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Abstract 

Changes in magma properties and transport geometry can have a direct impact on volcanic 

activity. However, such variations can be difficult to track during eruptions. We report 

previously undetected very-long-period (VLP) signals at Piton de la Fournaise that can be 

used to probe changes in magma transport. Source analysis of VLP events during the 

August-October 2015 eruption indicates a source depth of about 0.9-1.2 km and points to 

the resonance of the magma dike feeding the eruption. The evolution of the resonance period 

reveals a shortening of the dike when the magma flux decreases at the end of the eruption. 

VLP events are actually quite frequent at Piton de la Fournaise: all eruptions analyzed in 

this study exhibit VLP signals that are indicative of rapid drops in lava discharge. This work 

encourages the detection of VLP signals to monitor changes in magma flow during volcanic 

eruptions, and anticipate the corresponding evolution in effusive activity. 

 

1. Introduction 

The Piton de la Fournaise volcano (La Réunion island) is one of the most active and best 

monitored volcanoes in the world, with more than two eruptions per year since 1998 and a 

dense monitoring network of about 100 geophysical and geochemical stations (Chevrel et 

al., 2021; Peltier et al., 2020; Roult et al., 2012; Staudacher and Peltier, 2016). The 

morphology of the Piton de la Fournaise edifice is marked by a 10 km wide caldera known 

as the “Enclos Fouqué”, in the middle of which a terminal cone reaches an altitude of 

2632 m (Fig. 1). The terminal cone (i.e., the volcano’s central cone) stands over a magma 

reservoir located at about sea level (Peltier et al., 2012) and is overlooked by a 1 km wide 

summit caldera (“Cratère Dolomieu”). Seismic activity at Piton de la Fournaise is mostly 

clustered in swarms of volcano-tectonic earthquakes located below the terminal cone before 

eruptions (Duputel et al., 2021; Sapin et al., 1996). These pre-eruptive volcano-tectonic 

seismic swarms mark the onset of dike injections from the shallow magma reservoir 

(Duputel et al., 2019). These rapid increases of seismicity accompanied with large 

deformation rates during magma injections allow to anticipate eruptions (Beauducel et al., 

2020; Peltier et al., 2020; Roult et al., 2012): since the establishment of the volcano 

observatory in 1979, all 83 eruptions of Piton de la Fournaise have been forecasted (Peltier 
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et al., 2022). Furthermore, with the improvement of seismic and geodetic networks over the 

last two decades, it is now possible to track magma migration towards the surface, giving 

early indications on the location of future eruption sites (Beauducel et al., 2020; Duputel et 

al., 2019; Journeau et al., 2020; Smittarello et al., 2019; Taisne et al., 2011).  

Despite advances in volcano monitoring, it is currently difficult to forecast when an eruption 

will end. In terms of volcanic hazard, this is equally important as predicting future eruptions, 

because the eruptive duration largely controls the spatial extent of lava flows downslope of 

eruptive vents (Chevrel et al., 2022). Part of the challenge lies in the difficulty of monitoring 

the evolution of magma properties and dike geometry during eruptions. Magma discharge 

rate can be quantified in near real time from satellite data and volcanic tremor amplitude 

(Coppola et al., 2009; Hibert et al., 2015). Using such observations, it is possible to predict 

the end date of eruptions by assuming that they are fed by a single magma reservoir releasing 

its elastic strain energy as it re-equilibrates with the lithostatic pressure (Bonny and Wright, 

2017; Wadge, 1981). Although such forecast performs well for short lived eruptions at Piton 

de la Fournaise (Bonny and Wright, 2017), it does not work for longer eruptions that are 

associated with more complicated time-evolutions (Coppola et al., 2009). Beyond the 

simple elastic model of magma release, there are additional processes controlling the 

eruptive histories. By combining discharge rate estimates with geodetic data and the 

analysis of erupted products, it has been showed that long-lasting eruptions can be drawing 

magma from increasingly deeper storage zones, which can drive effusive paroxysms at the 

end of eruptions (Coppola et al., 2017). In addition, the geometry of magma conduits can 

change significantly during eruptions. Eruptive activity at Piton de la Fournaise usually 

evolves from lava fountains and flows discharged along elongated fissures to the focus of 

emissions on a localized vent, over time-scales ranging from hours to a few days 

(Fukushima et al., 2010). This channelization into a small number of eruptive vents was 

also observed at other volcanoes (Jones et al., 2017; Keating et al., 2008; Wylie et al., 1999). 

For example, the 1959 summit eruption at Kilauea volcano (Hawaii) began as a 800 m long 

fissure, which focused to a single vent within a day (Richter, D. H. et al., 1970). Similar 

observations have been reported in Iceland, for instance during the 1973 Heimaey island 

eruption and more recently during the 2014 Bárðarbunga eruption (Witt et al., 2018; Wylie 
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et al., 1999). Dikes that supply such eruptions also evolve at depth and begin to partially 

solidify, resulting in a shortening of the dike width. Apart from numerical and laboratory 

experiments (Bruce and Huppert, 1989; Pansino et al., 2019), very few constraints exist on 

the evolution of magmatic dike geometries during eruptions.  

Very-long-period (VLP) signals with periods ranging from 2 to 100 s are observed at many 

volcanoes and are often attributed to transient perturbations in the magma flow (Chouet and 

Matoza, 2013). Due to their very long wavelengths, these waveforms are not strongly 

affected by volcano structural heterogeneities and provide invaluable constraints on dike 

and magma properties that are not readily accessible with other observations. Inversion of 

VLP waveforms have imaged various dike, sill and conduit geometries along with more 

complicated configurations (Aster et al., 2003; Cesca et al., 2020; Chouet and Matoza, 2013; 

Kumagai et al., 2003; Legrand and Perton, 2022; Liang et al., 2020; Niu and Song, 2021; 

Ohminato et al., 1998). When such events occur in a repetitive fashion, they can also be 

used to track the time evolution of magma properties and transport (Josh Crozier and 

Karlstrom, 2022; Kumagai, 2006). Only few long-period (LP) and very-long-period (VLP) 

events have been previously reported at Piton de la Fournaise (Aki and Ferrazzini, 2000; 

Duputel and Rivera, 2019; Fontaine et al., 2019; Zecevic et al., 2013). A rare instance was 

during the 2007 summit caldera collapse, during which we observed VLP signals associated 

with the sudden drop of the caldera floor in the magma reservoir (Duputel and Rivera, 2019; 

Fontaine et al., 2019). At the time of the 2007 collapse, the only broadband station available 

in the vicinity of the volcano was the Geoscope station RER, located 8 km away from the 

summit. The monitoring network has considerably evolved since then and is now equipped 

with 29 broadband stations, allowing a wide range of signals to be recorded (Observatoire 

Volcanologique Du Piton De La Fournaise (OVPF) and Institut De Physique Du Globe De 

Paris (IPGP), 2008). 

Here, we report syn-eruptive VLP signals at the Piton de la Fournaise. These signals 

correspond to the resonance of a magma-filled crack during the August-October 2015 

eruption and can be used to track the time-evolution of the dike geometry feeding the 

eruptive site. Although VLP events can be hidden by the eruptive tremor, they are clearly 
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visible when filtering seismic data at long period. We show that similar VLP signals can be 

detected during several other volcanic eruptions at Piton de la Fournaise.  

2. Methods and Results 

2.1 Chronology of the August-October 2015 eruption 

The eruption that started on 24 August 2015 at Piton de la Fournaise was preceded by an 

intense seismic swarm of more than one thousand volcano-tectonic (VT) earthquakes 

indicating the onset of a magmatic intrusion 2 hours before it reached the surface (Duputel 

et al., 2019). The location of VT earthquakes beneath the southwestern rim of the Dolomieu 

crater (Fig. 1) suggests that the magma injection initiated within the region above the 

magma reservoir at ~2 km depth below the surface (details about VT events detection and 

relocations are provided in the supplementary Text S1). This is confirmed by GNSS 

displacements (Fig. 2) that are consistent with the propagation of a subvertical dike in the 

southwest flank of the terminal cone (GNSS data processing is described in the 

supplementary Text S2). Note that the displacement field in Fig. 2 is asymmetric with a 

large eastward motion east of the eruptive fissure. Assuming a linear elastic homogeneous 

medium, inversion of InSAR data for the August-October 2015 eruption suggested that such 

asymmetry could be explained by a curved intrusion (Dumont et al., 2022). Such 

preferential motion of the eastern flank is systematic at Piton de la Fournaise and other 

interpretations have been proposed such as an elasto-plastic behavior of the edifice or the 

existence of a décollement fault below the eastern flank (Dumont et al., 2022; Got et al., 

2013). 

After a migration of about 2 hours, the dike finally erupted by intersecting the terminal cone, 

first on its southern flank at 14:50 UTC and 30 min later at higher elevation on its northern 

flank (Fig. 1 and supplementary Movies S1 and S2). The activity later focused on the 

southernmost eruptive fissure, ultimately leading to the formation of the "Piton Kalla et 

Pélé" eruptive vent. In this study, we monitored eruptive activity using Time Averaged lava 

Discharge Rate (TADR) time-series converted routinely from MODIS-derived spectral 

radiance data provided by the MIROVA hot spot detection system (Coppola et al., 2017, 

2009). These measurements shown in Fig. 3 have an uncertainty of +/-35% depending on 
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the eruptive conditions (topography, eruptive style, etc.). We also monitored the eruptive 

tremor amplitude using vertical records of the RVL broadband station, located a few 

hundred meters from the eruption site (Fig. 1A). We computed the mean absolute amplitude 

over 1 min sliding time-windows after deconvolution from the instrument response and 

band-pass filtering in the 2-4Hz frequency band (Fig. 3). After two months of continuous 

activity, the end of the eruption was marked by two pauses on October 18-22 and 24-29, 

during which lava emissions completely ceased before resuming abruptly. The eruption 

finally stopped on October 31, 2015.  

2.2 VLP signals  

About 40 minutes after the onset of the eruption, a swarm of VLP events began to be 

recorded at seismic stations near the terminal cone. Although they are not visible in the raw 

data due to short period energy of the eruptive tremor and ambient seismic noise, VLP 

waveforms become clearly visible after filtering the broadband records below 0.1 Hz (see 

Fig. 4A). Such low-frequency signals are clearly distinct from high-frequency VT 

earthquakes observed at Piton de la Fournaise as illustrated in Supplementary Fig. S2. VLP 

events are characterized by decaying harmonic low-frequency oscillations with dominant 

periods near 20 s lasting for about 100 s. To investigate the corresponding particle motion, 

we corrected the horizontal orientation of broadband sensors using teleseismic records of 

distant earthquakes (see details in the supplementary Text S3). VLP signals depict radial 

polarization (Fig. 4B), suggesting a source location approximately 1 km below the western 

edge of the Dolomieu crater. 

The VLP events were also recorded on tiltmeters located at the summit of the volcano. Fig. 5 

shows a record from a Blum tiltmeter (Blum, P.-A., 1963) that is co-located with the seismic 

station SNE (cf., Fig. 1A). As typically observed at Piton de la Fournaise, the tiltmeter data 

suggests a rapid inflation of the volcano summit at the onset of the magma injection 

followed by a deflation phase when the dike started to propagate toward the flank of the 

terminal cone (Peltier et al., 2005). We identify tilt offsets that are synchronous with VLP 

signals recorded on the broadband seismic stations. These tilt offsets are very small in 
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magnitude (of the order of 10-2 microradian) and are observed in a radial direction that is 

consistent with the VLP waveform polarization shown in Fig. 4B. 

To search for VLP signals in the seismic data, we used a template matching approach using 

a template catalog of 19 visually detected VLP events. These events occurred at different 

times of the eruption and were associated with different waveforms and frequency content 

(cf., Fig. S3). Detections were obtained by scanning vertical records from stations SNE and 

FJS after bandpass filtering between 0.02-0.07 Hz. We considered an average correlation 

threshold of 0.95 resulting in a total set of 48 detections (see supplementary Fig. S4 and S5). 

We then visually inspected the detected signals in comparison with long-period records at 

the GEOSCOPE station RER to discard teleseismic body-wave arrivals (VLP events were 

only recorded at stations located in the vicinity of the terminal cone). This resulted into a 

final set of 43 VLP events over the course of the eruption (between August 24 and October 

31, 2015). The corresponding VLP waveforms are very similar and depict consistent 

polarization (see Fig. S4-S10). The detected VLP events are temporally clustered in four 

distinct swarms (Fig. 3) with inter-event times ranging from ~10 minutes at the onset of the 

eruption to several hours during the later VLP swarms (cf., Fig. S11). The first VLP swarm 

at the beginning of the eruption occurred synchronously with the decrease of lava fountain 

heights. The other three VLP swarms were detected before and during abrupt drops in 

magma extrusion rates that were observed before the two pauses in lava emissions and at 

the end of the eruption on October 31, 2015. All four swarms occurred when the eruptive 

tremor amplitude is large and when the lava extrusion rate is high. 

2.3 Dike resonance 

We analyzed the source process of VLP events using six broadband stations in the vicinity 

of the terminal cone. Records were deconvolved to displacement and band-pass filtered at 

low frequency (0.03-0.1 Hz) to avoid any contamination by micro-seismic noise and 

eruptive tremor (cf., Fig. 4A). The forward problem can be written as (Aki and Richards, 

2002):  

𝑢"(𝐱, 𝒕) = ∫𝑀+,	𝑆(𝜏)	𝑮𝒊𝒑,𝒒(𝐱, 𝒕; 𝝃, 𝝉)𝑑𝜏   (1) 

where 𝑢"(𝐱, 𝒕) is the observed displacement at (𝐱, 𝒕), 𝐺"+,,(𝐱, 𝒕; 𝝃, 𝝉) is the Earth response to 
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a step function for a source at (𝝃, 𝝉), 𝑀+, is the moment tensor and 𝑆(𝜏) is a source time 

function (proportional to the moment rate). Our aim is to invert for the moment tensor 

elements (𝑀+,; i.e., the focal mechanism and magnitude), the source location (𝝃) and the 

shape of the moment-rate function (𝑆(𝜏)). A standard practice when dealing with tectonic 

earthquakes is to enforce positivity of 𝑆(𝜏) to avoid backward slip (i.e., slip in the direction 

opposite to the average fault motion; Duputel, 2022; Vallée et al., 2011). Such constraints 

do not apply to volcanic VLP events that are generally not produced by fault motion. This 

is the case in the present study, where near-field displacement waveforms shown in Fig. 6 

exhibit long-period oscillations that cannot be fitted using positive definite moment rate 

functions. An approach used at volcanoes consist in describing the VLP source using a 

moment tensor and a single force, each component being associated with a source-time 

function to be estimated (e.g., Chouet, 1996; Kumagai, 2022; Ohminato et al., 1998). 

Although this method allows some flexibility in the source time history, it also involves a 

very large number of free parameters to be inverted for. To mitigate any tradeoff between 

model parameters, we used a simpler parameterization based on a moment tensor source 

with a damped oscillating source time function (Cesca et al., 2020): 

𝑆(𝑡) ∝ exp >?@
ABC

sin G?@
BC

     (2) 

where the resonance period TR and the quality factor Q are estimated by grid-search during 

the source inversion (the forward problem being linear for a given TR and Q; see 

supplementary Text S5).  

An example of VLP source model is shown in Fig. 6. The inverted moment tensor source is 

clearly non-double couple with a large isotropic component and a smaller CLVD deviatoric 

component (cf., Fig. 6A). This simple point source model fits the data very well (see 

Fig. 6C). This can likely be attributed to the fact that the observed VLP signals encompass 

wavelengths ranging from 50 to 70 km (assuming a P-wave velocity of 3.5 km/s) that is 

significantly greater than the source size (that cannot exceed a few kilometers given the 

dimensions of the volcano). To assess the corresponding source type, the root-mean-square 

(RMS) data misfit corresponding to each type of moment tensor source was derived using 
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the approach described in Duputel and Rivera (2019). The optimum source-type 

(minimizing the RMS misfit) is close to a tensile crack (Fig. 6B). To confirm this result, we 

also imposed a pure crack source by fixing the ratio of eigenvalues of the seismic moment 

tensor and by searching for the optimum source orientation (the resulting solution 

corresponds to the “+Tensile Crack” source shown in Fig 6B). Results indicate no 

significant deterioration of the data misfit compared to a full moment tensor inversion (see 

Fig. S12). The inverted source model is thus consistent with a tensile crack that is strongly 

dipping to the NE with opening/closing oscillations in the NE-SW direction at a resonance 

period TR ~ 20 sec. This oscillating crack is located 1.2 km below the western edge of the 

Dolomieu crater, in rough agreement with the polarization of VLP signals shown in Fig. 4B. 

The source models obtained for the entire VLP catalog are presented in Fig. 7 and in 

Fig. S13. Overall, the source location and crack orientation are remarkably stable through 

the eruption. We note a slight change in source depth for the two last VLP swarms, occurring 

between 0.9 and 1.2 km below the summit while previous VLP occurred at depths of 1.1 - 

1.2 km. The persistent localization of VLP events suggests a repeating and non-destructive 

source process. It is thus reasonable to consider that these VLP oscillations were caused by 

repetitive resonance within the magmatic dike feeding the eruption. 

Although the oscillatory crack source is persistent through the eruption, we note a 

significant drift in its resonance period as a function of time. The comparison of the spectra 

of VLP events at the beginning and at the end of the eruptive sequence shows a change of 

the resonance period TR of the crack-source oscillations (Fig. 8, Fig. S15 and supplementary 

Text S6). The first VLP swarm is associated with a rather constant resonance period TR ~ 

20 s, which gradually decreases to TR ~ 13 s during the second swarm on October 14-17 

prior to the first eruptive pause on October 18-22 and remains at this level until the end of 

the eruption on October 31. In addition to the change of resonance period, we also note a 

small decrease in the event magnitude (from Mw~2.2 to Mw~1.9) along with an initial 

increase in the quality factor Q followed by a decrease between the first and the second VLP 

swarm (Fig. S13).  

3. Discussion and conclusion 
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We report previously undetected syn-eruptive VLP signals at Piton de la Fournaise volcano. 

We identify 43 VLP events during the August-October 2015 eruption that are temporally 

clustered in four distinct swarms at the beginning of the eruption and before abrupt drops in 

lava discharge. The analysis of VLP signals indicates that these signals were most likely 

generated by the resonance of the magmatic dike feeding the eruption. While the location 

and orientation of the resonator source are remarkably persistent over time, there is a change 

in resonance period, shifting from TR ~ 20 s at the beginning of the eruption to TR ~ 13 s at 

the end of the eruption. As discussed below, this change most likely represent variations in 

the physical properties of the dike feeding the eruption.  

To interpret changes in resonance period, we consider here that the magma dike can be 

represented by a fluid-filled rectangular crack embedded in an elastic medium. Numerical 

simulations introduced initially by Chouet (1986) show that fluid pressure perturbations in 

such a crack induce resonant oscillations of the crack wall. These oscillations can be 

decomposed into different modes 𝑚 whose resonance periods (𝑇JK) are primarily sensitive 

to the dimensions of the crack (length 𝐿, width 𝑊 and thickness 𝑑), the bulk modulus of the 

magma (𝑏) and its density (𝜌) (Maeda and Kumagai, 2017): 

𝑇JK = GP
(K>Q)

RS	(QTGUVW)
X

    (3) 

where 𝜀K is an empirical constant defined as 𝜀K = 𝑊(1 − 4	𝛾	𝑊/3	𝑚	𝐿)/3	𝑚	𝐿 and 𝐶 is 

the crack stiffness 𝐶 = (𝑏/𝜇)(𝑊/𝑑) with 𝛾=0.22 and 𝜇 the shear modulus of the magma 

(cf., supplementary Text S7). 

Because variations in gas content can largely impact magma properties (i.e., magma bulk 

modulus and density in equation 3; Huppert and Woods, 2002), they can induce changes in 

the resonance period of the crack. However, the observed change of TR would require a very 

large reduction of the gas volume fraction from 100% at the beginning of the eruption to 

0% at the end of the eruption (see Fig. S16). This scenario is unrealistic, considering other 

constraints on gas exsolution at Piton de la Fournaise. Previous studies have demonstrated 

that gas emissions are largely dominated by H2O exsolved at very shallow depth (Allard, P. 
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et al., 2011; Lénat et al., 1989). Using recent analyses of dissolved water in glass inclusions 

and matrices (Muro et al., 2016), we have estimated the evolution of gas content in the 

magma as a function of depth (cf., supplementary Text S8). Results indicate negligible 

vapor content at the VLP source depth (~1 km) and an average gas volume fraction smaller 

than a few percent when averaging over the entire dike length (Fig. S17). This suggests that 

only small variations of gas content are possible, which cannot explain the observed change 

in the resonance period of the dike. Besides gas content, changes in magma chemistry and 

temperature can impact the magma density and therefore induce variations of resonance 

period (Lesher and Spera, 2015). The second VLP swarm was preceded by an increase in 

MgO content, which is possibly associated to the incoming of magma from deeper storage 

zones (Coppola et al., 2017). However, the observed change of resonance period would 

require an unrealistic decrease in magma density of about 60% (cf., Fig. S18). While we do 

dismiss the possibility of variations in magma chemistry or gas content, the estimates 

provided above indicate that these factors cannot fully explain the magnitude of the 

observed shift in resonance period. 

In order to explain the observed changes in resonance properties, it is necessary to explore 

variations in the physical properties of the dike throughout the eruption. Fig. 9 shows the 

crack resonance period TR as a function of the relative change in dike width (𝛿𝑊 𝑊⁄ ). We 

examined variations in terms of 𝛿𝑊 𝑊⁄  because it removes any dependency on the mode 

number, dike length and dike thickness (cf., Fig. S19 and supplementary Text S7). The 

transition from TR ~ 20 s to TR ~ 13 s can then be attributed to a ~20% decrease in the dike 

width. Assuming that we are dealing with the fundamental mode of transverse oscillations 

in a dike of length 2300 m and thickness 1 m, this translates to a reduction of the dike width 

from 1440 m to 1150 m. These estimates rely on the assumption that magma behaves as an 

inviscid fluid (Maeda and Kumagai, 2017). To evaluate the impact of viscous flow, we 

additionally employed the model proposed by Lipovsky and Dunham (2015) to estimate the 

time evolution of the dike width and magma viscosity. This approach relies on the resonance 

periods and quality factors determined for each VLP event, as described in supplementary 

Text S7. Results presented in Fig. S20 are globally consistent with estimates derived from 

Maeda and Kumagai (2017) with a reduction of the dike width from 1300 m to 1000 m (i.e., 
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a decrease of ~20%). The estimated magma viscosity increases toward the end of the 

eruption with values around 200 to 400 Pa.s, consistent with previous estimates at Piton de 

la Fournaise volcano (e.g., Harris et al., 2017; Villeneuve et al., 2008). The contraction of 

the dike size, supported by both models, is consistent with field observations showing that 

the eruption began with several elongated eruptive fissures and later focused on a single 

vent (Fig. 1, Movies M1 and M2).  

Evolution of erupting dikes have been investigated in various theoretical and experimental 

studies (e.g., Bruce and Huppert, 1989; Pansino et al., 2019; Taisne and Tait, 2011; Wylie 

et al., 1999). As they propagate and increase their surface area, dikes become increasingly 

susceptible to heat loss via conduction. When the incoming magma is very hot and the flow 

rate is high, thermal erosion occurs on the dike walls. On the other hand, when the flow rate 

is low, heat transfer to the surrounding rock leads to magma solidification, which can reduce 

the width of the dike. According to the time-evolution of the resonance period (Fig. 8 and 

Fig. S21), the reduction of the dike width at depth occurred mainly over a few days during 

the second VLP swarm. As shown in Fig. 3 and Fig. S22, this change was associated by a 

rapid summit deflation that can be modeled by the contraction of the dike above the magma 

reservoir. This shortening of the dike was then accompanied by a decrease in magma flux 

just before a sudden drop in lava discharge marking the first eruptive pause of October 18-

22, 2015. This suggests that partial solidification of the magmatic dike during the eruption 

induced a decrease of the magma flux. Such channelization accompanied with a decrease 

of the magma flux could be at the origin of the unstable on-and-off eruptive phases observed 

at the end of the eruption as suggested by laboratory experiments (Pansino et al., 2019).  

Although this is a first time observation at Piton de la Fournaise, VLP signals resulting from 

the resonance of magmatic dikes and conduits have been observed at several volcanoes, 

with oscillation properties providing information about the dynamics of subsurface magma 

transport (Chouet and Matoza, 2013; Josh Crozier and Karlstrom, 2022; Kumagai et al., 

2003; Legrand and Perton, 2022; Niu and Song, 2021). The lack of previous VLP detections 

at Piton de la Fournaise results from two main factors. First, the broadband seismic network 

was very sparse prior to 2010. Broadband stations started to be deployed at the end of the 
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year 2009 (Brenguier, 2014) and were integrated to the permanent monitoring network in 

2011 (Observatoire Volcanologique Du Piton De La Fournaise (OVPF) and Institut De 

Physique Du Globe De Paris (IPGP), 2008). Second, syn-eruptive VLP signals can be 

difficult to identify on raw data as they can be hidden by the eruptive tremor. Using a 

template matching approach similar to the one employed during the August-October 2015 

eruption, we analyzed continuous seismic records between 2014 and 2015. Results indicate 

that VLP events occurred during all five eruptions of this time-period. Even though details 

in the waveforms are different, detected signals have similar properties such as enhanced 

long-period radial polarization pointing below the volcano summit (Fig. S23-S29).  

This work encourages a systematic detection of VLP signals in order to monitor changes in 

magma transport during volcanic eruptions. For all eruptions between 2014 and 2015 at 

Piton de la Fournaise, VLP events were detected primarily when the lava extrusion rate is 

rapidly decreasing (Fig. S30). This is particularly evident for the three later VLP swarms of 

the August-October 2015 eruptions, which systematically occurred before sudden drops in 

lava emissions. These swarms were accompanied by rapid summit deflations (Fig. 3), 

corresponding to the contraction of the dike above the shallow reservoir (see Fig. S20 and 

Fig. S22). Although the excitation process of the dike resonance is currently unknown, this 

suggests that VLP events are associated with rapid pressure variations in the volcano 

plumbing system. The detection of VLP events is therefore useful for monitoring purposes 

because they indicate changes in the magma flow that may lead to a permanent or temporary 

cessation of lava emissions. This is particularly interesting for long-lived eruptions with 

complicated time-evolution whose end is difficult to anticipate. 
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Figures 

 

 
Fig. 1. The August-October 2015 eruption at Piton de la Fournaise. (A) Seismo-

volcanic context. Blue lines indicate the location of eruptive fissures. Black circles 

are earthquake locations during the volcano-tectonic swarm preceding the 

eruption. Orange and red triangles indicate the location of seismic and GNSS 

stations used in this study, respectively. Station SNE includes a seismometer, a 

tiltmeter and a GNSS antenna. Red circles show the camera locations whose 

pictures are shown on the right. (B)-(C) Photos taken by the camera stations BERC 



Preprint submitted to EPSL                                                                                                                          

Page 23 of 30 

 

and BASC the day before the eruption. (D)-(E) Photos taken after the onset of the 

eruption. Dashed lines outline topographic features visible in daytime photos 

(terminal cone and rim of the Enclos Fouqué caldera) Pink labels indicate the onset 

times of eruptive fissures activity (UTC times on August 24).  

 

 
Fig. 2. Displacement field induced by the August-October 2015 eruption. Vectors and 

colored circles indicate horizontal and vertical GPS displacements, respectively. 

Blue lines indicate the location of eruptive fissures.  
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Fig. 3. Eruptive activity and VLP swarms. Top subfigure shows the variation of 

distance between GNSS stations SNE and DSR (cf., red triangles in Fig. 1A). The 

time-series is associated with an uncertainty of ~2mm (cf., Fig. S1). In the bottom 

subfigure, the grey continuous line indicate the time-evolution of the eruptive 

tremor amplitude in the 2-4 Hz passband. Blue stars indicate Time-Average lava 

Discharge Rate (TADR) derived from Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite data. Red circles indicate the detection times 

of VLP events. Grey dashed vertical lines indicate the onset, rest phases and end of 

the eruption. Black arrows highlight deflation episodes concomitant with VLP 

swarms in October 2015.  
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Fig. 4. VLP event on 24 August 2015 at 19:08:19 UTC. (A) Spectrogram at the seismic 

station SNE. Bottom subfigure shows the seismogram and Left plot shows the 

amplitude spectrum. Black lines correspond to the raw ground velocity record 

while blue lines are filtered in the 0.01-0.07 Hz passband. (B) Particle motions 

shown in orange for various seismic stations in map view, East-West and North-

South cross-sections. Blue lines indicate the location of eruptive fissures. 
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Fig. 5. Examples of VLP signals on tilt and seismic records. (A) Radial tilt time-series 

recorded at station SNE (see Fig. 1A). (B) Tilt steps and seismic signals observed 

for VLP events outlined with red rectangles in (A). Top traces in red are stacks of 

tilt and seismic records shown below. Tilt time-series are detrended and seismic 

signals are filtered in the 0.01-0.07 Hz passband after instrument correction. 

Ground velocity peak-to-peak amplitudes (in µm/sec) are indicated in gray on the 

left of each seismogram. Tilt steps (in µrad/sec) estimated using a simple step 

function are also indicated for each event. The corresponding average step function 

is shown in gray over the stack of tilt records (on top). 
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Fig. 6. Source analysis of the VLP event on 24 August 2015 at 19:08:19 UTC. (A) 

Moment tensor solution (decomposed into isotropic and deviatoric components on 

the right) obtained by considering a damped oscillating source-time function 

(characterized by a resonance period TR and a quality factor Q). Beachballs 

diagrams are shown for the lower-hemisphere. (B) Source type plot. Colors 

indicate the Normalized RMS misfit for different source-types. White star 

indicates the optimum source type (minimizing RMS misfit). (C) Comparison 

between observed (black) and predicted (red) waveforms. The map indicates the 

source location (white star) and seismic stations (yellow triangles). The source 

model is consistent with an oscillating tensile crack with a dip angle of 77° and a 

strike of 286°, which fits the data as well as a full moment tensor (cf., Fig. S12). 
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Fig. 7. VLP source mechanisms during the August 2015 eruption. We only show the 

deviatoric part of the moment tensor solutions to highlight the orientation of the 

crack source. The (lower hemisphere) focal mechanisms and source locations are 

very consistent between VLP events. Source depth are also similar, ranging from 

0.9 to 1.2 km. Only three VLP events have a slightly different horizontal location, 

which probably results from a limited resolution at low frequency (0.01-0.03 Hz). 
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Fig. 8. Time-evolution of the VLP resonance periods. (A) Time-evolution of the 

resonance period of VLP events. Colors indicate the time in days since the 

eruption onset (on August 24, 2015). (B) Examples of VLP events recorded at 

station SNE on August 24 and October 24, 2015. Ground velocity is shown on top 

and the corresponding amplitude spectrum is shown below. Records are filtered in 

the 0.02-0.1 Hz passband after instrument correction. 
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Fig. 9. Change in the resonance period of a magma-filled dike as a function of the 

dike width. Horizontal dashed grey lines indicate resonance periods TR =20 sec 

and TR =13 sec, observed at the beginning and at the end of the sequence, 

respectively. We show relative changes in dike width with respect to the width 

predicted for each mode for a resonance period TR=20 sec. Such normalization 

allows us to mitigate any dependency on mode number, dike length and thickness. 

Inset on the lower right corner indicate the dike geometry considered in the 

empirical analytical calculations.  
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