NRF. The blue color stands for the December seismovolcanic
tremor activity, and the cyan color stands for the corresponding pre-eruptive seismic crisis, following the color code of
Figures 7 and 8.

In addition to the seismovolcanic tremors highlighted in red, we can also detect two other periods of high
seismic activity highlighted in orange in the figure: a first one from the beginning of September correspond-
ing to an increase in the seismicity prior to the October eruption and the second one at the end of December,
which are followed by an increase of the microseismicity under the summit since the beginning of the year
2011 (OVPF, 2011). The pre-eruptive seismic crises corresponding to each eruption are also well detected
(see the zoomed images in Figures 3b, 3c, 4b, 4c, 5b, and 5c).

We note that most of the high values observed in the correlation coefficient function and NRF and low
values for the spectral width correspond to known volcanic activities highlighted in red for eruptions or
orange for earthquakes and injection. However, the origin of others remains unidentified to date (during
April for example), and it can correspond to noise or some previously undetected volcanic activity. While
the computation of the NRF requires an a priori medium velocity, there is none for the spectral width calcu-
lation. Despite this, the two network-based methods result in a similar first-order information, and we
observe an anticorrelation when seismovolcanic tremor sources produce high value of the NRF and low
value of o(f). Also, by comparing Figures 2 and 6, we note that while the two network-based detectors catch
the same seismovolcanic signals, the correlation coefficient function does not detect the seismicity during
September (except at the beginning and during the dike intrusion on 23 September 2010) and at the end
of December.

A more detailed comparison of two network-based methods is shown in Figure 7 that represents the average
spectral width as a function of the NRF. We can see different trends corresponding to clusters of different
seismic events. This allows a clear differentiation of the January and October seismovolcanic tremors repre-
sented by red and green colors, respectively, as the January seismovolcanic tremor is characterized by lower
values of the network response function (see also Figures 3b, 3c, 4b, and 4c). December seismovolcanic
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Figure 6. Seismovolcanic activity detection from interstation cross correlations. The red areas highlight periods of
detected seismovolcanic tremors, while orange areas highlight periods of high seismic activity in September and at

the end of December. (a) Covariance matrix spectral width computed for every frequency on overlapping 1,000-s-long
time windows. The two horizontal dashed black lines stand for the lower and upper limits of the covariance matrix
spectral width averaging. (b) Average of the covariance matrix spectral width in the frequency band 1-5 Hz. (c) Network
response function (Equation 5) computed every day. (d) Network response function computed on 1,000-s-long time
windows. In order to limit the impact of the missing stations on the functions (a), (b), and (d), we normalize them by the
number of functional stations for each day.

tremor can also be seen in Figure 7 with blue colors, with similar values of the network response function
but higher values of the average spectral width than the October seismovolcanic tremor (see also
Figures 5b and 5c). We notice that we can thus separate the summit seismovolcanic tremor (which
occurred in January) from the two flank seismovolcanic tremors that occurred in the south and northwest
flanks in October and December, respectively. We also observe a different temporal evolution for the
January and October seismovolcanic tremor. January seismovolcanic tremor is characterized by very low
values of spectral width at the beginning of the eruption (very light red in Figure 7), and it evolves until
reaching values equivalent to that of seismic noise (dark red in Figure 7). Conversely, the October
seismovolcanic tremor begins with intermediate values of spectral width (very light green in Figure 7),
then it ends with very low spectral width values (dark green in Figure 7), and, finally, the spectral width
becomes higher and higher until the eruption is completely over.

Another trend is distinguishable in Figure 7 with more scattered points represented in purple, which mostly
correspond to the earthquakes that occurred during 2010. The September dike intrusion is represented by
orange points. Cyan colors correspond to the October and December seismic crises, while the January seis-
mic crisis is represented with fuchsia colors because we see that it is characterized by different values of NRF
and spectral width. Gray points in the top left corner of Figure 7, characterized by low values of network
response and high values of average spectral width, correspond to seismic noise during the whole year.
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Figure 7. Average spectral width as a function of the network response function. Colors correspond to different clusters
of events. The three seismovolcanic tremors are represented with color gradations from lightest to darkest in order to
observe their evolution over time. Red colors stand for the January seismovolcanic tremor with corresponding spectral
width and network response represented in Figures 3b and 3c, respectively. Green colors stand for the October
seismovolcanic tremor as represented in Figures 4b and 4c. Blue colors stand for the December seismovolcanic tremor
(see Figures 5b and 5c). Gray points correspond to noise. Purple colors stand for the earthquakes that occurred during
2010. Cyan colors correspond to the October and December seismic crises, while the January seismic crisis is represented
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Figure 8. 3-D comparison between the station-averaged cc{ ; function labeled as “correlation coefficient,” the NRF, and
the average spectral width. Gray colors stand for the seismic noise, and purple colors stand for the earthquakes. The
January, October, and December seismovolcanic tremors are represented by red, green, and blue colors, respectively. The
orange color stands for the dike intrusion that occurred in September, Fuchsia colors stand for the January pre-eruptive
seismic crisis, and Cyan colors stand for the October and December pre-eruptive seismic crises.
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covariance matrix first eigenvectors for (a) 3 January 2010, (b) 15 October
2010, and (c) the 15 hr of the December eruption between 9 and 10
December 2010. The black stars stand for the location of the source with the
maximal likelihood value, and the white dot points for the eruptive sites.
3-D location is performed using a 1-D S wave velocity of the PdF volcano

from Mordret et al. (2015).

We also note a few points on the bottom left of Figure 7, characterized by
very low values of the average spectral width, that correspond to a few
hours in the end of November where there was a technical problem and
several stations were down.

Finally, we can also make a 3-D comparison between the station-averaged
e ; function (whose zoom during eruptions are shown in Figures 3a, 4a,
and 5a), the NRF, and the spectral width as seen in Figure 8. Before com-
paring all the three functions, we recalculated the NRF and the spectral
width with 200-s-long overlapping windows, and we computed a moving
average between six consecutive windows. In addition to the separation
between summit and flank seismovolcanic tremors, we can also distin-
guish the intrusion that occurred for a few hours on 23 September 2010
(Roult et al., 2012) represented with orange points. Moreover, we can on
the one hand distinguish the pre-eruptive seismic swarms from the others
VTs colored in purple and on the other hand distinguish the January seis-
mic swarm colored in fuchsia from the October and December seismic
swarms colored in cyan.

5.2. Location of Seismovolcanic Tremor Sources

Figure 9 shows the seismovolcanic tremor sources location results in 3-D
based on the extraction of the dominant wavefield (as explained in
section 4.3.2, using a Gaussian window width of 1.5s to smooth the
CCFs and a 1-D S wave velocity model from Mordret et al. (2015). We cal-
culate the daily covariance matrix by setting M=50 and 6t=40s to end up
with 1,000-s-long windows that overlap with a 50% factor. Figure 9 shows
the seismovolcanic tremor sources location results corresponding to the
January eruption (Figure 9a), the October eruption (Figure 9b), and the
December eruption (Figure 9c). We define a 3-D grid with points spaced
every 200 m in order to compute the likelihood function that is then nor-
malized using the Equation 7. For Figures 9a and 9b, we stacked the 1,000-
s overlapping windows for 3 January 2010 and 15 October 2010, respec-
tively, while we stacked them only for the 15 hr of eruption between 9
and 10 December 2010 for Figure (9c). We observe that the seismovolcanic
tremors seem to be located directly under the eruptive fissure for these
three eruptions.

5.3. Pre-eruptive Swarms

To focus on details of VT events that occurred in the observed pre-eruptive
seismic swarms, we modify the temporal normalization of the data, and
instead of applying the running absolute mean normalization (following
Bensen et al., 2007; Seydoux, Shapiro, De Rosny, et al., 2016), we divide
the traces (once spectral whitening is applied) by their mean absolute
deviation (MAD). We also enhance the temporal resolution of the covar-
iance matrix analysis and modified the parameters introduced in
section 4.2 by setting M=25 and 8t=16 s. As a result, the covariance matrix

spectral width is computed in 200-s-long overlapping time windows. Figure 10 shows the result of such
enhanced seismic event detection and location during the first day of the October eruption (14 October
2010) with pre-eruptive seismic crisis and the seismovolcanic tremor starting at 15:00. We can clearly distin-
guish discrete VT events that occurred in the seismic crisis in Figure 10a in difference with the continuous

following seismovolcanic tremor.

Then we perform a 3-D location by focusing on the first eigenvector of the covariance matrix computed for
this day. We stack 10 consecutive 200-s-long overlapping windows, to end up with a location point every
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Figure 10. (a) Zoom on the covariance matrix spectral width calculated on 200-s overlapping time windows during 14
October 2010, the first day of the October eruption. Red line stands for the beginning of the eruption. The white frame
corresponds to the zoom represented in Figure 11a. (b) 3-D location of the detected seismic signals on 1,000-s time
window during 14 October 2010; the depth is represented as a function of time, and the red vertical dashed line stands for
the eruption beginning. (c) Same location with the depth as a function of latitude and the colors represent the windows
central times. The black triangle at the surface stands for the eruptive site position.

1,000 s. Figure 10b shows the source depth as a function of time, and Figure 10c represents the source depth
as a function of the latitude with the symbol colors corresponding to the windows central times.

We observe that VT events that occurred since the beginning of the day and during the seismic crisis are
located under the summit dome between +1 km around the sea level, which is quite in agreement with what
is typically observed for pre-eruptive swarms at PdF. For example, Schmid (2011) located VT events from the
14 October 2010 seismic swarms beneath summit crater between 500 m below sea level and 1,000 m above
sea level. Then the seismicity seems to migrate toward the eruption site in the south flank for October erup-
tion. Using template matching and relocation techniques, Duputel et al. (2019) show a clear correlation
between pre-eruptive earthquake locations and the azimuth of eruptive sites which is consistent in our case
with the presence of VT earthquakes in the southern branch of the summit cone before the migration.

In Figure 11a, a zoom of the spectral width is represented for 14 October 2010 between 09:30 (beginning of
the seismic swarm main part) and 15:30 (10 min after the eruption onset). Figure 11b shows an example of a
3-D location on a 200-s-long window of a VT event that occurred at 10:30, situated 1 km above the sea level
under the summit cone. In addition to the seismovolcanic tremor and VT events constituting the
pre-eruptive seismic swarm, the computation of the covariance matrix spectral width allows also the detec-
tion of another type of recently discovered seismic swarm of events characterized by a very high frequency
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Figure 11. (a) Zoom of the covariance matrix spectral width on 14 October
2010 between the beginning of the seismic swarm main part (09:30) and
10 min after the eruption onset. The two black arrows show the timing of
the two events with locations shown in panels (b) and (c). The two vertical
dashed black lines stand for the beginning and the end of the VT swarm
main part. Then there is a phase of low-intensity seismicity with a small
number of VT events. During this phase, the lateral migration of the dike

55°43

55°46 55°49

w

SpeZtraI width

-

begins, and we can observe a coherent high-frequency swarm. The red
vertical dashed line marks the onset of the seismovolcanic tremor and
associated eruption. (b) Likelihood functions R calculated from the

covariance matrix first eigenvectors, 14 October 2010 for a VT event at 10:30
and (c) for an HF event that is part to the high-frequency seismic swarm.

content (called HF swarm) (De Barros et al., 2013). As stated by Roult et al.
(2012), the classical sequence of events preceding an eruption at PdF is as
follows: a first increase of VT events, a swarm of VT with larger magni-
tudes, then a seismically quiet or low intensity sequence with small num-
ber of VT events linked to magma migration, followed by the
seismovolcanic tremor onset and the eruptive fissure opening. During
the quiescent period between the swarm and the seismovolcanic tremor,
De Barros et al. (2013) identified a swarm of HF events on 14 October
2010 since 13:00, located in the area of the eruptive fracture in the south
flank and interpreted as a response of the shallow part of the edifice to
the stress changes due to the dike propagation. We can observe in
Figure 11a some coherent signals between the end of the VT swarm and
the seismovolcanic tremor, in particular from 14:00 to 15:00, for frequen-
cies larger than 3 Hz. We represent in Figure 11c an example of a 3-D loca-
tion on a 200-s-long window of an HF event that occurred at 14:10. There
is therefore a migration of the seismicity from the pre-eruptive seismic
swarm under the summit cone at the sea level toward an HF swarm super-
ficially near the future eruptive site more than 1 hr before the eruption.

6. Discussion and Conclusions

In this paper, we tested methods that use the phase information contained
in continuous seismic signals to study seismovolcanic tremors. First, we
introduced a new method of detection of seismovolcanic tremors based
on stability of intercomponent cross correlations at a single station. In a
next step, we systematically compared this new method with two pre-
viously proposed network-based methods by applying all three methods
to continuous data recorded by stations of the PdF volcano observatory
seismic network during 2010. The second method based on the network
covariance matrix has been previously applied to the data set used in this
paper by Seydoux, Shapiro, De Rosny, et al. (2016). However, in this pre-
vious paper, the time resolution of the analysis was relatively low (1 day),
and here we increased it to be able to detect individual volcanic earth-
quakes. The third method called “network response function” (Droznin
et al., 2015) has been applied for the first time to the PdF data and in a
3-D grid considering a 1-D S wave velocity model.

All three methods have been demonstrated to be very sensitive to seismo-
volcanic tremors and detected all three eruptive seismovolcanic tremors
that occurred during 2010. They are also capable of detecting strong
pre-eruptive seismic swarms. In addition to this, the two network-based
methods detect a large number of volcanic earthquakes and, in particular,
the significant increase of seismicity during the month preceding the
October 2010 PdF eruption as seen in Figure 6. This seismicity increase
is well correlated with the measured decrease of seismic velocity that is

interpreted to be linked to the volcanic edifice deformation induced by magma pressure build-up and injec-
tion (Brenguier et al., 2012).

The “single-station intercomponent cross correlations” method can be implemented on volcanoes monitored
by a small number of stations. Among the two network-based methods, the “covariance matrix” detector has
some advantage because it does not require a priori information about the wave propagation velocity.
Additional advantage of network based-methods is their ability to locate seismovolcanic tremor sources. In
the case of a network with significant number of well distributed stations, the 3-D location based on “spatially
filtered” cross correlations (reconstructed from dominant covariance matrix eigenvector) can be done. Apart
from the seismic data quality, the accuracy of such location depends on the knowledge of the internal velocity
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structure of the volcano. In this paper, the tests were limited to location using a 1-D S wave velocity model. In
principle, wave propagation in 3-D velocity models can be easily incorporated. Permana et al. (2019) used a
similar method to locate seismovolcanic tremor using a 1-D S wave model as in Soubestre et al. (2019) (except
that they do not focus on a dominant seismovolcanic tremor source by filtering by the first eigenvector of the
covariance matrix). They simulate seismovolcanic tremor sources by combining multiple VTs and show that
they are determined with location errors of approximately 1 km or less.

Moreover, with pushing their time resolution, the discussed method could bring insight on the complexity of
the eruption dynamics as shown in Figures 3, 4, and 5. For example, we observe in Figures 3b and 7that for
the January seismovolcanic tremor, the spectral width is very low at the beginning and becomes larger and
larger over time until it reaches a value equivalent to that corresponding to seismic noise. Conversely, for the
October eruption, we see in Figure 4b a more complicated temporal evolution for the spectral width that
could reveal a more complex dynamic. By comparing with Figures 4a and 4c, we observe two main changes
occurring at the same time from 19 and 27 October 2010 that are linked with intensification of the seismo-
volcanic tremor amplitude visible on the RSAM measurement in Figure S1. Thus, such methods can also be
useful to monitor the seismovolcanic tremor intensity.

Another interesting prospective is to use the results of the multicomponent analysis as input for algorithms
of machine learning (ML) to build advanced approaches for detection and classification of different seismo-
volcanic signals to be used in monitoring the activity and eruptive behavior of volcanoes. Figures 7 and 8
show that, in the space of parameters determined with the multicomponent methods, different types of seis-
movolcanic activity are separated and form relatively well-defined clusters. It suggests that ML could be
applied with this kind of “features” determined from the data of the PdF seismic network. Previous applica-
tions of ML to the PdF seismological data used features derived from individual sensors to study volcanic
earthquakes (Hibert et al., 2017; Maggi et al., 2017) and seismovolcanic tremors (Ren et al., 2020). The even-
tual advantage of multistation features is that they incorporate interlocation phase differences and are,
therefore, sensitive to the location and the mechanism of the signal sources.

Data Availability Statement

The data used are publicly available and can be found online. The seismic data used for this study were pro-
vided by the Observatoire Volcanologique du Piton de la Fournaise (OVPF). The permanent network data
(https://www.fdsn.org/networks/detail/PF/) can be downloaded from the IPGP Data Center (http://ws.
ipgp.fr/fdsnws/dataselect/1/), the RESIF data center (http://ws.resif.fr/fdsnws/dataselect/1/), or the IRIS
Data Management Center (IRISDMC, http://service.iris.edu/fdsnws/dataselect/1/). The UnderVolc data
(https://doi.org/10.15778/RESIF.YA2009) are available from the RESIF data center.

References

Bachelery, P. (1981). Le Piton de la Fournaise (Ile de la Réunion): Etude volcanologique, structurale et pétrologique (Thése de doctorat),
Université de Clermont-Ferrand II.

Ballmer, S., Wolfe, C. J., Okubo, P. G., Haney, M. M., & Thurber, C. H. (2013). Ambient seismic noise interferometry in Hawai'i reveals
long-range observability of volcanic tremor. Geophysical Journal International, 194, 512-523.

Battaglia, J., & Aki, K. (2003). Location of seismic events and eruptive fissures on the Piton de la Fournaise volcano using seismic ampli-
tudes. Journal of Geophysical Research, 108(B8), 2364. https://doi.org/10.1029/2002JB002193

Battaglia, J., Aki, K., & Ferrazzini, V. (2005). Location of tremor sources and estimation of lava output using tremor source amplitude
on the Piton de la Fournaise volcano: 1. Location of tremor sources. Journal of Volcanology and Geothermal Research, 147, 268-290.

Battaglia, J., Brenguier, F., & Roult, G. (2016). Seismic monitoring at Piton de la Fournaise. In P. Bachélery, J.-F. Lénat, A. DiMuro, & L.
Michon (Eds.), Active volcanoes of the south-west Indian Ocean (pp. 223-242). Berlin, Heidelberg: Springer.

Bensen, G., Ritzwoller, M., Barmin, M., Levshin, A,, Lin, F., Moschetti, M., et al. (2007). Processing seismic ambient noise data to obtain
reliable broad-band surface wave dispersion measurements. Geophysical Journal International, 169(3), 1239-1260.

Bonneville, A. (1990). Structure de la lithosphére. In J.-F. Lénat (Ed.), Le volcanisme de La Réunion, monographie (pp. 1-18). Clermont-
Ferrand: Observatoire de physique du globe de Clermont: Centre de recherches volcanologiques.

Brenguier, F. (2014). UnderVolc experiment, 2009-2011, code YA (Understanding volcanic processes). RESIF—Réseau Sismologique et
géodésique Francais. Terrestrial seismic network. https://doi.org/10.15778/RESIF.YA2009

Brenguier, F., Kowalski, P., Staudacher, T., Ferrazzini, V., Lauret, F., Boissier, P., et al. (2012). First results from the UnderVolc high
resolution seismic and GPS network deployed on Piton de la Fournaise volcano. Seismological Research Letters, 83, 97-102.

Chouet, B. A. (1996). Long-period volcano seismicity: Its source and use in eruption forecasting. Nature, 380, 309-316. https://doi.org/
10.1038/3803092a0

Chouet, B. A., & Matoza, R. S. (2013). A multi-decadal view of seismic methods for detecting precursors of magma movement and eruption.
Journal of Volcanology and Geothermal Research, 252, 108-175.

JOURNEAU ET AL.

17 of 19


https://www.fdsn.org/networks/detail/PF/
http://ws.ipgp.fr/fdsnws/dataselect/1/
http://ws.ipgp.fr/fdsnws/dataselect/1/
http://ws.resif.fr/fdsnws/dataselect/1/
http://service.iris.edu/fdsnws/dataselect/1/
https://doi.org/10.15778/RESIF.YA2009
https://doi.org/10.1029/2002JB002193
https://doi.org/10.15778/RESIF.YA2009
https://doi.org/10.1038/380309a0
https://doi.org/10.1038/380309a0

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB019333

Courtillot, V., Besse, J., Vandamme, D., Montigny, R., Jaeger, J., & Cappetta, H. (1986). Deccan flood basalts at the Cretaceous/Tertiary
boundary? Earth and Planetary Science Letters, 80, 361-374.

De Barros, L., Bean, C.J., Zecevic, M., Brenguier, F., & Peltier, A. (2013). Eruptive fracture location forecasts from high-frequency events on
Piton de la Fournaise volcano. Geophysical Research Letters, 40, 4599-4603. https://doi.org/10.1002/grl.50890

Droznin, D., Shapiro, N. M., Droznina, S. Y., Senyukov, S., Chebrov, V., & Gordeev, E. (2015). Detecting and locating volcanic tremors on
the Klyuchevskoy group of volcanoes (Kamchatka) based on correlations of continuous seismic records. Geophysical Journal
International, 203(2), 1001-1010.

Duputel, Z., Lengline, O., & Ferrazzini, V. (2019). Constraining spatiotemporal characteristics of magma migration at Piton De La
Fournaise volcano from pre-eruptive seismicity. Geophysical Research Letters, 46, 119-127. https://doi.org/10.1029/2018GL080895

Endo, E. T., & Murray, T. (1991). Real-time seismic amplitude measurement (RSAM): A volcano monitoring and prediction tool. Bulletin of
Volcanology, 53(7), 533-545. https://doi.org/10.1007/BF00298154

Goldstein, P., & Chouet, B. (1994). Array measurements and modeling of sources of shallow volcanic tremor at Kilauea volcano, Hawaii.
Journal of Geophysical Research, 99(B2), 2637-2652.

Haney, M. M. (2014). Backprojection of volcanic tremor. Geophysical Research Letters, 41, 1923-1928. https://doi.org/10.1002/2013
GL058836

Hibert, C., Provost, F., Malet, J.-P., Maggi, A., Stumpf, A., & Ferrazzini, V. (2017). Automatic identification of rockfalls and volcano-tectonic
earthquakes at the Piton de la Fournaise volcano using a random forest algorithm. Journal of Volcanology and Geothermal Research, 340,
130-142. https://doi.org/10.1016/j.jvolgeores.2017.04.015

Lénat, J.-F., & Bachélery, P. (1990). Structure et fonctionnement de la zone centrale du Piton de la Fournaise. In J.-F. Lénat (Ed.), Le vol-
canisme de La Réunion (pp. 257-296). Clermont-Ferrand: Observatoire de physique du globe de Clermont: Centre de recherches
volcanologiques.

Maggi, A., Ferrazzini, V., Hibert, C., Beauducel, F., Boissier, P., & Amemoutou, A. (2017). Implementation of a multistation approach for
automated event classification at Piton de la Fournaise volcano. Seismological Research Letters, 88(3), 878-891.

McNutt, S. R., & Nishimura, T. (2008). Volcanic tremor during eruptions: Temporal characteristics, scaling and constraints on conduit size
and processes. Journal of Volcanology and Geothermal Research, 178(1), 10-18.

McNutt, S. R., & Roman, D. C. (2015). Chapter 59—Volcanic seismicity, (2nd ed.). In H. Sigurdsson (Ed.), The encyclopedia of volcanoes
(second edition) (pp. 1011-1034). Amsterdam: Academic Press.

Meétaxian, J.-P., Lesage, P., & Valette, B. (2002). Locating sources of volcanic tremor and emergent events by seismic triangulation:
Application to Arenal volcano, Costa Rica. Journal of Geophysical Research, 107(B10), 2243.

Mordret, A., Rivet, D., Landés, M., & Shapiro, N. M. (2015). Three-dimensional shear velocity anisotropic model of Piton de la Fournaise
volcano (La Réunion Island) from ambient seismic noise. Journal of Geophysical Research: Solid Earth, 120, 406-427. https://doi.org/
10.1002/2014JB011654

OVPF (2011). Activity bulletin 08/01/2011, ISSN 2610-5101.

Peltier, A., Famin, V., Bachélery, P., Cayol, V., Fukushima, Y., & Staudacher, T. (2008). Cyclic magma storages and transfers at Piton de La
Fournaise volcano (La Réunion hotspot) inferred from deformation and geochemical data. Earth and Planetary Science Letters, 270,
180-188. https://doi.org/10.1016/j.epsl.2008.02.042

Permana, T., Nishimura, T., Nakahara, H., Fujita, E., & Ueda, H. (2019). Reliability evaluation of volcanic tremor source location deter-
mination using cross-correlation functions. Geophysical Journal International, 220(2), 1300-1315. https://doi.org/10.1093/gji/ggz523

Ren, C. X., Peltier, A., Ferrazzini, V., Rouet-Leduc, B., Johnson, P. A., & Brenguier, F.(2020). Machine learning reveals the seismic
signature of eruptive behavior at Piton de la Fournaise Volcano. Geophysical Research Letters, 47, €2019GL085523. https://doi.org/
10.1029/2019GL085523

Roman, D. C., & Cashman, K. V. (2006). The origin of volcano-tectonic earthquake swarms. Geology, 34(6), 457-460. https://doi.org/
10.1130/G22269.1

Rost, S., & Thomas, C. (2002). Array seismology: Methods and applications. Reviews of Geophysics, 40(3), 2-1-2-27. https://doi.org/10.1029/
2000RG000100

Roult, G., Peltier, A., Taisne, B., Staudacher, T., Ferrazzini, V., & Di Muro, A. (2012). A new comprehensive classification of the Piton de la
Fournaise activity spanning the 1985-2010 period. Search and analysis of short-term precursors from a broad-band seismological sta-
tion. Journal of Volcanology and Geothermal Research, 241, 78-104.

Schmid, A. (2011). Quelle prédictibilité pour les éruptions volcaniques ? de 1'échelle mondiale au piton de la fournaise (Thése de doctorat),
Université de Grenoble.

Seydoux, L., de Rosny, J., & Shapiro, N. M. (2017). Pre-processing ambient noise cross-correlations with equalizing the covariance matrix
eigenspectrum. Geophysical Journal International, 210(3), 1432-1449. https://doi.org/10.1093/gji/ggx250

Seydoux, L., Shapiro, N. M., De Rosny, J., Brenguier, F., & Landes, M. (2016). Detecting seismic activity with a covariance matrix analysis of
data recorded on seismic arrays. Geophysical Journal International, 204(3), 1430-1442.

Seydoux, L., Shapiro, N. M., de Rosny, J., & Landes, M. (2016). Spatial coherence of the seismic wavefield continuously recorded by the
USArray. Geophysical Research Letters, 43, 9644-9652. https://doi.org/10.1002/2016GL070320

Shapiro, N. M., & Campillo, M. (2004). Emergence of broadband Rayleigh waves from correlations of the ambient seismic noise.
Geophysical Research Letters, 31, L07614. https://doi.org/10.1029/2004GL019491

Shapiro, N. M., Campillo, M., Stehly, L., & Ritzwoller, M. H. (2005). High-resolution surface-wave tomography from ambient seismic noise.
Science, 307(5715), 1615-1618. https://doi.org/10.1126/science.1108339

Shapiro, N. M., Ritzwoller, M. H., & Bensen, G. D. (2006). Source location of the 26 sec microseism from cross-correlations of ambient
seismic noise. Geophysical Research Letters, 33, L18310. https://doi.org/10.1029/2006GL027010

Soubestre, J., Seydoux, L., Shapiro, N. M., de Rosny, J., Droznin, D. V., Droznina, S. Y., et al. (2019). Depth migration of seismovolcanic
tremor sources below the Klyuchevskoy volcanic group (Kamchatka) determined from a network-based analysis. Geophysical Research
Letters, 46, 8018-8030. https://doi.org/10.1029/2019GL083465

Soubestre, J., Shapiro, N. M., Seydoux, L., de Rosny, J., Droznin, D. V., Droznina, S. Y., et al. (2018). Network-based detection and classi-
fication of seismovolcanic tremors: Example from the Klyuchevskoy volcanic group in Kamchatka. Journal of Geophysical Research:
Solid Earth, 123, 564-582. https://doi.org/10.1002/2017JB014726

Staudacher, T., Peltier, A., Ferrazzini, V., DiMuro, A., Boissier, P., Catherine, P., et al. (2016). Fifteen years of intense eruptive activity
(1998-2013) at Piton de la Fournaise volcano: A review. In P. Bachelery, J.-F. Lénat, A. DiMuro, & L. Michon (Eds.), Active volcanoes of
the south-west Indian Ocean (pp. 139-170). Berlin, Heidelberg: Springer.

JOURNEAU ET AL.

18 of 19


https://doi.org/10.1002/grl.50890
https://doi.org/10.1029/2018GL080895
https://doi.org/10.1007/BF00298154
https://doi.org/10.1002/2013
http://GL058836
https://doi.org/10.1016/j.jvolgeores.2017.04.015
https://doi.org/10.1002/2014JB011654
https://doi.org/10.1002/2014JB011654
https://doi.org/10.1016/j.epsl.2008.02.042
https://doi.org/10.1093/gji/ggz523
https://doi.org/10.1029/2019GL085523
https://doi.org/10.1029/2019GL085523
https://doi.org/10.1130/G22269.1
https://doi.org/10.1130/G22269.1
https://doi.org/10.1029/2000RG000100
https://doi.org/10.1029/2000RG000100
https://doi.org/10.1093/gji/ggx250
https://doi.org/10.1002/2016GL070320
https://doi.org/10.1029/2004GL019491
https://doi.org/10.1126/science.1108339
https://doi.org/10.1029/2006GL027010
https://doi.org/10.1029/2019GL083465
https://doi.org/10.1002/2017JB014726

”~
AGU Journal of Geophysical Research: Solid Earth 10.1029/2019JB019333

ADVANCING EARTH
AND SPACE SCIENCE

Taisne, B., Brenguier, F., Shapiro, N. M., & Ferrazzini, V. (2011). Imaging the dynamics of magma propagation using radiated seismic

intensity. Geophysical Research Letters, 38, 2—6. https://doi.org/10.1029/2010GL046068
Tsekhmistrenko, M., Sigloch, K., & Hosseini, K. (2018). Whole-mantle structure under the Reunion hotspot in the western Indian Ocean

from multifrequency P-wave tomography. EGU General Assembly Conference Abstracts (pp. 1076). Gottingen: Copernicus Publications
Unglert, K., & Jellinek, A. M. (2015). Volcanic tremor and frequency gliding during dike intrusions at Kilauea—A tale of three eruptions.

Journal of Geophysical Research: Solid Earth, 120, 1142-1158. https://doi.org/10.1002/2014JB011596
Unglert, K., Radi¢, V., & Jellinek, A. M. (2016). Principal component analysis vs. self-organizing maps combined with hierarchical clus-

tering for pattern recognition in volcano seismic spectra. Journal of Volcanology and Geothermal Research, 320, 58-74.

JOURNEAU ET AL. 19 of 19


https://doi.org/10.1029/2010GL046068
https://doi.org/10.1002/2014JB011596


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


