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Changes in the Long-Term Geophysical Eruptive Precursors at Piton de la Fournaise: Implications for the Response Management
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Anticipating eruptions early enough to give warning to authorities is one of the main goals in volcanology. However, identifying and providing unequivocal identification on volcano reawakening remain challenging issues, mostly when unrests are sudden or undetectable. At the Piton de la Fournaise volcano, a clear increase in both the seismicity and the ground displacements are systematically observed a few days/weeks before eruptions, and appear as clear eruptive precursors. Here a systematic study of these long-term precursors demonstrates the changes in their intensity, duration, and time of appearance during 1998–2017 (43 eruptions), directly linked to the influence of the pre- and post-summit caldera formation (April 2007) and to changes in the deep magma refilling process since 2016. These changes in the precursors were not without consequence on the early alert to the authorities, with some false alerts and late alerts. It is thus of prime importance for crisis management to bear in mind the possibility of these rapid changes and that of sudden volcanic unrest with little warnings, to be able to take the most appropriate decisions, in particular raising the level of alert or lifting it totally. The findings of this study have enabled the relevant authorities to improve the alert chain protocol, and scientists to communicate more efficiently with the decision-makers.
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INTRODUCTION

Volcanic eruptions threaten communities, given their potential to cause fatalities and economic loss. Therefore, the expectation of society in volcano science is to provide local emergency management authorities and decision makers with timely forecasts of imminent volcanic eruptions. However, forecasting a volcano's behavior and being able to unambiguously construe volcanic unrest as eruption precursor remains complex. This applies especially when signals of renewed volcanic activity arise suddenly or are not even detected. On September 27, 2014, Mount Ontake (Japan) erupted without evident long-term precursors, killing 63 persons (including 6 missing). No long-term ground deformation and only 2 weeks of unusual seismic activity had been recorded before the eruption (Kato et al., 2015).

On the Piton de La Fournaise volcano (a hot spot volcano on La Réunion Island, Indian Ocean; Figures 1A,B), eruptive precursors, such as increase in volcano-tectonic seismicity, edifice inflation, and degassing, are now well identified, occurring on two time scales, which enable the OVPF (Observatoire Volcanologique du Piton de la Fournaise: Piton de la Fournaise Volcano Observatory) to warn local authorities of (1) high probability of an eruption in the following weeks/months (signs of reservoir pressurization; “Vigilance” alert level), and (2) high probability of an eruption in the following minutes/hours (signs of final dike propagation toward the surface; “Alert level 1—Imminent eruption”). Warning levels are issued within the framework of the ORSEC (Organisation de la Réponse de SEcurité Civile: Civil Security Response) “Piton de la Fournaise Volcano” plan, which is an emergency plan set up by the department responsible for the protection of the population in the event of unrest or activity of Piton de la Fournaise. Within this plan, OVPF is the first actor in the response chain; it informs the Prefecture (decentralized administrative service of the French State) via the Etat Major de Zone et de Protection Civile de l'Ocean Indien: EMZPCOI (Indian Ocean Zone and Civil Protection Headquarters) in the event of any change in volcanic activity and proposes to change the alert levels (Harris et al., 2017). The final decision to change the alert levels provided by the plan is the sole responsibility of the Préfet (head of the Préfecture). The Préfecture then communicates with other actors (town councils, gendarmerie (local police), central authorities, institutions and the media). Early warning in the event of the threat of an eruption is possible thanks to both a dense monitoring network implemented in the field by OVPF and recent advances in our knowledge of the volcano, making Piton de la Fournaise one of the world's best-studied basaltic volcanoes. Recent studies have enabled a better understanding of its feeding system, with evidence of several variably connected reservoirs distributed over ca. 11 km below the summit, its dynamics and their associated signals (e.g, Battaglia et al., 2005; Peltier et al., 2009; Brenguier et al., 2012; Got et al., 2013; Di Muro et al., 2014; Lengliné et al., 2016).
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FIGURE 1. Location of (A) La Réunion in the Indian Ocean and of (B) Piton de la Fournaise on La Réunion Island. (C) Zoom on the Enclos Fouqué caldera, where 97% of the current Piton de la Fournaise eruptive activity occurred. The location of the eruptive fissures between 1998 and 2017 and the rift zones are shown in red and white, respectively. The black line crossing the Dolomieu crater represents the baseline shown in Figure 2.



In spite of well-established patterns of eruptive precursors, major changes have appeared in the activity of Piton de la Fournaise—and in the associated long-term eruptive precursors—during the two last decades, notably as regards the links with the major collapse of the main summit crater in April 2007. For instance in 2016–2017, eruptions were preceded by totally absent or weak long-term precursors, and even for one eruption (September 11–18, 2016), this led to late communication with the Prefecture on the volcanic unrest state, going directly from “No alert” to “Alert 1—Imminent eruption” and by passing the intermediate “Vigilance” alert level.

A good knowledge of the long-term eruptive precursors and their evolution over time is of prime importance to be able to issue early and efficient warning and react to volcanic unrest, giving reliable information to authorities. It is against this background that the present study was set. We systematically studied the long-term seismicity and volcanic edifice deformation (duration and intensity) preceding each eruption during the period 1998–2017 (43 eruptions) and we studied the possible influence of the pre- and post-caldera formation on these eruptive precursors.

METHODS

Since December 1979, the Piton de la Fournaise volcano has been monitored by the OVPF, which depends on the IPGP (Institut de Physique du Globe de Paris) and is now one of the most efficiently and closely monitored volcanoes in the world, thanks to 100 or so instruments (seismometers, GNSS receivers: Global Navigation Satellite System, tiltmeters, extensometers, gas stations, optic and infra-red cameras) implemented in the field. From 1980 to the end of 2017, 68 eruptions were anticipated and followed by the OVPF. All these networks made it possible to identify three main precursors: volcano-tectonic seismicity, volcano deformation, degassing. These precursors occur on two time-scales linked to two distinct in-depth processes: (1) in the long term (weeks/months): slow edifice inflation (less than 3 mm per day), 10–100 VT earthquakes per day, and CO2 ground degassing, linked to the refilling of the shallow magma system and its pressurization; and (2) in the short term (tens of minutes/hours): strong rapid ground deformation and a swarm of shallow (above sea level; asl) volcano-tectonic events (referred to as “seismic crisis”), linked to the final dike injection toward the surface (e.g, Peltier et al., 2009; Roult et al., 2012; Schmid et al., 2012; Boudoire et al., 2017; Figure 2). The Piton de la Fournaise volcano is a low degassing volcano making it challenging to monitor volcanic degassing on its flanks. The first permanent gas stations were implemented only in 2007, explaining why the first systematic degassing precursors have been evidenced at the Piton de la Fournaise only recently (Boudoire et al., 2017). Because of the late installation of the gas stations (after the 2007 collapse), the gas precursors are disregarded in this study and we have only focused on the evolution of the long-term seismic and ground deformation precursors. We made a systematic analysis of the pre-eruptive seismicity and deformation for the time series of 100 and 15 days (in order for the findings not to be affected by eruptions occurring too close to each other), preceding eruption onsets over the period 1998–2017 (Table 1). Since we studied the late stages of eruption triggering, we took into consideration only the shallow (0–2 km asl) volcano-tectonic seismicity below the summit, shown as daily rates, and the summit deformation shown here as baseline (i.e., line length between two GNSS stations) variations; both being related to the shallow magma system pressurization (Peltier et al., 2009; Roult et al., 2012; Figures 2, 3, Table 1). In these time series, we did not consider the “seismic crises” and the strong rapid ground deformation preceding the eruptions by a few minutes/hours and linked to the final dike propagation toward the surface from the shallowest magma reservoir, located at about 1.5–2.5 km in depth (e.g., Peltier et al., 2009; Di Muro et al., 2014). The GNSS network being implemented only since 2004, in Figure 2b we also indicate the evolution of the FORX extensometer-opening component, in order to have an overview of the global edifice deformation throughout the period considered.
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FIGURE 2. (a) Time series covering 1998–2017, with the daily number of earthquakes (in black) and the distance change (baseline variation in red) between two summit GNSS stations (see location in Figure 1C). The yellow, blue and red shaded areas represent the eruptive, intrusive and the March-April 2007 eruptive periods, respectively. Note that the first continuous GNSS were implemented only in 2004. (b) The same as (a) but in this graph, the rapid and strong displacements and seismicity linked to dike injections preceding eruptions by a few tens of minutes have been removed to avoid saturating the y-scale and better highlight the long-term inter-eruptive signal. In blue: opening component variation (in mm) of the FORX extensometer (see location in Figure 1C). An increase in the signal corresponds to a fracture opening. As for the seismicity and GNSS plots, the rapid and strong signals inked to dike injections preceding eruptions by a few tens of minutes have been removed.




Table 1. Summary of eruptions spanning the 1998–2017 period and their associated long-term precursors (E-S, summit eruption; E-L, lateral eruption; E-SL, summit + lateral eruption; E-D, distal eruption; Co, Collapse).
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FIGURE 3. Zoom on nine pre-eruptive periods. For each example, the daily number of earthquakes (in black) and the distance change (baseline variation in gray) between two summit GNSS stations (see location in Figure 1C), the 100 days preceding the onset of the eruption are shown.



ERUPTIVE ACTIVITY BETWEEN 1998 AND 2017

Our study starts in 1998, the date of renewed eruptive activity after almost 6 years of rest. This date corresponds to the starting point of new intense eruptive activity, but also to a densification of the monitoring network, with, notably, new seismometers and the implementation of a dense permanent GNSS network in 2004. This high eruptive activity and the new monitoring tools allowed a better characterization of the eruptive precursors.

Except for a late eruptive fissure opening at the end of the 1998 eruption, all eruptions of the 1998–2017 period occurred inside the Enclos Fouqué caldera (Figure 1C), like 97% of the recent eruptive activity (Villeneuve and Bachèlery, 2006). This caldera is fully uninhabited but visited by more than 100 000 people by year [source: Office Nationale des Forêts (Forestry Commission)].

From 1998 to 2017, we distinguish 3 periods of eruptive activity: 1998–2007, 2008–2010, 2014–2017, separated by two key events, the Dolomieu summit caldera collapse (340 m depth) during the major March-May 2007 eruption (about 240 Mm3 of emitted lavas, i.e., about 10 times that of an average Piton de la Fournaise eruption), and a rest period of 41 months in 2011–2014 (e.g., Peltier et al., 2009, 2010, 2016; Roult et al., 2012; Staudacher et al., 2016; Figure 2, Table 1): (1) 1998–2007: 451 Mm3 of cumulated emitted lavas (868 days of activity; lava flow rate of about 6 m3/s), a period marked by continuous refilling of the shallow magma plumbing system, and by signs of short-term eruptive cycles culminating in more important distal eruptions (e.g., Peltier et al., 2009; Staudacher et al., 2016); (2) 2008–2010: 7.3 Mm3 of cumulated emitted lava (91 days of activity; lava flow rate of about 0.9 m3/s), a period marked by a change in the eruptive activity after the 2007 collapse with only low-volume summit or near-summit eruptions (eight) and many aborted magma intrusions (eight). Roult et al. (2012) attribute this change to stress changes in the volcano edifice after the collapse and a concomitant decrease in volumes in magma input; (3) 2014–2017: 57 Mm3 of cumulated emitted lavas (166 days of activity; lava flow rate of about 4 m3/s), a period marked by a renewal of the eruptive activity, with flank eruptions only and numerous long-lasting eruptions (3 eruptions of a duration >20 days; Table 1).

RESULTS

On the whole, a clear increase in both the seismicity and ground displacements (global edifice inflation) is systematically observed a few days/weeks before the eruptions, and these appear as clear eruptive precursors (Table 1, Figure 2). The summit volcano-tectonic seismicity is of low magnitude (90% of the events have magnitude <1) and is mainly located below the summit craters, at a depth comprised between 500 and 2,000 m asl (Massin et al., 2011; Lengliné et al., 2016). The source at the origin of the ground deformation has been attributed to a pressurized magma reservoir located at a depth of around 0–1,500 m above sea level (Peltier et al., 2009, 2016), just below the summit volcano-tectonic seismicity. In spite of the similarities in the location of the seismicity and of the pressure sources from one pre-eruptive period to the other, the intensity and the time of occurrence of these long-term eruptive precursors vary according to the periods considered, namely the three periods of activity previously distinguished.

(1) 1998–2007: long-term seismicity and inflation appeared about 100 days before the eruption (Table 1; Figures 2, 3); with an almost steady state of continuous pre-eruptive edifice inflation (only short-term deflation was recorded following the major distal eruptions; Figure 2b); and throughout the period, an evolution toward an increase in the long-term pre-eruptive seismicity was observed with an average of about 40 earthquakes in 1998–2000 vs. 550 in 2006–2007, during the 15 days preceding an eruption (Figure 4). The increase in seismicity and continuous inflation clearly begins in 2000 (Figure 2b; Peltier et al., 2009).
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FIGURE 4. Evolution of the daily number of earthquakes (a) 15 and (b) 100 days preceding the eruptions. In (b), only the eruptions separated in time by more than 100 days were taken into consideration, in order to avoid being impacted by short-term precursors related to previous final dike injections. The shaded areas represent the eruptive periods described in the text.



(2) 2007–2010: pre-eruptive long-term seismicity and inflation appeared later, compared to the 1998–2007 period, about 40–50 days before the eruption (Figure 3); the long-term pre-eruptive seismicity included some strong seismic swarms with more than 100 earthquakes per day not followed by eruptions (Figure 3). The long-term pre-eruptive edifice inflations were weaker than previously observed (low volume of magma involved at depth originating low volume of erupted lava during this period, Table 1) and between these phases a major continuous summit deflation was recorded (summit contraction of ~3 cm/y; Figure 2).

Between 2011 and June 2014, a period of volcanic rest with no eruption occurred and was characterized by edifice deflation and weak summit seismicity (Figure 2).

(3) 2014–2017: less intense pre-eruptive long-term seismicity and inflation; the renewal of eruptive activity on June 20, 2014 was preceded by only 11 days of precursors. Apart from 2 days of strong seismicity, the level of seismicity and deformation remained low (1712 earthquakes including 360 and 687 during two seismic swarms on June 13 and 17, respectively; and 1 cm of summit elongation; Table 1).

For the following 2015 eruptions (four events), the almost continuous inflation was observed once more, but at a lower rate compared to the two first periods (summit elongation of 0.2–0.4 mm/d vs. 0.6–1 mm/d in 2004–2007; Table 1; Peltier et al., 2016). And in 2016–2017, pre-eruptive long-term inflation became discontinuous, and seismicity was lower (a few dozen events during the 15 days preceding an eruption; Table 1) and appeared only one (September 11, 2016 eruption) to ten (January 30, 2017; May 26, 2016) days before the eruption. We can note that 40–60 days before the eruptions of September 2016, January 2017 and July 2017, 1–2 weeks of seismicity increase were observed during stages of short-term inflation renewal (Figure 3).

In short, the long-term pre-eruptive seismicity and deformation (linked to the plumbing system pressurization) increased progressively from 1998 until the major eruption of March-May 2007, during which the Dolomieu crater collapsed, and then progressively decreased and appeared later and later (from about 100 days before the eruption in 1998–2007 to about 15 days in 2014–2017; Figure 3). After the collapse of the Dolomieu crater, in 2008–2010, even though the time of occurrence of the seismicity was shorter, seismicity remained high, taking the form of a large number of seismic crises not followed by eruptions (Figure 3).

DISCUSSION

Influence of the Pre- and Post-caldera Formation on the Long-Term Pre-eruptive Precursors

Between 1998 and 2017, major changes occurred in the Piton de la Fournaise activity and in the associated long-term pre-eruptive precursor, reflecting major changes in the dynamism and stress state of the volcano. This is especially well visible on Figure 4, where the number of long-term pre-eruptive earthquakes increased before the collapse and then decreased after. The events of March-May 2007 (a major eruption and the Dolomieu crater collapse) appeared as key events in the recent history of the volcano, and seem to have influenced both the volcano activity and its eruptive precursors (Peltier et al., 2010; Staudacher, 2010; Massin et al., 2011; Roult et al., 2012).

From 1998 to 2007, the sustained activity of the volcano was maintained by a continuous filling up of the plumbing system, evidenced by near continuous summit inflation (Peltier et al., 2009). This led to a progressive weakening of the medium (Got et al., 2013) at the origin of the increase in seismicity throughout the period (Figure 4), even though part of the accumulated stress had been released during distal eruptions. Indeed, Got et al. (2013) showed that the eruptive cycles spanning the 2000–2007 period were linked to nonlinearity in the stress state of the edifice, as the strong eastern flank plastic displacement during distal eruptions enabled the stress accumulated during an eruptive cycle to be release and to enable the start of a new cycle. In spite of this release, the long-term pre-eruptive seismicity remained high and continued to increase throughout the period, and the continuous and long-term damage in the medium culminated with the April 2007 crater caldera collapse. The observed increase in seismicity between 2000 and 2007 could thus be a very long-term precursor of the in-depth collapse initiation due to the progressive weakening of the medium, notably linked with the continuous edifice inflation; and the triggering of the final collapse would occur due to the fast draining of the reservoir during the beginning of the March-April 2007 eruption (Michon et al., 2011).

After this major eruption, important changes occurred in the volcano and on its surface, consequences of the draining of the shallow reservoir and damage to the shallow plumbing system and its surrounding medium, due to the crater caldera collapse. Between 2008 and 2011, 8 low-volume eruptions and 8 aborted magma intrusions occurred (Figure 2), mostly in the upper part of the volcano. The long-term pre-eruptive seismicity remained high, but mostly occurred during seismic swarms accompanied by ground deformation (magma intrusions) or not (stress release in the medium). The seismic swarms not accompanied by ground deformation were not linked to magma migrations in depth but rather to stress changes and readjustments in the volcanic edifice following the collapse. The large number of aborted intrusions and the location of the eruptions inside or very close to the summit were related to the low magma volume and overpressure involved in depth, sometimes too low for the magma to reach the surface. The main continuous summit deflation observed between eruptive phases confirms that no deep magma refilling occurred during these periods, and that the main contribution of the deformation field during this period was the edifice destabilization and the large withdrawal of the magma reservoir in April 2007 (Figure 3b). This deflation continued between 2011 and 2014, also a period during which no sign of deep refilling was observed.

It was not until 2014 that a more “typical” activity, close to the one observed in 1998–2000, was again observed at Piton de la Fournaise, with increasingly late appearance of long-term eruptive precursors (from about 100 days before the eruption in 1998–2007 to about 15 days in 2014–2017; Figure 3), and less and less long-term pre-eruptive seismicity reaching a level similar in 2017 to the one observed in 1998–2000 (Figure 4). This shows a progressive decrease in the influence of damage and stress readjustment linked to the collapse.

Influence of the Deep Magma Refilling on the Long-Term Pre-eruptive Precursors

Since 2016, the well-established long-term pre-eruptive continuous inflation pattern previously observed—both before the 1998–2007 eruptions and the 2008–2010 eruptions—has disappeared, replaced by a discontinuous inflation trend (Figure 3) probably reflecting discontinuous deep magma pulses entering into the shallow plumbing system.

This new deforming process of the volcano makes it more difficult to anticipate eruptions in the long-term, as the pressure building up and the stress accumulation inside the reservoir occurred in steps (discontinuous magma accumulation), and not continuously as previously observed (Figures 2b, 3). The time between two stages can be long and the last stages can be very short in duration, as observed in September 2016, when the final dike propagation was preceded by only limited warning signs (Figure 3). After two periods of edifice inflation not followed by an eruption (Figure 3; around May 27—June 13 and July 9–27, 2016), 1 month of summit deflation led the Prefecture to change the alert level, replacing “Vigilance” by “No alert” on September 5, 2016, only 6 days before the onset of the September 11, 2016 eruption. Fortunately, the short-term precursors (seismic crisis and strong deformation) associated with the final dike propagation toward the surface led the observatory to alert the Prefecture 56 min before the onset of the eruption, and the alert level passed directly from “No alert” to “Alert 1—Imminent eruption,” bypassing the intermediate “Vigilance” alert level.

Implications for the Communication System

Volcanoes are complex and highly non-linear natural systems. Their unrest and activity, as well as their associated signals, can thus quickly change. These quick changes can have consequences on the efficiency of the alert chain for the authorities, with some false alerts and late alerts. Indeed, whatever the natural phenomena studied (geoscience or meteorology), early warnings, but also caution, are necessary in the communication chain. This is even truer when the first communication comes from an operational research center, such as an observatory. Within the ORSEC “Piton de la Fournaise Volcano” plan, the role of the Observatory is to communicate to the authorities any changes (increase or decrease) in volcanic activity and in the number and intensity of eruptive precursors, via real-time and 24/7 volcano monitoring. The authorities (via decisions taken by the Préfet) decide any changes to be made in the alert level issued and transmit this information to the public institutions directly concerned and to the media. Any change in the alert level triggers the ORSEC “Piton de la Fournaise Volcano” plan that applies a dedicated protocol for the services involved (gendarmerie (local police), Office Nationale des Forêts (Forestry Commission), civil protection), and can have consequences on access to the volcano, which can thus, notably, affect tourism in this sector. As specified in the ORSEC “Piton de la Fournaise Volcano” plan, during the “Vigilance” alert level, access to the volcano summit is permitted but restricted to the official track (this is particularly restrictive for commercial guided tours that cannot take other paths), whereas during “Alert level 1—Imminent eruption,” access is prohibited and visitors (and, possibly, the threatened population) are quickly evacuated on foot or by helicopter, weather conditions permitting. In view of these elements and the difficulties of access to the volcano and evacuations related to the site morphology (mainly in terms of intervention time), in the event of “Alert level 1—Imminent eruption,” any change in the alert level is an important decision, which must be carefully assessed. This requires an efficient communication chain between each actor (the observatory, authorities, and media), and necessitates sending reliable information from the observatory. Recent changes in the Piton de la Fournaise plumbing system feeding pattern and the associated precursors (time of appearance (Figure 3), number (Figure 4, Table 1), and intensity) have made this communication more complicated. On the one hand, this has led to over-evaluations (with, notably, false alerts), and, on the other hand, to late issue of information (e.g., the September 11, 2016 eruption, see section Influence of the Deep Magma Refilling on the Long-Term Pre-Eruptive Precursors), with a risk of loss of credibility for the observatory. One example is the February 4, 2015 eruption, for which the first subtle precursors appeared in November 2014. OVPF alerted the authorities, who issued the “Vigilance” alert level. On December 1, in the absence of any eruption, the alert was lifted by the Prefecture. On December 4, following several observations released by the OVPF, the Prefecture again issued the alert level, before lifting it again in early January 2015. The February 4, 2015 eruption began after a 1-month period of relative calm (which followed magma and stress accumulation during November and December) and a short-term seismic crisis. Because of the bad weather, only a few people were at the volcano at the time of the eruption, and only one 70-year-old man was in difficulty as a result of the eruption. He was on one of the official tracks and less than 100 m from the lava flow front, which blocked his way back. Fortunately, he was rescued by helicopter just before nightfall, after walking 7 h in very difficult conditions. His presence was authorized because no alert had been issued at the time of his departure to the volcano (a few hours before the onset of the eruption). With operational feedback, notably concerning crisis management in February 2015 and September 2016, the authorities, and even the population, maintain a very high level of confidence in the observatory. They are now aware of the complexity of the volcano's periods of reawakening and of the impossibility of accurate assessment as regards the precise timing of a coming eruption, and of the necessity of being cautious during any level alert changes, as well as during press releases.

Piton de la Fournaise is not the only volcano where behavior change has led to delay or failure in communication with local authorities. Before the eruption of September 27, 2014 at Mount Ontake, the volcano warning level had not been changed, because the number of low-frequency earthquakes detected was much lower than those recorded for the 2007 eruption (Yamaoka et al., 2016), leading to a catastrophic loss of lives.

It is thus of prime importance for crisis management and decision-making that scientists and politicians bear in mind the possibility of these rapid changes in a well-established pattern for a specific volcano and of the possibility of sudden volcanic unrest with little warning; particularly since communication between the actors involved (scientists, politicians and then the general public) can be a long process.

CONCLUSIONS

Our detailed study shows that the intensity, duration and onset of long-term eruptive precursors changed quickly at Piton de la Fournaise between 1998 and 2017. These changes were linked to changes in the internal stress of the volcano before and after the April 2007 summit caldera, and after the period of calm of 2011–2014.

• From 1998 to 2007: the progressive seismicity increase throughout this period of continuous inflation (continuous deep refilling) could be a very long-term precursor of the in-depth collapse onset due to the progressive weakening of the medium.

• From 2007 to 2010: long-term pre-eruptive seismicity remained high and this reveals stress changes and readjustments in the volcanic edifice following the collapse. Deflation during inter-eruptive periods showed that no significant deep magma refilling occurred.

• From 2014 to 2017: the renewed eruptive activity in 2014, after 41 months of rest was very sudden (11 days of long-term precursors). Since 2016, discontinuous injections of deep magma have refilled the shallow plumbing, leading to rapid final dike propagations preceded by few warning signs.

Volcanoes are highly non-linear systems, and these changes in the precursors were not without consequence on the early alert to the authorities, with some false alerts and late alerts. The findings of this study have enabled the relevant authorities to improve the alert chain protocol, and scientists to communicate more efficiently with the decision-makers.
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