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Abstract we apply a template matching method to detect and locate preeruptive earthquakes at Piton
de la Fournaise volcano in 2014 and 2015. This approach enabled the detection of many events and unveiled
persistent seismicity features through multiple eruptions. Shallow earthquakes define a ring-shaped
structure beneath the main crater. The repetitive occurrence of events along this structure suggests that it
corresponds to a preexisting zone of weakness within the edifice. We also show evidence of deep magma
transfer in 2015. More than 5000 deep earthquakes define an upward migration immediately followed

by the occurrence of shallow events leading to an eruption 20 days later. This suggests the creation of a
hydraulic connection between the lower part of the volcanic system and a magma reservoir located near
sea level. We can envisage than such replenishments of the shallow reservoir occurred in the past but were
undetected because of limited deep earthquake detections.

1. Introduction

Eruptions at basaltic volcanoes are often preceded by abundant seismic activity [e.g., Collombet et al., 2003].
This activity serves as one of the indicators of an impeding eruption [e.g., Schmid et al., 2012]. Beyond the use-
fulness of seismicity rate monitoring as a short-term eruption precursor at active volcanoes, earthquakes can
also help to understand volcano dynamics. Volcano-tectonic (VT) earthquakes represent brittle failures within
the volcanic edifice [McNutt and Roman, 2015]. While these events are related to stress perturbations caused
by intruding magma bodies, a clear link between the stress source and the occurrence of these earthquakes
is still elusive. These events are either interpreted as a direct marker of the magma pathway [e.g., Grandin
etal.,2011], as distributed damage within the volcanic edifice caused by the magma chamber pressure source
[e.g., Carrier et al., 2015] or as result of the activation of preexisting structures already near to failure [e.g., Rubin
and Gillard, 1998]. This poses a challenge for the interpretation of preeruptive seismicity as an indicator of
magma dynamics within the volcanic edifice.

A typical limitation to decipher the actual link between the magma feeding system and the occurrence of VT
events is the lack of precise observations of these latter events. Volcanoes are associated with various seis-
mic signals (e.g., long-period events, tremor, and rockfalls), which might mask the signature of VT events if
they occur in at the same time. The complexity of the seismic signals, combined with the low signal-to-noise
ratio for small events, results in difficulties for both the detection and precise location of VT earthquakes.
Furthermore, VT events often occur in very active swarm episodes that render the identification of each
separate event difficult. In these circumstances, it is usually not possible to detect and locate earthquakes
accurately during preeruptive crises.

In recent years, several innovative techniques have been applied to detect and characterize the various seis-
mic signals. These techniques have revealed tectonic seismicity in unprecedented detail, which has led to
the identification of new types of seismic phenomena. In particular, Shelly et al. [2006] showed that non-
volcanic tremors occurring in subduction zones are composed of swarms of low-frequency earthquakes.
These previously unnoticed events were detected by using a template matching approach, where contin-
uous seismic data streams are correlated with known seismic signals included in a template database. This
processing method leads to the recovery of signals within noisy data. Similar template matching approaches
were used to unveil previously undetected low magnitude earthquakes [e.g., Gibbons and Ringdal, 2006] or
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Figure 1. Volcano-tectonic setting. (top) Global map of the Piton de la Fournaise volcanic edifice. Orange triangles
indicate seismic stations used in this study. Code names are indicated for stations used for event detection. The eruptive
fissures of the five studied eruptions are indicated by red lines. (bottom) Same as Figure 1 (top) with the position of all
relocated shallow earthquakes (blue dots) and deep events (green dots).

to uncover uncataloged seismic events following large earthquakes [e.g., Peng and Zhao, 2009; Lengliné et al.,
2012; Shimojo et al., 2014].

Volcanic seismicity therefore appears as a perfect candidate for the application of this template matching
technique. The recent application of this approach on Ontake volcano, Japan, revealed 30 times more events
that those listed in original JMA catalog [Zhang and Wen, 2015]. The template matching approach can also
be coupled with a relocation algorithm [e.g., Waldhauser and Ellsworth, 2000], such that newly detected
events are then relocated relative to each other. Because of the high similarity between events, precise
cross-correlation time delays can be estimated to obtain accurate relocation. Shelly et al. [2013a, 2013b] used
such an approach to evidence migrations of seismicity that were previously undetected at Mount Rainier and
Yellowstone (USA )volcanoes.

We use the template matching approach to detect events that occurred during recent eruptive unrests at
Piton de la Fournaise volcano (Réunion Island, France) from June 2014 to November 2015 (see Figures 1
and S1 and Table S1 in the supporting information). Réunion Island is located in the Indian Ocean, east of
Madagascar. Our approach reveals many more events than those included in the original catalog. Relocation
of these newly detected events expose the structure of the volcano and highlight how the system evolves over
time, in unprecedented detail. We notably resolve an upward migration of the seismicity that is interpreted
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as a deep magma pulse recharging a
shallow reservoir near sea level. This
replenishment is followed by an eruption
1 i 20 days later.

2 2. Methods

£

- i e We use continuous data recorded by
i B L 10 18 broadband stations of the Obser-

vatoire Volcanologique du Piton de la
Fournaise (OVPF, Figure 1). All these sta-
tions are recording continuously at 100 Hz
and have three components. We focus
our analysis on five recent preeruptive

. . . episodes that produced abundant seis-
Figure 2. Vertical records at stations CSS for relocated deep events . . . .
between 16 April 2015 and 25 April 2015. All waveforms are bandpass micity (listed in Table S1). A relatively
filtered between 8 and 32 Hz and normalized by their maximum small number of earthquakes were orig-
amplitude. Events are ordered sequentially and are aligned on the P inally included in the location catalog
wave arrival. We can clearly see the S wave arrival drifting from 2.5 s for (see Figure S1 in the supporting infor-
the flrst.events to less thfm 2 s for the last events oflthe sgqugnce. This mation). This is notably due to the fact
diminution of the S-P arrival time attests a progressive migration of K K g L
events in the direction of the station (mostly corresponding to an that during periods of high seismicity rate
upward movement). The black line shows the date of occurrence of only a small fraction of the automati-
events (in days) relative to the first event of the sequence. cally detected events can be manually

picked and located. In order to detect and

locate new events, we employ a template
matching approach to shed new light on the nature of the volcanic seismicity at Piton de la Fournaise. The
template database is built using all located events listed in the catalog during the 2014 and 2015 preeruptive
seismic crises. For each template event, we extract a 5.12 s long signal starting 1 s before the P wave pick for
all stations and on all three components. These templates are separated in two groups: (1) 680 shallow events
located above sea level and (2) 73 deep events located below sea level. Waveforms are filtered in the 5-25 Hz
and 8-32 Hz passband, respectively, for shallow and deep events (see Figure S3).

Time (days)

T T T T
0 1000 2000 3000 4000 5000
Event number (order chronologically)

The earthquake detection is done using a selection of channels maximizing the signal-to-noise ratio for each
group of events. For shallow events, we use the vertical components of the three summit stations (BOR, BON,
and SNE). For deep events, we select the three components of CSS and RVL (cf. Figure 1). At each time step
(0.01 s), we compute correlation coefficients between template waveforms and continuous records. For a
given template, we obtain traces of correlation coefficients at all selected channels. We apply a maximum
filter over a duration of +0.1 s and shift the correlation signal by correcting for the travel time differences
between stations. We then stack the shifted correlation coefficients of all the different channels. The maxi-
mum filter allows coherent stacking even if there is a small travel time difference between the template and
the detected event (i.e., if the two events are not perfectly collocated). We then set a correlation coefficient
threshold to 0.4 and consider as possible detections all time windows where this threshold is exceeded. In
the case where multiple templates are associated with a common detection, we simply consider one detec-
tion associated with the template giving the highest correlation coefficient. For each newly detected event,
we finally extract the three component waveforms (5.12 s long) at all stations where a P wave pick was avail-
able in the template event. This method results in the detection of 8011 shallow earthquakes and 8049 deep
events, corresponding to ~10 times more shallow events and ~100 times more deep events than those listed
in the original catalog. A majority of the detected deep events occurred within weeks before the May 2015
eruption. Waveforms of such deep events are presented in Figure 2.

For all detected events and available channels, we compute travel time delays from cross correlation by
extracting 1.28 s long time windows around the P and S wave arrivals on the vertical and the two horizontal
components, respectively. On average, we extract 11 stations for P waves and 10 stations for S waves for each
detected earthquake. We use a second-order polynomial fit around the maximum of the cross-correlation
function to obtain subsample time delay estimates. We retain all computed time delays associated with a
correlation coefficient greater than 0.7. Travel time delays are then used to infer the relative locations of
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all detected events. Deep and shallow events are relocated separately since the large interevent distance
between these two groups results in significant dissimilarities between waveforms (Figure 4). All newly
detected events and those originally present in the catalog are all relocated together using the HypoDD soft-
ware [Waldhauser and Ellsworth, 2000; Waldhauser, 2001]. For shallow events, ray parameters are computed
from a homogeneous medium (straight rays). The velocity of this homogeneous medium is taken from the
shallowest layer of the velocity model of the volcano: 3.5 km s~'. For deep events we considered a 1-D veloc-
ity model [Battaglia et al., 2005]. During the inversion process we weight similarly P and S wave travel time
delays and progressively reject outliers. Events without enough links with other earthquakes are discarded at
each iteration. We are able to relocate 7857 shallow events out of the 8011 detections and 6548 earthquakes
out of 8049 detected deep events.

3. Results

The relocation of shallow events delineates a ring-shaped structure with a mean radius of 300 m located below
the summit crater and about 700 m above sea level. The shape of this shallow structure is well constrained
by relative time delay measurements, but its absolute position is uncertain as it mostly depends on the initial
location of template events. Most events on this shallow structure are triggered along two east-west trending
streaks (Figure 1). These two features were previously noticed by Sapin et al. [1996] and Massin et al. [2011]
who interpreted them as two subvertical planes dipping toward the center of the main crater. Our results
rather suggest that the vertical extent of hypocenters is much more limited and mainly results from location
uncertainties. Based on earthquake relocations, we find that the seismic cloud collapses within + 50 m of a
best fitting plane (see Figure S2 in the supporting information).

Based on the spatiotemporal distribution of shallow events, we also reveal the rapid migration of earthquakes
preceding several eruptions (see Figure S3 in the supporting information). Immediately before June 2014 and
May 2015, the seismicity rapidly migrated along the southern cluster toward the west with a velocity of about
1.7 kmh™". Such feature is also observed before February 2015 but at much lower speed (66 mh™"), with a
migration lasting for the entire preeruptive episode. Other migrations are visible during preeruptive swarms
but are not immediately followed by an eruption. On the other hand, such temporal evolution is not visible
before July 2015 and August 2015 eruptions.

All relocated deep events (below sea level) are concentrated in a small area extending mainly to the west of
the two summit craters. Their location defines several structures organized in a vertically elongated complex
(Figures 1 and 3). It is possible that the depth extent of seismicity partly results from uncertainties due to
the trade-off between depth variation and the origin time difference of events. However, Figure 2 points out
that earthquakes are progressively triggered with a diminution of the S-P arrival time at station CSS, located
directly above these deep clusters. This shows not only that the vertical extent of seismicity is real but also that
earthquakes migrates toward shallower depth with time (Figure 2). These deep earthquakes are migrating
from 7.5 km to 1.5 km below sea level with longitude increasing as depth decreases. The location of these
deep events coincides with the locations of the preeruptive earthquake migration identified before the 1998
eruption [Battaglia et al., 2005]. Our relocations highlight a seismically quiescent zone between sea level and
a depth of 1.5 km in which no earthquakes are located. The thickness of this aseismic area is not very well
constrained, as it is based on the comparison of two relocated data sets (deep events and shallow events)
that we process independently (see previous section). It is however in agreement with previous observations
based of the seismicity at the same location [e.g., Nercessian et al., 1996]

More than 80% of relocated deep events occurred between 16 and 25 April 2015. This seismicity starts at a
depth of about 6 km on 16 April and seems to propagate both toward deeper and shallower depths relative
to the initial location (Figure 3). The downward migration does not last more than a few days and most of
the activity continues to progress upward. The seismicity reaches a depth of 2 km on 25 of April 2015 and
remains active at that depth. This deep activity is then accompanied by the triggering of shallow event swarms
preceding the 17 May 2015 eruption.

Although no magnitudes are computed for new detected earthquakes, they likely have lower magnitudes
than the template events since they were not included in the original catalog. The largest deep template
eventin the catalog has a duration magnitude M, = 1.3. By computing the relative amplitude between newly
detected events and template events, we find that all new earthquakes (except one) have smaller amplitude,
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Figure 3. Spatiotemporal distribution of eathquakes. (a) Depth of seismicity as a function of time during the first 10 days
of the deep seismic crisis in April 2015. The black dots represent the location of earthquakes, and the origin time is taken
as 16 April 2015. The eruption started on 17 May 2015. (b) E-W and (d) N-S cross sections of the deep seismicity. The
gray dots refer to the location of all deep seismic events, while colors indicate the occurrence times of those events that
occurred in the first 10 days. (c) Zoom in time and space on the shallower cluster (cf. square in Figure 3b). (e) Map view
of the deep seismicity migration. The gray dots correspond to relocated shallow earthquakes (plotted for reference).

which suggests that most of them have M < 1.3. This contrasts with the migration of seismicity resolved in
1998 where the magnitude of about 700 deep events out of a total of 3100 ranged between 1.5 and 2.2.

The vertical migration speed during this sequence is of the order of 350 m per day, which is roughly 10
times slower than the one identified preceding the 1998 eruption of the Piton de la Fournaise [Battaglia et al.,
2005]. Our observations also suggest that the distribution of deep events is not continuous but rather clus-
ters at some depth intervals where intense swarms are progressively activated. The migration speed of events
within these clusters is similar to the overall upward migration observed over the entire deep seismic crisis.
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In the last 2 days, a west dipping bended swarm is activated between 3 km and 2 km below sea level.
The migration within this cluster is not purely vertical, the events being also progressively triggered toward
east (Figure 3c). The deep earthquakes occurring outside this migration sequence take place during several
episodes mainly on 1, 5, and 13 May 2015 and during the last week of July 2015. During these episodes the
deep seismicity is restricted to a limited depth interval between 1.5 km and 2.5 km below sea level with no
apparent sign of migration.

4, Discussion and Conclusion

Our results show that the shallow preeruptive seismicity at Piton de la Fournaise occurs on some tightly clus-
tered structures, while other areas of the volcanic edifice, including the neighborhood of the hypothetical
magma pathways, remain quiet. During all of the five analyzed preeruptive periods, shallow events cluster on
a persistent ring-shaped structure. The southern edge of this ring-shaped structure is associated with west-
ward migrations of earthquakes before June 2014, February 2015, and May 2015 eruption. Since very few
events are located above and below this structure, any identification of dyke propagation based on seismicity
remains speculative. This could be related to our detection method, since events that are very different from
templates can be difficult to recover. For example, it is possible that mode | earthquakes produced at the tip of
a propagating dike are too small to be confidently picked from surface stations and thus cannot be included
in the template database [Rubin and Gillard, 1998].

The shallow seismicity ring probably outlines preexisting zones of weakness that are triggered by static
stress changes due to overpressurization of the magma chamber or dike intrusions in the volcanic edifice
(probably either by shear stress increase across faults or decreased normal stress). It might correspond to a
ring fault hosting repetitive collapses of the summit crater [e.g., Staudacher, 2010]. Such ring faults are doc-
umented in other volcanic areas [e.g., Mori and McKee, 1987], some of them being associated with migration
of seismicity [Prejean et al., 2003] or with large earthquake ruptures [Nettles and Ekstrém, 1998]. On the other
hand, events being located in a very limited depth range (+50 m around a east dipping plane), we cannot
totally rule out the possibility that seismicity is triggered on a single slowly slipping plane. Such slow slip
process has been observed on other volcanoes [Cervelliet al., 2002; Segall et al., 2006] and might involve a sub-
horizontal detachment such as observed during the April 2007 Piton de la Fournaise eruption [Got et al., 2013;
Chaput et al., 2014; Froger et al., 2015]. To better understand the physical process driving the shallow seismic-
ity, we are currently working on inferring focal mechanisms of shallow earthquakes. This analysis is left to a
future study.

Similarly, the coincident location of upward migrating deep seismicity before March 1998 and May 2015 erup-
tions suggests that deep events certainly occur on persistent structures that have a low frictional strength
and are near to failure. These structures might be seismically activated, as the stress source associated with an
ascending magma pulse is moving through the edifice. As static stress perturbations decays rapidly with dis-
tance, the triggered activity is certainly clustered around the moving magma body but does not necessarily
represent its horizontal extent. Such interpretation is consistent with the analysis of geodetic data showing an
acceleration of the edifice inflation rate starting in mid-April 2015 (i.e., when the deep seismicity starts) [Peltier
et al.,, 2016]. The simultaneous increase of the CO,/H,0 ratio in summit fumaroles also suggests enrichment
in deep and likely hot fluids associated with such magma upwelling [Peltier et al., 2016]. The deep seismicity
migration therefore suggests the transfer of magma from a deeper source toward a shallow reservoir. This shal-
low magma chamber probably corresponds to the 1.5 km thick zone below sea level where no earthquakes
are detected. This location agrees with the low velocity anomaly exposed by previous tomographic studies
[e.g., Nercessian et al., 1996; Préno et al., 2009] and with the source of deformation inverted from geodetic data
for various eruptions [Peltier et al., 2007, 2008, 2009, 2016]. Furthermore, the end of deep earthquake migra-
tion on 25 April 2015 is almost immediately followed by the triggering of a shallow event swarm (within half
a day, Figure 4), which clearly suggests hydraulic connection across the magma chamber. The delay between
the time the magma enters this reservoir on 25 April and the onset of the eruption on 17 May probably
corresponds to the buildup of a sufficient pressure in order to propagate magma up to the surface.

Interestingly, we also observe the occurrence of deep events (around 2 km below sea level) following swarms
of shallow earthquakes (see Figure 4 on 29 April, 13 May, 28 July, and 21 August 2015). In all these cases the
onset of deep seismicity immediately follows an arrest of shallow seismic activity. A possible explanation is
the difficulty of detecting deep earthquakes when shallow ones occur because they dominate the seismic
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Figure 4. Evolution of earthquake depths in April-August 2015. Earthquake (black dots) depth during the preeruptive
sequences of eruptions of (bottom) April-May and (top) July—-August 2015. Relocated earthquakes with less than 10
travel times in total are not represented. Gray areas indicate eruption time periods.

signal. However, this possibility is unlikely as deep and shallow events are detected on two different sets of
stations where they produced respectively the largest signal-to-noise ratio. These oscillations in event depths
are thus probably related to variations in the position of the stress source.

Our analysis enabled the identification and location of many more events than originally included in the
catalog. The template matching method is an efficient approach to recover small events when visual identifi-
cation of the seismic signals and of the arrival times is difficult. In particular, it is noteworthy to realize that only
27 deep earthquakes were initially present in the catalog in April 2015, while several thousands of upward
migrating events were detected in this study. We can envisage that migrations from a deep magma source,
such as the one presented here, could have occurred in the past but were undetected because only a few
earthquakes could be identified and located. A notable exception is the preeruptive seismicity preceding the
1998 eruption, which produced events large enough to be readily identified [Battaglia et al., 2005]. One could
speculate that such unnoticed deep magma transfers could provide an explanation for the occurrences of the
many eruptive episodes of the Piton de la Fournaise volcano since 1998. This method could also be used to
better understand preeruptive behavior at volcanoes worldwide.
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