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Abstract

The occurrence and style of volcanic eruptions are largely controlled by the mechanisms of

magma storage and transport from the deep roots of the system to the surface. This functioning

often remains misunderstood, in particular for the deep part. In this thesis, we use geophysical

measurements from seismic and GNSS networks to constrain the sources activated before and

during the eruptions of Piton de la Fournaise (La Réunion, France) and the Klyuchevskoy

Volcanic Group (Kamchatka, Russia).

The dense networks of instruments present in these two contexts and their strong volcanic

activity make them ideal natural laboratories for testing new sophisticated methods aimed at

exploring and extracting information on magma transport.

We thus applied seismic network methods to analyze in detail the large seismic tremor

database associated with the 23 eruptions of Piton de la Fournaise that took place in the 2014-

2022 time period. The mechanism of generation of this tremor is directly linked to the shallow

magma degassing close to the eruptive sites. The monitoring of its different properties (frequency,

amplitude, state) and the comparison with other observables available at the OVPF-IPGP allows

a better constraint of the eruptive dynamics of the Piton de la Fournaise dominated by the

interactions between the magma liquid and gas phases.

The analysis of continuous data from the GNSS network at Piton de la Fournaise allowed us

to image the pressure sources active in its deep and shallow system, revealing different magma

transport and storage regimes. We also performed a comparison of these pressure sources with

the associated seismicity for the pre-eruptive and co-eruptive periods.

At the Klyuchevskoy Volcanic Group, the analysis of the tremor over the 2015-2016 time

period reveals a wide spatial distribution of its sources spanning the entire crust and connecting

different volcanoes of the group. Tremor activity is characterized by rapid vertical and lateral

migrations explained by fast pressure transients and dynamic permeability.
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Résumé

L’occurrence et le style des éruptions volcaniques sont largement contrôlés par les mécanismes

de stockage et de transport du magma à partir des racines profondes du système jusqu’à la

surface. Ce fonctionnement reste souvent mal compris, en particulier pour la partie profonde.

Dans cette thèse, nous utilisons les mesures géophysiques des réseaux sismiques et GNSS afin

de contraindre les sources activées avant et pendant les éruptions du Piton de la Fournaise (La

Réunion, France) et du groupe volcanique du Klyuchevskoy (Kamchatka, Russie).

Les réseaux d’instruments denses présent dans ces deux contextes et leur forte activée

volcanique en font des laboratoires naturels idéales pour tester des nouvelles méthodes sophistiquées

visant à une exploration et extraction de l’information sur le transport du magma.

Nous avons ainsi appliqués des méthodes de réseau sismique afin d’analyser en détail la large

base de donnée du trémor sismique associée aux 23 éruptions du Piton de la Fournaise ayant eu

lieu dans la période 2014-2022. Le mécanisme de génération de ce trémor est directement lié au

dégazage superficiel du magma proche des sites éruptifs. Le suivi de ses différentes propriétés

(fréquence, amplitude, état) et la comparaison avec d’autres observables disponibles à l’OVPF-

IPGP permet une meilleure contrainte de la dynamique éruptive du Piton de la Fournaise

dominée par les interactions entre les phases liquides et gazeuses du magma.

L’analyse des données continues du réseau GNSS au Piton de la Fournaise nous a permis

d’imager les sources de pression actives dans son système profond et superficiel, révélant différents

régimes de stockage et transport de magma. Nous avons également entrepris une comparaison

de ces sources de pression avec la sismicité associée pour les périodes pré-éruptive et co-éruptive.

Au Groupe volcanique du Klyuchevskoy, l’analyse du trémor sur la période 2015-2016 révèle

une large distribution spatiale de ses sources s’étalant sur toute la croûte et connectant différents

volcans du groupe. L’activité du trémor est caractérisée par des migrations verticales et latérales

rapides expliquées par des transients de pression rapides et une perméabilité dynamique.
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Rivalta et Olivier Lengliné, les examinateurs Valérie Cayol et Florent Brenguier et membre

invité François Beauducel pour avoir pris le temps d’évaluer mon travail, pour les discussions
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moment et beaucoup appris sur la surveillance des volcans, depuis l’instrumentation sur le terrain
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Résumé long de la thèse

Le volcanisme est un phénomène naturel de grande importance dont les conséquences peuvent

être désastreuses et avoir des impacts d’ordre sociétal, écologique et économique. Les éruptions

volcaniques représentent l’étape finale du transport magmatique au sein du système volcanique,

pouvant s’étendre sur plusieurs dizaines de kilomètres sous la surface. Il est ainsi essentiel de

mieux comprendre ces phénomènes magmatique de stockage et de transport avant les éruptions

pour mieux les anticiper.

Dans une vision traditionnelle d’un système volcanique, le magma est stocké dans des

réservoirs stable de différentes formes et il migre essentiellement à travers des dykes où il se

fraye un chemin à travers la croûte cassante via fracturation hydraulique. Dans la partie ductile

plus profonde, les mécanismes de transport du magma sont peu contraints et restent souvent

à un niveau conceptuel. Une vision plus moderne repose sur un système trans-crustale dans

lequel le magma est stocké dans des lentilles éphémères entourées d’un mush défini comme

un mélange de cristal et de liquide volcanique, dominé par la partie cristalline solide. Dans

un tel système, le transport du magma peut être décrit par un écoulement poreux avec un

fluide percolant à travers une matrice solide et l’ensemble du système peut être très rapidement

déstabilisé en formant une accumulation éphémère de magma liquide dans la partie superficielle

avant une éruption potentielle. Le magma primitif est généré dans le manteau et son contraste

de densité avec la roche environnante agit comme le principal moteur de son ascension. Lors de

la remontée du magma, la pression chute et conduit à des processus de dégazage libérant une

partie des composants volatiles. Au fur et à mesure que les différents fluides interagissent avec

la roche environnante, ils génèrent différents signaux géodésiques et sismiques et leur analyse

peut permettre d’ajouter de nouvelles contraintes sur le fonctionnement du système volcanique.

Mon objectif principal pendant cette thèse a été de développer et d’appliquer de nouvelles

approches pour imager et surveiller ce transport magmatique en tirant profit des réseaux géophysiques

denses.
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Les mesures géophysiques issues des réseaux d’instruments maintenus par les observatoires

volcanologiques depuis plusieurs décennies fournissent d’importantes bases de données riches en

informations concernant le transport du magma depuis les zones de stockage profondes jusqu’aux

sites éruptifs. L’analyse de ces observations permet de mieux appréhender les processus magmatiques

se produisant durant les périodes inter-, pré- et co-éruptives. L’accélération de la densification et

de la modernisation des réseaux géophysiques combinée à l’augmentation rapide des capacités de

calcul représentent une formidable opportunité pour détecter de nouveaux signaux et améliorer

la résolution de leur analyse afin de progresser dans notre compréhension des processus régissant

l’activité des volcans.

Dans cette thèse, nous nous concentrons sur l’exploration et l’extraction d’informations à

partir de réseaux modernes fournissant des observations géophysiques sur les systèmes volcaniques.

Nous développons et appliquons des méthodes de réseaux sismologiques et géodésiques dans

deux contextes différents : (1) le Piton de la Fournaise sur l’̂ıle de La Réunion (France), et (2)

le Groupe Volcanique du Klyuchevskoy au Kamtchatka (Russie).

La génération d’ondes sismiques dans les volcans est liée au mouvement du magma et des

fluides hydrothermaux associés et à leurs interactions complexes avec la roche solide. Ainsi,

l’interprétation de ces signaux et la quantification de leurs mécanismes permettent de mieux

comprendre le comportement oscillatoire des systèmes volcaniques et les processus sous-jacents

(Chouet and Matoza, 2013). Parmi ces signaux, l’analyse des séismes volcano-tectonique (VT)

et de la sismicité longue période (LP) a permis des progrès considérables dans la compréhension

du comportement des systèmes volcaniques et de la dynamique du transport magmatique. Ils

sont complémentaires dans le gain d’information qu’ils apportent sur le système du fait de la

différence de leur mécanisme d’origine.

La sismicité VT est associée à la libération de contraintes mécaniques au sein des édifices

volcaniques et de la croûte cassante sous-jacente (Roman and Cashman, 2006). Les sources

de ces séismes peuvent être associées à la rupture/endommagement d’une zone de stockage de

magma peu profonde et en bordure de la propagation de dykes (Rivalta et al., 2015). Ce type de

sismicité se produit principalement dans la croûte supérieure et délimite souvent des structures

géologiques (zone de rift, détachement de la croûte, etc.) existant à proximité plutôt qu’au

sein de régions contenant du magma (Matoza et al., 2013). De plus, les conditions rhéologiques

conduisant au glissement ne sont pas souvent réalisées dans la croûte inférieure ductile, ce qui

entrâıne beaucoup moins de séismes VT se produisant à des profondeurs supérieurs à 10-15 km.

D’autre part, l’origine de la sismicité LP est souvent directement reliée aux processus se
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produisant dans les systèmes d’alimentation magmatique ou hydrothermale. Par conséquent, son

analyse détaillée devrait améliorer la compréhension du stockage et des migrations du magma

depuis les racines profondes des systèmes volcaniques jusqu’à la surface.

Nous nous intéresserons particulièrement dans cette thèse aux signaux de trémor volcaniques.

Ils sont abondamment enregistrés au voisinage des volcans actifs en association avec les éruptions

et leurs phases préparatoires. Ils ont ainsi un potentiel très intéressant pour aider à mieux

comprendre le déclenchement des éruptions et ils représentent un puissant outil de surveillance

de l’état des volcans et de leur activité éruptive.

La génération du trémor peut être expliquée par une grande variété de mécanismes physiques,

la plupart d’entre eux étant associés aux fluides magmatiques et/ou hydrothermaux. Ces modèles

physiques incluent : la fracturation entrâınée par les fluides (Aki et al., 1977), la résonance

des chambres remplies de magma, des conduits et des fissures (Chouet, 1996), l’excitation

non linéaire par un écoulement de fluide non stationnaire (Julian, 1994), la force de réaction

du magma éjecté (Nishimura et al., 1995), les interactions magmato-hydrothermales (Matoza

and Chouet, 2010), les oscillations du magma (Jellinek and Bercovici, 2011), le transfert non

stationnaire de gaz à travers une couche perméable (Girona et al., 2019), le dégazage du magma

(Melnik et al., 2020), etc. Notez que des processus alternatifs de friction ont également été

suggérés pour expliquer la génération du trémor (Iverson et al., 2006; Bean et al., 2013).

Ces différents processus peuvent se produire à différents endroits du système volcanique

et potentiellement simultanément. Ainsi, le signal de trémor sismique qui en résulte est très

complexe avec une grande variabilité dans les propriétés du signal et des caractéristiques non

stationnaires.

Ainsi, un défi actuel concernant le trémor volcanique reste d’identifier les mécanismes physiques

générant ces signaux dans le système volcanique, de les séparer et de mieux comprendre comment

la caractérisation du signal sismique résultant et la reconstruction de sa source peuvent permettre

de poser de nouvelles contraintes sur les phénomènes de stockage et transport du magma avant

et pendant les éruptions.

Les méthodes sismiques de réseau sont reconnues comme ayant un grand potentiel pour

améliorer la surveillance des volcans en raison de leur capacité à détecter des signaux différents

des séismes ”réguliers” et à localiser/caractériser leurs sources. Au lieu d’essayer de détecter des

signaux sur des enregistrements individuels, nous cherchons à caractériser le niveau de cohérence

spatiale d’un champ d’onde tel qu’il est enregistré par l’ensemble des instruments. Ainsi cette

approche est idéale pour analyser le trémor sismique avec son caractère émergent et l’absence
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d’arrivée nette de phase sismique permettant de l’analyser avec des méthodes standards. Dans

cette thèse, nous utilisons des méthodes basées sur les inter-corrélations (inter-station à une

seule composante ou inter-composante à une seule station) pour extraire des informations sur

les propriétés du signal de trémor et de sa source. Nous avons basés notre analyse sur l’approche

de la matrice de covariance du réseau sismique permettant une représentation de l’ensemble des

cross-corrélations inter-stations suggérées par Seydoux et al. (2016a,b, 2017). Cette matrice peut

être décomposée sur la base de ses vecteurs propres et le calcul de la largeur de la distribution

de ses valeurs propres (largeur spectrale) permet une représentation très compacte du champ

d’onde tel qu’il est enregistré par l’ensemble des stations. La valeur de la largeur spectrale

peut être considérée comme une approximation du nombre de sources indépendantes et permet

la détection de fenêtres temporelles où un signal cohérent émerge du bruit. Ceci est donc

très efficace pour détecter les signaux de trémor et autres signaux faibles et irréguliers. Dans

des conditions favorables, on peut également localiser la source correspondante en suivant la

démarche de Soubestre et al. (2019) visant à extraire le 1er vecteur propre pour se concentrer

sur la source dominant le champ d’onde avant d’appliquer un algorithme de rétroprojection des

cross-corrélations pour localiser la source avec une recherche sur grille 3D.

Nous détaillons toutes ces méthodes dans le chapitre 2. Les étapes clés de l’analyse, y compris

l’estimation de la matrice de covariance du réseau et sa décomposition valeur propre-vecteur

propre, le calcul de la largeur spectrale pour la détection de trémor et l’analyse des vecteurs

propres pour la localisation de sa source sont aujourd’hui disponibles dans la librairie Python

CovSeisNet (https://covseisnet.gricad-pages.univ-grenoble-alpes.fr/covseisnet). L’application de

ces méthodes peut se faire pour chaque volcan surveillé par un réseau sismique et permet de

construire des catalogues de sources de trémor et de mesurer ses propriétés temporelles, spectrales

et spatiales.

L’objectif du chapitre 2 est de présenter les méthodes visant à exploiter les données sismiques

continues de réseaux denses en contexte volcanique. Nous présentons les détails techniques de

la méthode de la matrice de covariance. Pour ce faire nous avons sélectionné une année de

données en 2010 au Piton de la Fournaise avec 3 éruptions. Nous avons développés une nouvelle

méthode basée sur la cross-corrélation inter-composantes et testés une application simultanée

de 3 méthodes de réseaux différentes. Nous calibrons ainsi nos méthodes sur ce jeu de données

en vue d’une application sur un jeu de données plus large couvrant la période de 2014 à 2022

dans le chapitre 3 avec un total de 23 éruptions.

La première partie de ce chapitre a été publiée dans Journeau et al. (2020), le principal
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résultat étant que ces méthodes sont efficaces pour la détection et la localisation de signaux

sismo-volcaniques à plusieurs échelles de temps. Premièrement, les signaux de trémor sismique

co-éruptif continu durant plusieurs heures à plusieurs mois, dont une analyse plus détaillée fait

l’objet du chapitre 3 et dont les codes python correspondants ont été installés en temps réel à

l’OVPF pour son suivi et sa surveillance. Ensuite, les signaux courts impulsifs principalement

émis lors des crises sismiques et lors de la propagation du dyke vers le site éruptif avec émission

de micro-sismicité, une analyse détaillée pour un exemple d’intrusion sera faite en comparant

les résultats d’inversion de données GNSS au chapitre 5.

Nous présentons dans une 2ème sous-partie du chapitre 2, deux autres approches basées sur

la stabilité temporelle de la cross-corrélation inter-composantes afin de suivre la stabilité de la

source du trémor dans le temps. Il ressort de cette étude que les propriétés du trémor varient

fortement au cours des éruptions.

Nous cherchons ainsi dans le chapitre 3 à mieux comprendre la cause de ces variations,

comment sont-elles reliées à la dynamique des éruptions et comment leur suivi peut-il ainsi être

utilisé pour la surveillance de l’activité volcanique en contraignant certains paramètres éruptifs

(taille des fissures et propriétés des fluides magmatiques).

En période de forte activité, le volcan du Piton de la Fournaise (PdF) génère en moyenne 3

éruptions par an. Le signal sismique dominant associé à ces éruptions est le trémor sismique qui

en marque le début et la fin et dont les variations sont corrélées à des styles d’éruption variés.

Cependant, les mécanismes physiques à l’origine du trémor et son lien avec la dynamique des

éruptions au PdF et ses paramètres éruptifs restent mal contraint. Dans ce chapitre 3, nous

rapportons une analyse détaillée de ces trémors enregistrées par le réseau sismique dense de

l’OVPF lors de 23 éruptions produites entre 2014 et 2022.

Sur la base d’une analyse systématique des trémor sélectionnés et de leurs variations temporelles,

nous distinguons les principales phases de trémor suivantes :

i) “Trémor pré-éruptif”qui se produit plusieurs minutes avant l’émission de la lave en surface.

Durant cette phase, les amplitudes du trémor augmentent progressivement et les spectres

sont progressivement enrichis en basses fréquences.

ii) “Phase de trémor initiale” lorsque l’amplitude et l’excitation basse fréquence diminuent

progressivement. Cette phase s’accompagne de fontaines de lave hawäıennes avec une

diminution progressive des taux d’émission de lave. La fin de la phase initiale est souvent

associée à une focalisation de l’activité éruptive en un point sur la fissure.
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iii) “Phase de trémor intermittent”durant laquelle l’amplitude et le contenu fréquentiel peuvent

varier au cours du temps. Cette phase peut être associée à des périodes de croissance et

d’instabilités du cône éruptif, des potentielles phases de réalimentation de magma vers le

site éruptif, et s’accompagne typiquement d’une activité strombolienne.

iv) “Phase de trémor terminale” dans la plupart des cas associée à une transition d’un trémor

continu à un essaim de signaux relativement courts appelés ”gas-piston”. Cette phase

marque typiquement la fin des éruptions lorsque l’activité est dominée par un dégazage

intermittent sans émission de lave en surface. Plus rarement, les éruptions se terminent

brutalement, sans phase de gas-pistons, avec une phase de « paroxysme effusive », associée

par une augmentation de l’amplitude et des basses fréquences du trémor.

Nous appliquons systématiquement la méthode de la matrice de covariance (CovSeisNet) pour

caractériser les propriétés spatiales, temporelles et spectrales des trémors sélectionnés et les

associer aux fluctuations d’amplitude traditionnellement mesurées par RSAM. Nous comparons

nos observations avec d’autres observables disponibles à l’OVPF : les images du site éruptif

obtenues par les caméras, les débits de lave mesurés par satellite, la déformation volcanique

(inflation/déflation) déduite par le déplacement entre les stations GNSS (lignes de base), et avec

les données géochimiques et pétrologiques.

Cette analyse pluridisciplinaire et pluriannuelle permet de mieux contraindre les mécanismes

physiques à l’origine du trémor sismique et de clarifier la relation entre les propriétés du trémor et

la dynamique éruptive. Sur la base des résultats de notre analyse, nous concluons que le principal

mécanisme générateur du trémor au PdF est associé au dégazage superficiel du magma en tête

du dyke transportant le magma vers le site éruptif. Les régimes gaz-liquide dans ce conduit

ne sont pas stables dans le temps et dépendent d’un certain nombre de paramètres variables

(surpression dans le dyke, température, viscosité, composition du magma) conduisant à différents

styles éruptifs (hawäıen, strombolien, dégazage intermittent). Ces variations physiques dans le

conduit induisent également des modifications des propriétés de trémor sismique qui peuvent

être mesurées à l’aide du réseau dense et comparées à d’autres observables. Ainsi, l’analyse

spatio-temporelle et spectrale du trémor est très intéressante pour le suivi quasi-temps réel de

l’activité volcanique afin de suivre les différentes étapes des éruptions.

Sous le niveau de la mer, la sismicité profonde sous le PdF liée au mouvement du magma

reste rare et seuls deux essaims sismiques profonds témoins d’une réalimentation profonde du

magma ont été détectés en 1998 et 2015 (Battaglia and Aki, 2003; Lengliné et al., 2016).
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Cependant, les données du réseau GNSS (Global navigation satellite system) contiennent des

informations complémentaires sur la géométrie et le volume des zones de stockage en profondeur

dans les systèmes magmatique.

L’accumulation de ces enregistrements sur une longue période et à partir d’un réseau dense

d’antennes à proximité du volcan permet de détecter un large spectre de signaux de déplacement

du sol, présentant différents styles de déplacement, de longueurs d’onde et de magnitude allant

de quelques millimètres à mètres.

La modélisation des pattern de déformation détectés est nécessaire pour fournir un cadre

d’interprétation. Ceci est généralement effectué en suivant une procédure d’inversion de données

qui utilise des solutions analytiques/numériques permettant de déduire la profondeur, la géométrie

et le changement de volume d’un corps/cavité/fissure de magma induisant le signal de déformation

volcanique mesuré en surface.

Ainsi, avec une couverture spatiale appropriée du réseau, et l’application d’une méthode

sensible à de faible signaux, l’analyse détaillée des données GNSS correspondantes peut théoriquement

permettre d’imager les sources de pression du système en termes de géométrie et de changements

de volume, depuis ses profondeurs jusqu’à la surface.

Dans les périodes inter-éruptives, l’inversion des données géodésiques au Piton de la Fournaise

révèle le gonflement d’un réservoir superficiel proche du niveau de la mer dont le signal est

bien expliqué à l’aide d’une source isotropique (Mogi, 1958; Peltier et al., 2008, 2009). Plus

profondément, Beauducel et al. (2020a) montrent que les sources de pression ne sont pas isotropes

et leurs signaux correspondants peuvent être expliqués à l’aide du modèle pCDM (Point Compound

Dislocation Model).

Ce modèle pCDM proposé par Nikkhoo et al. (2016), fournit des expressions analytiques

pour les déplacements de surface dus à une source composée de trois dislocations ponctuelles

en traction orthogonales entre elles : une horizontale et deux verticales, caractérisées par trois

variations de volume (de même signe, pour chaque plan perpendiculaire à son axe) et librement

orienté dans l’espace (c’est-à-dire trois degrés de liberté de rotation autour de chaque axe 3-D)

dans un demi-espace élastique homogène.

Une telle source peut être isotrope si les trois plans de dislocation présentent le même

changement de volume, ou être une source ellipsöıdale non isotrope dans le cas contraire, avec

la possibilité de simuler un dyke verticale, un conduit ou un sill horizontal si un ou deux plans

sont dégénérés. Cette configuration permet donc de simuler n’importe quelle forme de corps

magmatique sans a priori, dans un même cadre, et de trouver la forme qui explique le mieux les
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données.

Ceci a été implémenté dans un code vectorisé par Beauducel et al. (2020a) avec une procédure

d’inversion bayésienne non supervisée utilisant des fenêtres glissantes de longueur fixe pour

scanner en continu les données du réseau GNSS. Une telle approche permet d’analyser automatiquement

de longues séries temporelles avec un temps de calcul raisonnable et de rechercher des patterns

spatialement cohérents dans les données et de caractériser la source de pression correspondante

(position, forme et changement de volume), créant ainsi des catalogues avec toutes les sources

détectés et classés automatiquement.

Ainsi, dans le chapitre 4, nous cherchons à appliquer systématiquement cette approche

d’inversion non supervisée utilisant le modèle pCDM sur un réseau de 18 stations GNSS sur

la période 2014-2022 afin d’imager le système de plomberie magmatique sous le PdF et mieux

contraindre les différents régimes de stockages et de transports de magma et de suivre sa

dynamique dans le temps.

Le résultat de cette analyse indique un réservoir de forme ellipsöıdale dans la partie superficielle

du système reflétant un niveau de stockage proche du niveau de la mer. Celui-ci est relié via un

conduit magmatique en forme de pipe à un réservoir plus profond à environ 7.5 km sous le niveau

de la mer. Ce transport vertical se fait probablement dans des conduits déjà établis par du dyking

auparavant expliquant le manque de sismicité dans le croûte sous le PdF. Ensuite, on observe

en profondeur vers 8-10 km sous le niveau de la mer, une transition d’une structure verticale à

une structure horizontale en forme de sill. De telles structures planes reflètent potentiellement

un sous-plaquage mantellique à la transition entre la croûte et le manteau.

Nous comparons ensuite le catalogue de sources de pression obtenu avec la sismicité détectée

par l’OVPF-IPGP au cours de la même période. L’utilisation conjointe des informations des

réseaux géodésiques et sismiques constitue une étape importante dans l’amélioration de notre

connaissance des systèmes volcaniques. Alors que l’analyse des données du réseau GNSS permet

l’imagerie des sources de pression actives dans le système avec une estimation des volumes

de magma impliqués, l’analyse du réseau sismique apporte une vision plus détaillée de la

dynamique du magma. Nous montrons que la plupart des sources de pression profonde sous

la croûte s’étalent dans une région asismique, révélant donc potentiellement un niveau de

stockage caractérisé par un réseau de sill profonds dont les changements de volume induisent des

changements de contrainte sur la roche environnante et la génération des séismes observés aux

alentours.

L’analyse du chapitre 4 montre clairement que les signaux de déformation les plus forts
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sont produits par les sources peu profondes principalement associées au transport du magma

superficiel du magma par dyking alimentant les intrusions et éruptions. Dans le chapitre 5,

nous nous concentrons sur l’analyse des déformations observées au cours de ces périodes en

adaptant la méthode du chapitre 4 aux données GNSS cinématiques, échantillonnées toutes les

30 secondes.

De plus, comme nous le montrons au chapitre 2, au-delà du trémor, les méthodes sismiques

CovSeisNet peuvent être utiles pour suivre dans le temps la propagation d’un dyke générant

de la micro-sismicité sous la forme d’un essaim de séismes faibles qui se superposent. Nous

complétons ainsi les observations géodésiques avec les résultats de la sismologie et effectuons

une analyse comparative entre le timing des différentes sources de sismicité et de déformation

afin d’avoir une meilleure vision de tous les processus actifs caractérisant le système de transport

magmatique superficiel au Piton de la Fournaise.

En particulier, nous nous concentrons sur les épisodes et observations suivants :

1. la crise sismique du 31.01.2017 et les déformations rapides associées mesurées en mode

cinématique avant une éruption sur le flanc Sud du volcan,

2. épisodes co-éruptifs lents de faible déformation,

3. essaims de séismes VT à large bande activés sur un système de failles annulaires au-dessus

d’un réservoir superficiel du niveau de la mer (Duputel et al., 2019) qui précèdent toutes

les éruptions et intrusions,

4. activations d’événements LP superficiels sous le sommet PdF (Aki and Ferrazzini, 2000;

Zecevic et al., 2013),

5. essaims de micro-sismicité à haute fréquence générés en bordure du dyke fracturant la

roche encaissante lors de sa propagation latérale.

Des signaux LP plus ou moins intenses sont observés avant toutes les éruptions de flanc au

cours de la période 2014-2022 et nous choisissons d’analyser les déformations rapides précédant

l’éruption de Janvier-Février 2017 car elle correspond au plus intense des essaims LP observés.

Nous nous intéressons également dans ce chapitre 5 à la caractérisation de certaines sources

de pression co-éruptives et à leur mise en relation avec les patterns de trémor rapportés au

chapitre 3 pour avoir une vision plus globale de la dynamique co-éruptive du système. Nous

analysons l’éruption de Juillet-Août 2017 révélant que le site éruptif a continué à se recharger

Cyril Journeau 15



en magma à différents moments. A l’aide de l’inversion des données du réseau GNSS, nous

caractérisons ici trois phases co-éruptives successives au cours desquelles s’alternent périodes de

déflation et d’inflation. Une telle comparaison entre les changements dynamiques déduits par

l’analyse des trémors et les sources de déformation co-éruptives constitue une étape importante

dans une meilleure caractérisation de la dynamique éruptive.

Enfin, nous isolons les périodes de fin d’éruptions d’Août-Octobre 2015, Février-Mars 2019

et Décembre 2021 – Janvier 2022 pour lesquelles des phases « effusives paroxymales » ont été

détectées. Ces phases sont caractérisées par une absence de gaz-piston, une augmentation finale

de l’amplitude du trémor sismique et du débit de lave, ainsi qu’une contraction de l’édifice

volcanique.

Dans le chapitre 6, nous appliquons les méthodologies introduites au chapitre 2 au réseau

sismique temporaire KISS opérant entre Août 2015 et Juillet 2016 dans la région du groupe

volcanique du Klyuchevskoy. Cette zone comprend 3 volcans très actifs, le Klyuchevskoy,

Bezymyanny et Tolbachik. Cette période de temps comprend une phase de préparation du

système magmatique d’environ 8 mois, puis une phase co-éruptive de 4 mois qui a débuté le 3

avril 2016 avec l’éruption du Klyuchevskoy. Nous nous concentrons dans cette étude sur l’analyse

de la sismicité de longue période (trémor continu et événements profonds longue période - DLP

- situés à environ 30 km de profondeur).

Au cours des 3-4 premiers mois, le trémor est principalement actif dans la partie profonde

du système autour de 30 km de profondeur. Nous identifions ensuite des essaims de DLP sous

le Klyuchevskoy suivis d’une déstabilisation à l’échelle du système. Des migrations verticales

rapides des sources du trémor sont observées à plusieurs km/h sous le Klyuchevskoy à la fois

vers le haut et vers le bas et l’ensemble du système est alors activé depuis les racines profondes

vers le système superficiel.

De telles migrations peuvent s’expliquer par des transitoires de pression. On note que

cette période de forte activité sismique ne débouche pas immédiatement sur une éruption.

Une augmentation du nombre de trémors sous le volcan Tolbachik suggère qu’un transfert de

surpression se fait du système principal sous Klyuchevskoy au système Tolbahcik. Environ 1

mois et demi plus tard un nouvel essaim de DLP est à nouveau détecté suivi d’une déstabilisation

du système avant le déclenchement de l’éruption quelques semaines plus tard.

La grande étendue de la distribution spatiale des sources de trémor favorise une vision

conceptuelle d’un large système magmatique transcrustal et cette étude permet de poser de

nouvelles contraintes sur les mécanismes de transport profond du magma et de déstabilisation
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d’un tel système conduisant à une période d’activité volcanique.

Le signal du trémor volcanique est vraiment complexe et il n’y a pas de consensus global

autour d’un modèle physique clair pour son mécanisme de génération. Leur interprétation

dépend généralement du type de volcan et de la localisation et du nombre de stations utilisées.

Dans cette thèse, nous appliquons la même méthodologie CovSeisNet dans deux contextes

différents avec des géométries et des ouvertures de réseau différentes, et nous rapportons à la

fois des similitudes concernant la présence d’un trémor co-éruptif superficielle et des différences

concernant la présence d’un trémor dans la partie profonde de KVG.

Les occurrences d’activité de trémor volcanique profond décrites dans cette thèse sont rarement

observées sous les volcans. Cela peut être dû à un manque de recherche systématique de la

position de la source de trémor dans un espace 3D. Dans le futur, il est possible que de telles

observations soient faites dans d’autres contextes de volcans actifs. Cela pourrait permettre une

meilleure contrainte et imagerie globale des racines profondes du système magmatique et leurs

rôles dans l’activité volcanique en surface.

Aller vers une application globalisée de ce type de méthode de réseau dans différents contextes

pourrait à l’avenir permettre une meilleure classification des différents types de trémor et

une meilleure compréhension de leurs mécanismes en général. La méthode CovSeisNet a été

récemment appliquée sur d’autres volcans (à Hawäı (Soubestre et al., 2021), Islande (Caudron

et al., 2022), Nouvelle-Zélande (Yates et al., 2021)) et des tests ont également été réalisés en

parallèle de cette thèse pour les volcans des Antilles, à La Soufrière de Guadeloupe et à la

Montagne Pelée en Martinique.

Le comportement du trémor intermittent et non-stationnaire rapporté sous le Klyuchevskoy

peut être simulé dans un conduit où des valves situées à proximité (correspondant à l’ouverture

et à la fermeture de barrières à faible perméabilité) interagissent, ce qui entrâıne des cascades

formant des transitoires de pression pouvant migrer très rapidement (Farge et al., 2021).

Au PdF, bien qu’un tel comportement de trémor profond ne soit pas observé, un modèle a

été proposé par Walwer et al. (2022), où un comportement similaire de valve pourrait expliquer

l’accélération épisodique de l’inflation de l’édifice volcanique parfois observée dans les séries

temporelles GNSS. Dans ce modèle, le refroidissement et l’augmentation de la viscosité peuvent

générer une accumulation de gradient de pression, qui retombe lorsque la vitesse d’écoulement

du magma dépendant de la viscosité présente une impulsion soudaine.

Les différences de sismicité longue-période et d’architecture entre les volcans PdF et KVG

peuvent s’expliquer par 2 paramètres principaux. Le premier est la largeur de la croûte. La
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croûte continentale de 30 km d’épaisseur sous le KVG est environ trois fois plus épaisse que la

croûte océanique plus mince sous le PdF. Ainsi, au KVG, les magmas basaltiques profonds ne

peuvent pas facilement monter à travers la croûte continentale felsique épaisse et de faible densité,

et les conduits magmatiques contiennent probablement de nombreuses barrières empêchant le

mouvement du magma et conduisant à l’accumulation de grands gradients de pression. Alors

que dans le système PdF, les fluides magmatiques mafiques peuvent rester « flottants » dans

la croûte océanique et la traverser presque sans barrières, conduisant à un système quasi-ouvert

et à l’absence d’accumulation de pression importante et fréquente qui peut être responsable de

la génération de sismicité longue période (Shapiro et al., 2018). Le bilan des changements de

volume dans la partie profonde sous le PdF dressé grâce à l’inversion continue des données GNSS

montrent d’ailleurs une absence de la domination des sources en inflation en profondeur, cela

étant en accord avec un système quasi-ouvert sans stockage profond significatif.

Un autre facteur est la teneur en H2O magmatique. Edmonds et al. (2019) indique que la

teneur en eau du magma exerce un contrôle important sur l’architecture des systèmes magmatiques.

Alors que les systèmes relativement secs (comme celui de PdF) semblent être dominés par des

sills empilés avec des magmas incompressibles, les systèmes riches en eau (comme celui de KVG),

en revanche, développent des réservoirs verticaux étendus. De plus, Melnik et al. (2020) propose

que la sismicité profonde longue période sous le KVG soit générée par un dégazage profond à

environ 30 km de profondeur. Ils déclarent que le dégazage du magma enrichi en H2O entrâıne

une croissance plus vigoureuse des bulles et de la pression. Par conséquent, les magmas appauvris

en H2O se traduiront par un signal sismique très faible. Des signaux profonds longue période

au PdF peuvent donc potentiellement exister mais être caractérisés par un rapport signal/bruit

trop faible pour être détecté.

Pour conclure, nous avons fournis des avancées méthodologiques importantes au cours de

cette thèse à la fois dans le domaine de la sismologie volcanique et de l’analyse des signaux

géodésiques, ce qui apporte la possibilité de construire des catalogue de sources de trémor et de

pression avec de nouvelles informations sur le fonctionnement du système volcanique étudié.

Il est important de noter que ces méthodes peuvent être reproduites dans d’autres systèmes

volcaniques si ils sont surveillées avec des réseaux appropriés et peuvent ainsi contribuer aux

futures avancées globales dans la compréhension de la dynamique du transport magmatique.
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Chapter 1

General introduction

Volcanism is a natural phenomenon of paramount importance whose consequences can be disastrous

and have societal, ecological and economic impacts. Volcanic eruptions represent the final stage

of magmatic transport within volcanic systems, which can extend over several tens of kilometers

below the surface.

Geophysical measurements from the networks of instruments maintained by volcano observatories

for several decades provide large databases that are rich in information concerning the magma

transport from the deep storage zones to the eruptive sites. The analysis of these observations

allows us to better apprehend the magmatic processes occurring during the inter-, pre-, and

co-eruptive periods. The acceleration in the densification and modernisation of geophysical

networks combined with the rapid increase of the computation capacity represent a great opportunity

for detecting new signals and improving the resolution of their analysis in order to progress in

our understanding of the processes governing the activity of volcanoes.

In this thesis we focus on mining and extracting information from modern networks on

geophysical observations of volcanic systems. We develop and apply network-based seismological

and geodetic methods in two different contexts: (1) Piton de la Fournaise at La Réunion Island,

that is one of the most active hotspot volcanoes in the Earth and (2) the Klyuchevskoy Volcanic

Group in Kamchatka (Russia).

1.1 Volcanic system: from deep magma generation to surface eruption

Magma takes its origin in the upper mantle and start its ascent driven by buoyancy. Magma

rise can stop in storage levels of the magmatic system traditionally seen as reservoirs where it

may undergo chemical transformations via different processes modifying its physical properties.
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The magmatic system comprises different rheological layers, from deep ductile part to a shallow

brittle part, promoting different transport mechanisms.

1.1.1 Magma generation context and mechanisms

Primary magmas are generated through the partial melting of the mantle (mainly composed of

peridotite). This melting process is triggered when the geotherm crosses the solidus (i.e locus

of temperature below which a given material is completely solid). Three different geodynamic

context favored this situation, associated with a particular mechanism described in Figure 1.1.

1. Regions of the tectonic plate divergence in mid-ocean ridges or continental rifts (Figure 1.1B)

where the melting is governed by an adiabatic decompression.

2. Intra-plate regions affected by mantle plumes (Figure 1.1C). In this case, the anomalously

high mantle temperature triggers its melting.

3. Regions where tectonic plate converge such as subduction zones (Figure 1.1D). In this case

the mantle rocks are enriched in water resulting in lowering the solidus and melting.

Geodynamic context and mechanism of magma generation influence the chemical composition

of the obtained melt. In this thesis we focus on volcanoes from two different contexts, the Piton

de la Fournaise volcano (La Réunion, France) generated in a mantle plume context and the

volcanoes of the Klyuchevskoy Volcanic Group (Kamchatka, Russia), generated in a subduction

context. Because of their generation mechanism, the magma of the Klyuchevskoy Volcanic Group

are enriched in dissolved water compared to those of Piton de Fournaise (and hot spot volcanoes

in general). It has important consequences on their chemical composition, physical properties

and ultimately on the dynamics of their eruptive activity on the surface. These subduction

volcanoes generally produce explosive eruptions and are called ”grey volcanoes” while hot spot

volcanoes, called ”red volcanoes”produce mainly effusive eruptions. Note, that the system under

Klyuchevskoy Volcanic Group is complex and generates both effusive and explosive eruptions.

1.1.2 Magma ascent and properties changes in the volcanic system

Once produced, the magma is hotter and less dense and, therefore, buoyant with respect to the

surrounding rocks. This buoyancy drives its vertical ascent toward the surface. This vertical

transport of magma is complex and strongly heterogeneous in time and space. In some cases,

magma ascent through the crust may take several thousand years. Indeed, the magma does not
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Figure 1.1: Magma generation processes in different geodynamic contexts A/ represents the
“normal” context without magma generation. B/, C/ and D/ represent magma generation
contexts in the mid-ocean ridge, hotspot and subduction zone areas, respectively. The graphs
show the geotherm in red and the solidus in green (temperature where rock starts to melt). When
the curves cross each other, the partial melting of mantle rocks occurs. x, y and z represent the
physical processes leading to melt production associated with geodynamic contexts B, C and D,
respectively. Figure from Woudloper (2010).

stay permanently buoyant. Its density depends on its chemical composition, temperature and

pressure. When its density becomes equal to that of the surrounding rock, it reaches a level of

neutral buoyancy and might stagnate in an intermediate storage zone. In this configuration,

magma exhibits chemical transformations via crystallization, degassing, differentiation, and

interaction with surrounding rocks. Such reactions affect the magma viscosity, and therefore

its mobility. It has been shown recently by Rasmussen et al. (2022) that arc magma storage

depths correspond more to the depths of water degassing than on the depth of neutral buoyancy.

Indeed, water degassing affects magma viscosity allowing it to stall out at a depth where it is

still buoyant.

Crystallization begins when the magma cools enough so that its temperature becomes lower

than that of the liquidus (temperature above which the substance is completely liquid) generating

a solid phase in the magma. Magma degassing depends on the solubility of its dissolved

volatile species, which is pressure and temperature dependent. Degassing is mainly driven

by magma decompression when it ascends toward the surface and generates an additional gas
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Magma transport mechanisms in brittle and ductile zone

Dyke propagation mechanisms and numerical models are reviewed by Gonnermann and Taisne

(2015) and Rivalta et al. (2015). Dykes are planar structures with small opening (thickness) with

respect to their length and width. Similar aspect ratios are found with sills, which emplace and

propagate horizontally along bedding planes instead of cutting through them as dykes. This

geometry thus distinguishes them from other magma-filled bodies (pipe-like conduit, diapirs,

etc.). When magma is stored in a reservoir, its dyke propagation can be triggered by several

mechanisms, for example an accumulation of overpressure in the reservoir or a mechanism leading

to magma buoyancy relative to surrounding rock. Once triggered, dyke propagation involve host

rock deformation and fracturing at the dyke tip, magma flow within the dyke and heat exchanges

with surroundings. To maintain its propagation, dyke has to overcome the rock fracture strength

and stresses exerted by surrounding rock and the magma overpressure needs to balance viscous

resistance so that magma can flow within the dyke as it grows in length.

Mechanisms requiring host rock brittle behavior might not occur in the ductile lower crust.

Cruden andWeinberg (2018) reviewed the main diapirism and channelled magma ascent mechanisms

for the transport and storage in the lower and middle crust. Note that a key driver for all

mechanisms remains the magma buoyancy. Among other reviewed mechanisms, Weinberg and

Regenauer-Lieb (2010) proposed that early stages of magma migration can occur through ductile

fracturing, initiated when melt fills microvoids in the deep crust, acting as magma channels. They

suggest that when reaching a critical length, magma stresses at tips exceed fracture toughness

and such ductile-fracture dykes can lead to brittle-elastic dyking.

Moreover, some mechanisms that do not involve dyke-like structures are diffuse porous melt

flow, prevailing at the grain scale where melt is distributed in small pockets at grain boundaries

and triple junctions (Daines and Pec, 2015). This mechanism occurs in a solid framework at low

melt contents where the partially molten region is regarded as a porous medium. Melt flow is

thereby described by Darcy’s law linking melt flux to medium permeability, the fluid viscosity,

and the pressure gradient driving the melt flow.

Volcanic system architecture

In the traditional view of a volcanic system, magma storage occurs mainly in relatively shallow

and long-lived reservoirs. However, this classic scheme is increasingly discussed and debated.

Geological evidence accumulated during the past three decades, spawned the image of trans-

crustal systems where mixtures of melt, crystals, and volatiles are heterogeneously distributed
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whereas in a ”weak mush”(with a higher melt fraction), the transport mechanisms can be similar

to those described for a porous medium.

To sum up, the architecture of volcanic systems and the dynamics of magma storage and

transport within them represents a topical subject in volcanology. The current challenges consist

in better understanding how magma storage and transport are organized at different depths

under the various types of volcanoes, how they evolve during the different phases of their activity

and what are the key physical factors controlling these behaviors. In particular, the geophysical

signals recorded by the networks of instruments on the surface can allow us to highlight episodes

of magma transport in the system and to better characterize the physical mechanisms at its

origin.

1.2 Link between magma transport and geophysical observations

The knowledge of the different processes occurring in volcano-magmatic systems has been

accumulated over several decades through combining analysis of geophysical, geochemical and

petrological data with numerical models and laboratory experiments. We briefly describe in

this section the two main techniques at the heart of this thesis, namely volcano seismology and

deformation study measured by GNSS (Global Navigation Satellite System) and how they enable

to constrain magmatic transport.

Seismicity and ground deformation monitoring in a volcanic context are the two most used

geophysical methods in volcano observatories that are very helpful to detect the accumulation

and the ascent of magma. This types of observations can thus provide advance warning of future

eruptive activity (Sparks et al., 2012).

A cartoon of a volcanic system and the associated seismic and deformation signals generated

at different depth levels is shown in Figure 1.4.

1.2.1 Volcano seismology

Volcano seismology was born as a science with the studies of Fusakichi Omori on the 1910

eruptions of Usu and Asama volcanoes and the 1914 eruption of Sakurajima volcano in Japan

(Zobin, 2014). Then, during the twentieth century more and more volcanoes were monitored

thanks to the creation of volcano observatories and the installation of seismic stations. We

can mention in particular the Asama Volcano Observatory in 1934 (Honshu Island, Japan), the

Kamchatka Volcano Observatory in 1946 (Klyuchi, Kamchatka), the Hawaii Volcano Observatory
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Figure 1.4: Cartoon showing active precursors sources of volcano geophysical and geochemical
signals in a volcanic system. Figure from Poland and Anderson (2020).

in 1912 where a network of high-gain seismometers has been operated since the 1950s. All the

studies that have resulted from the analysis of the seismological networks data of the different

observatories allowed to better understand step by step the seismo-volcanic processes.

Generation of seismic waves in volcanoes is linked to the movement of magma and related

hydrothermal fluids and to their complex interactions with solid rock. Thus, the interpretation

of these signals and the quantification of their source mechanisms allow us to better understand

the oscillatory behaviour of the volcanic systems and the underlying processes (Chouet and

Matoza, 2013).
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In the past 30 years, broadband seismic sensors have enabled detection of seismovolcanic

signals in a wide frequency range. Thereby it enabled to classify these signals and attribute

them to the different volcanic processes accompanying them. Such processes include: the brittle-

failure earthquakes occurring in solid rock, magma fracturing and fragmentation and pressure

oscillations associated with liquids and gases dynamics in conduits and cracks inside the volcanic

system. Corresponding signals are divided such as:

1. Volcano-tectonic earthquakes (VT), associated with shear failures in the volcanic edifice

indistinguishable from the tectonic earthquakes in their broadband spectral characteristics

and failure mechanisms.

2. Long-period seismicity (LP) including LP events with similar duration to VT earthquakes,

and seismic tremor with a sustained amplitude lasting from minutes to months. This kind

of seismicity is characterized by a low-frequency content (0.5 - 5 Hz) with respect to the

VT seismicity and originate in the dynamics of magmatic and hydrothermals fluids.

3. Very-long-period seismicity (VLP) in the frequency band 0.01 - 0.5 Hz, typically attributed

to inertial forces associated with perturbations in the flow of magma and gases through

conduits.

4. Ultra-long-period seismicity (ULP) associated with mass transport over time scales of

minutes-days with periods larger than 100 seconds.

Among these signals, volcano-tectonic (Figure 1.5a) and long-period seismicity (Figure 1.5b,c)

enabled considerable progress in understanding the behavior of volcanic systems and magma

transport dynamics. They are complementary in the gain of information they provide on the

system due to the difference in their origin mechanism.

The VT seismicity is associated with the release of mechanical stresses within the volcanic

edifices and underlying crust (Roman and Cashman, 2006). Sources of these earthquakes can

be associated with rupture/damage of a shallow magma storage zone and tip or edges dykes

propagation (Rivalta et al., 2015). This type of seismicity mostly occurs in the upper crust and

often delineates geological structures (rift zone, crustal detachment, etc.) existing in the vicinity

rather within magma/melt-containing regions (Matoza et al., 2013). Also, rheological conditions

leading to the brittle faulting are not often realized in the on average ductile mid-lower crust,

resulting in much fewer VT earthquakes occurring at depths below 10 to 15 km.
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These different processes can occur at different locations in the volcanic system and potentially

simultaneously. Thus, the resulting seismic tremor signal is very complex with a wide variability

in signal properties and non-stationary characteristics.

A current challenge regarding volcanic tremor remains to identify the physical mechanisms

generating these signals in the volcanic system, to separate them and better understand how

the characterization of the resulting seismic signal and reconstruction of its source can enable

to pose new constraints on the phenomena of magma storage and transport before and during

eruptions.

1.2.2 Volcano deformation

Accumulation of magma in storage zones and its transport through the crust induce deformation

of the volcanic edifice lying atop the volcanic system. Therefore, measuring the volcanic ground

deformation on a regular basis represent a valuable tool for the monitoring of volcanic hazards

(Fernández et al., 2017). Moreover, geodetic observations can provide important information

about the geometry and volume of magmatic plumbing systems involved at depth.

The first continuous deformation monitoring in a volcanic context was conducted in the

Hawaiian Volcano Observatory starting in 1912 (Jaggar, 1929). Several techniques exist for

measuring accurately such deformation (e.g. tiltmeters, strainmeters, GNSS, InSAR). In this

thesis, we only analyzed geodetic data from GNSS (Global Navigation Satellite System). GNSS

refers to a constellation of satellites including the American GPS, Russian GLONASS, European

Galileo and Chinese COMPASS systems. GNSS positioning is based on the precise measurement

of the time propagation of a signal emitted by the satellites to a ground-based receiver, allowing

to determine the distance that separates them. Using several satellites, GNSS technique allows

to determine the 3D coordinates of the fixed GNSS antenna within a millimetric accuracy.

Development of such space-based technology representes one of the greatest leap in volcano

geodetic methodology (Poland et al., 2006).

Accumulating these records on a long-term period and from a dense network of antennas

in the volcano vicinity enables to detect a broad spectrum of ground displacement signals,

exhibiting different displacement styles, wavelengths, and magnitudes ranging from a few millimeters

to meters.

Modelling the detected deformation patterns is required to provide an interpretation framework.

This is typically performed following an inverse data procedure that uses analytical/numerical

solutions allowing to infer depth, geometry and volume change of a magma body/cavity/crack
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1.3 Context, problematics and objectives of the thesis

A general observation on the evolution of these 2 techniques (seismology and deformation) in

the last decades is an increase in the quality and quantity of available data. Data collection on

volcanoes is rapidly advancing because of the modern technological developments and current

challenges had shifted from their collection to their interpretation (Poland et al., 2006).

Enhanced sensitivities and capabilities of geophysical network of instruments thus open new

perspectives regarding the understanding of magmatic transport systems and their dynamics,

especially in the system deep roots where seismic and geodetic signal are often associated by a

weak signal-to-noise ratio and are difficult to detect, locate and characterize. At the same time,

a full exploration of information contained in these large data streams represent part of modern

volcano geophysics challenges. Therefore, new approaches and methods are needed to answer

such problematics.

In this thesis, we apply advanced network-based methods in two different contexts using

three datasets (two seismic and one geodetic networks):

1. At Piton de la Fournaise volcano, a seismic (20 stations) and GNSS (18 stations) networks

operating during the 2014-2022 time period (Figure 1.10). We also used one year of data

in 2010 from the Understanding Volcano (Undervolc) seismic network project (Brenguier

et al., 2012; Brenguier, 2014) at Piton de la Fournaise, to develop, to apply, to test and to

calibrate seismic network-based methods (chapter 2).

2. At Klyuchevskoy Volcanic Group, a seismic network operating during 2015-2016. (Figure 1.11).

The used network comprise a total of 45 seismic stations, including 13 permanent seismic

stations and 32 installed temporary in the framework of the “Klyuchevskoy Investigation

- Seismic Structure of an Extraordinary Volcanic System” experiment, KISS (Shapiro and

Saltykov, 2017).

1.3.1 Seismic and geodetic network-based methods

CovSeisNet: tools to perform a covariance matrix analysis of the seismic network data

Network-based seismic method 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.

35



CHAPTER 1. GENERAL INTRODUCTION

Instead of trying to detect signals at individual records, we seek to characterize the level of

spatial coherence of a wavefield as it is recorded by the ensemble of instruments.

Thus this approach is ideal to analyze the seismic tremor with its emerging character and

absence of clear arrival of seismic phase allowing to analyze it with standard methods.

In this thesis, we use methods based on cross-correlations (inter-station at single component

or inter-component at single station) to extract information on the properties of the tremor signal

and its source. It has been shown that inter-station cross-correlation can act as a ”fingerprint” of

a particular tremor source (Ballmer et al., 2013; Droznin et al., 2015). We’ll based our analysis on

the network covariance matrix approach allowing a representation of ensemble of inter-stations

cross-correlations suggested by Seydoux et al. (2016a,b, 2017).

This matrix can be decomposed on the basis of its eigenvectors and the calculation of

the width of the distribution of its eigenvalues allows a very compact representation of the

wavefield as it is recorded by the ensemble of stations. The calculation procedures are detailed

in Figure 1.7.

The representation of the eigenvalue distribution is shown in Figure 1.8 from two synthetic

wavefield, the first one for a wavefield containing coherent waves for a single source resulting

in a spectral width value of 0 and the second containing incoherent waves resulting in a higher

spectral width value. Thus the value of spectral wdith can be seen as a proxy for the number of

independent sources and allows the detection of time windows where a coherent signal emerges

from the noise.

This is thus very effective in detecting tremor signals and other weak and irregular signals.

If favorable conditions, we can also locate the corresponding source following the approach of

Soubestre et al. (2019) aiming to extract the 1st eigenvector to focus on the source dominating

the wavefield before applying a cross-correlations back-projection algorithm to locate the source

with a 3D grid search.

Note that all these methods are detailed in Chapter 2. Key steps of the analysis including the

estimation of the network covariance matrix and its eigenvalue-eigenvector decomposition, the

calculation of the spectral width for the tremor detection, and the analysis of the eigenvectors

for the tremor source location are today available as parts of the open-source Python library

Covseisnet (https://covseisnet.gricad-pages.univ-grenoble-alpes.fr/covseisnet). The application

of these methods can be done for each volcanic center monitored by a seismic network and allows

to build catalogs of tremor sources and to measure its temporal, spectral and spatial properties.
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Figure 1.7: Sequence of operations used for estimating the network covariance matrix and its
spectral width from continuous seismic data. Figure from Seydoux et al. (2016a).

An unsupervised GNSS network data inversion procedure using the pCDM approach

The point compound dislocation model (pCDM), proposed by Nikkhoo et al. (2016), provides

analytical expressions for surface displacements due to a source composed of three mutually

orthogonal tensile point dislocations: one horizontal and two vertical, characterized by three

volume variations (of the same sign, for each plane perpendicular to its axis) and freely oriented

in space (i.e., three rotational degrees of freedom around each 3-D axis) in an elastic homogeneous

half-space (see Figure 1.9).

Such a source can be isotropic if the three dislocation planes present the same amount of
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1.3.2 Field areas and manuscript organisation

Our first objective is to detect the seismic tremor signals present in the Piton de la Fournaise

and Klyuchevskoy Volcanic Group seismic databases and to locate and characterize their sources

using the seismic network covariance matrix approach. Seismic tremor signals represent the

dominant part of seismic recordings in these two field areas, and it is thus essential to better

extract information on the physical properties of the volcanic system generating these signals.

Piton de la Fournaise: from shallow eruptive dynamics to deep magma storage and transport

Figure 1.10: Seismic and GNSS networks at Piton de la Fournaise

We show in Figure 1.10a-b map of seismic and geodetic networks at PdF in 2004 and 2021

with the temporal evolution of number of stations in Figure 1.10c, showing a rapid network

densification.

After calibrating the CovSeisNet methods in Chapter 2, we present in chapter 3 application

results to the large co-eruptive tremor database of Piton de la Fournaise (with 23 eruptions

over the period 2014-2022). We aim to measure tremor patterns in the time-frequency-space
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dimensions thanks to the dense seismic network. We also introduce in this chapter an integration

of tremor analysis with other datasets, including the lava discharge rate, the petrological data,

the deformation of the volcanic edifice and the images of the eruptive site attesting changes in

eruptive style. Thus, we seek to provide new elements to constrain the physical mechanisms

of tremor generation at the PdF and to link tremor properties to different eruptive physical

parameters (crack size and magmatic fluid properties) to improve the monitoring of the associated

volcanic activity and the understanding of the eruption dynamics.

Below sea level, PdF seismicity related to magma movement remains rare and only two

deep seismic swarms witnessing deep magma replenishment have been detected (Battaglia and

Aki, 2003; Lengliné et al., 2016). In the inter-eruptive periods, the inversion of the geodetic

data reveals the inflation of a shallow reservoir near the sea level whose signal is well explained

using a Mogi source (Peltier et al., 2008, 2009). Deeper, Beauducel et al. (2020a) show that the

pressure sources are not isotropic and their corresponding signals can be explained using the

pCDM model. Thus, in chapter 4, we seek to apply the unsupervised inversion approach using

the pCDM systematically on a network of 18 GNSS stations over the period 2014-2022 in order

to image the magmatic plumbing system beneath PdF and better constrain the different magma

storage and transport regimes and its dynamics over time.

As we show in chapter 2, beyond the tremor, the CovSeisNet seismic methods can be useful

to follow in time the propagation of a dyke generating micro-seismicity in the form of a swarm

of weak overlapping earthquakes. Moreover, the method of chapter 4 can also be applied using

a higher temporal resolution with the kinematic GNSS data sampled every 30 seconds. Thus we

can also follow in time the propagation of a pressure source during the shallow dyke propagation

toward the eruptive site. We therefore seek in chapter 5 to locate and combine the approaches

of localization of seismic and pressure sources to better characterize the shallow transport of

magma at Piton de la Fournaise.

We also focus in this chapter 5 on characterizing certain co-eruptive pressure sources and

relating them to the tremor patterns reported in chapter 3 to have a more global vision of the

co-eruptive dynamics of the system.

Klyuchevskoy Volcanic Group: what seismic tremor reveals about deep-shallow system connection?

We finally present in chapter 6 the results of the seismic tremor analysis at the Klyuchevskoy

Volcanic Group using the dense KISS seismic network (Figure 1.11). In this context, we analyze

episodes of inter-eruptive tremor in a phase of several months where the system is preparing for
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the April 2016 eruption of Klyuchevskoy and the following co-eruptive tremor.

This system is particularly interesting in our study because it presents an intense long-period

deep seismic activity which potentially reflects CO2 degassing phenomena in a deep reservoir 30

km below the Klyuchevskoy (Melnik et al., 2020) volcano. Another study suggests that this deep

system is connected to the shallow system by pressure transfers (Shapiro et al., 2017). Using

the permanent seismic network (less dense), Soubestre et al. (2019) show a vertical rise of the

pre-eruptive tremor sources before an eruption of Klyuchevskoy in December 2010. Thus, with

a much denser network, we seek to better constrain the dynamics of pressure transfers under

the Klyuchevskoy and increase the spatio-temporal resolution of the tremor patterns observed

before the April 2016 Klyuchevskoy eruption.

We see in Figure 1.11 that we have 8 months of dense seismic network data available to

analyze in detail the preparation phase of the system, how it was activated and destabilized

before the eruption triggering in April 2016.

Our overall objective is to better characterize the seismic sources (in particular seismic

tremor) and deformation sources (at Piton de la Fournaise only) of the two studied systems

to better understand their feeding system.
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Figure 1.11: Seismic network at Klyuchevskoy Volcanic Group
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Chapter 2

Methodology for exploiting Dense

Seismic Network data in volcanic context

The purpose of this first chapter is to introduce methods aimed at exploiting continuous seismic

data from dense networks in a volcanic context. We present the technical details of the covariance

matrix method. We selected a year of data in 2010 at Piton de la Fournaise with three eruptions

to develop a new method based on inter-component cross-correlation and test a simultaneous

application of three different network-based methods. We thus calibrate our methods on this

dataset with a view to future application on a larger dataset covering the period from 2014 to

2022 in chapter 3.

The first part of this chapter was published in Journeau et al. (2020), Journal of Geophysical

Research: Solid Earth, Detection, Classification, and Location of Seismovolcanic Signals with

Multicomponent Seismic Data: Example from the Piton de La Fournaise Volcano (La Réunion,

France) - https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JB019333. The main

result is that these methods are effective for the detection and location of seismo-volcanic

signals at several time scales. First, the continuous co-eruptive seismic tremor signals lasting

several hours to months, a more detailed analysis of which will be the subject of chapter 3 with

corresponding python codes installed in real time at the OVPF-IPGP for its monitoring. Then,

the short impulsive signals mainly emitted during seismic crises and during the propagation of

the dyke towards the eruptive site with emission of micro-seismicity. A detailed analysis for an

intrusion example will be made by comparing the results of GNSS data inversion in Chapter 5.

We present in a second sub-part two other approaches based on the temporal stability of

inter-component cross-correlation in order to monitor the stability of the tremor source in time.
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We apply three different methods based on the analysis of the

multi-component 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 one year by 21 stations at the Piton

de la Fournaise volcano (La Réunion, France). The first method

allows to detect seismovolcanic signals based on stability in time

of the inter-components cross-correlations 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 3D back-projection of the inter-stations

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 region of 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.
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2.1 Introduction

Volcanic activity is generally accompanied by a large spectrum of seismic signals from pre-

eruptive volcano-tectonic seismic swarms to seismovolcanic co-eruptive tremors (McNutt and

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 (Roman and

Cashman (2006)) or to the movement of magma and related hydrothermal fluids and to their

complex interactions with solid rock (Chouet (1996)). The interpretation of these signals and the

quantification of their source mechanisms allow us to better understand the oscillatory behavior

of volcanic systems and provide information about the underlying physical processes. Thus,

seismovolcanic 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

technological developments. More and more volcanoes are equipped with networks composed of

several very sensitive and broadband seismographs recording continuous data and transmitting

them in real time to volcano observatories and more broadly. 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/),

OFFEUS/EIDA (http://www.orfeus-eu.org/data/eida/), etc. This rapid increase in data quality,

quantity, and availability opens new opportunities for the 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 initially 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 majority 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 observatories are developing computing infrastructure that allows ”in
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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 computing power can be

applied. The results of such advanced seismological analysis can be then re-transmitted back to

the observatories to be incorporated with other collected data and information for evaluation of

the state of the volcanoes.

Network-based seismological method 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, to characterize 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

(McNutt and 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 signals 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 (Chouet and 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 and 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
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to detect and to identify different types of volcanic activity. Testing this multi-method approach

was the main motivation for our present work. We focused on three different methods and looked

to apply them to a dataset 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-IPGP) with different monitoring techniques and, in particular,

with a modern network of broadband seismographs.

The first of the tested methods is new (has been developed in this study) and explores

the stability of inter-components cross-correlations to detect tremors. In a simplest case, it

can be used in a single-station mode. The two other methods are existing inter-stations cross-

correlations network-based approaches described by Seydoux et al. (2016a) and by Droznin et al.

(2015). The latter has been modified here to be computed on a 3D grid. We compare these

three methods in term of volcano-seismic signals 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

location 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 the 2010 year when three

eruptions occurred (see Figure 2.2 for the positions of eruptive fissures and associated lava flows):

• the January eruption that lasted 11 days from 02.01.2010 to 12.01.2010 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 14.10.2010 to 31.10.2010 with the eruptive

site located in the south flank of the volcano

• the December eruption that lasted about 15 hours between the 09.12.2010 and the 10.12.2010

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

tremors starting at the onset of the eruption. Examples of seismograms and of real-time seismic

amplitude measurements (RSAM) (Endo and Murray (1991)) during the January and October

eruptions are shown in Figure 2.1.
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The Piton de la Fournaise volcano and its seismic network are introduced in section 2.2.

Then, a rapid description of its seismovolcanic tremors is made in section 2.3. The methods

applied in this study are described in section 2.4, with the obtained results presented in section

2.5 and 2.6 and finally discussed in section 2.7.

Figure 2.2: 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 contours associated with these
eruptions.

2.2 Piton de la Fournaise and the seismic monitoring system

La Réunion is a volcanic island located in the southwest of the Indian ocean in the Marscarene

Basin (Figure 2.2). Based on dating and geodynamic reconstruction, its volcanism is thought

to have a hot spot origin and being generated by the same mantle plume that produced the

Deccan Trapp about 65 Ma ago Courtillot et al. (1986). The head of this mantle plume would

have passed beneath La Réunion about 5 Ma and would now be 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
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the surface.

The Piton de la Fournaise volcano is an intraplate shield basaltic volcano of Hawaiian type

located in the southeastern part of the island. It is 2631 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 4500 years ago (Bachèlery (1981)),

in which there is a summit cone of 400 m high and 3 km wide at its base with two craters: the

Bory crater and the Dolomieu crater, this 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 2500 ±

1000 m below the PdF summit craters (Staudacher et al. (2016)). However, the exact geometry of

storage zones and their possible inter-connections are still debated. While Lénat and Bachèlery

(1990) suggested the presence of small magma pockets scattered between the summit and the

sea level, Peltier et al. (2008) inferred from geodetic data a single magma reservoir located above

the sea level, regularly recharged by a deeper source.

Since the installation of the volcano observatory of PdF (Observatoire Volcanologique du

Piton de la Fournaise - OVPF-IPGP) 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, the continuous recording appeared with storage on CD-

ROMs and the network was completed after the 2007 Dolomieu crater collapse, including up to

six broadband 3-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 et al. (2012); Brenguier (2014)), in addition to the existing seismic

network. Figure 2.2 shows the 21 broadband 3-component stations present in 2010 that we use

in this study.
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2.3 Seismovolcanic tremor of Piton de la Fournaise volcano

The PdF seismovolcanic tremors are generally co-eruptive, starting when the eruption begins,

and disappearing at the end. It is characterized by a relatively broad spectrum around 0.5-10

Hz (Battaglia and 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. (2005b) located sources of several co-eruptive seismovolcanic tremors

at the PdF 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 seismovolcanic 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.

2.4 Methods

Most of volcano observatories monitor seismovolcanic tremor in real-time based on measuring

their amplitudes at a single reference station located near the volcano (Endo and 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 using the spectral shape of the signal (instead of its

averaged amplitude) leading to a better discrimination of different phases of seismovolcanic

tremor (Unglert and 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

seismovolcanic tremors from other types of processes leading to increased seismic amplitudes

such as, for example, meteorological and anthropogenic noises.
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In this paper we systematically use and compare methods based on correlations of signals

to perform detection and location of seismovolcanic signals. We first briefly describe the data

pre-processing used in all analyses considered in this paper. Then, we introduce a single-station

method aimed at detecting long-acting sources based on stability of inter-components 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 approximation for measuring slowness

and azimuth of incoming wave (Goldstein and Chouet (1994); Métaxian et al. (2002); Haney

(2014)). 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

propagation 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 inter-stations cross-correlations

(Shapiro et al. (2006); Ballmer et al. (2013); Droznin et al. (2015)). 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

inter-stations cross-correlations in terms of network covariance matrix suggested by Seydoux

et al. (2016a,b, 2017) and used by Soubestre et al. (2018, 2019) to study seismovolcanic tremors.

Second, we adapt on a 3D grid the approach of Droznin et al. (2015) that backproject the cross-

correlations envelops in time using a 1D S-wave velocity model to detect seismovolcanic signals

and we follow the approach described in Soubestre et al. (2019) to locate their sources.

We are focusing on the information contained in the time-variations of the signal phase

differences between stations. 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 pre-processing usually performed in ambient-noise interferometry (Shapiro and Campillo

(2004); Shapiro et al. (2005); Bensen et al. (2007)).

The data are stored in 24-hours-long time-series in SAC down-sampled 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).

2.4.1 Single-station inter-components cross-correlations

We present here a new method to detect some seismovolcanic signals including seismovolcanic

tremors based on the stability of the inter-components cross-correlations at a single station. Let
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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); 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 particular 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 inter-

components cross-correlations CCi,j (i, j = E,N,Z) in moving windows of length ∆t and shifted

by ∆t/2. We then compute correlation coefficients between cross-correlation waveforms from

consecutive time windows and take the mean value of 6 consecutive computations. The obtained

functions cc6i,j provides 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 ∆t = 200 s to compute inter-components cross-correlations and therefore the

cc6i,j functions correspond to a short-term estimation of the cross-correlation waveforms stability

over 700 s. The cc6i,j function is represented in the part 2.5.1. This method allows us to detect

seismovolcanic tremor activity by using only one component pair of a single seismic station. In

order to improve the seismovolcanic tremor detection results, we can first average the three cc6i,j

functions obtained from the three components pairs of one single station, and then average the

previous functions on several stations.

2.4.2 Inter-station single-component cross-correlations: covariance matrix spectral

width

We use the method proposed by Seydoux et al. (2016a) where an ensemble of inter-stations 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 non-zero eigenvalues) is related to the 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 micro-seismic, 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 can not be directly inferred. In

addition, as the covariance matrix is estimated from a finite number of windows, this may reduce

the ability to capture the independent seismic signals. Nevertheless, the width of the covariance
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matrix eigenvalues spectrum (�(f) called spectral width) can be used as a proxy for the number

of independent seismic sources composing the wavefield (Seydoux et al. (2016a)). 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 et al. (2016a), 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 ∆t = Mr�t, where ∆t is the length

of the averaging time window and r the overlapping ratio that is 0.5 in our case. We apply

a taper on the data prior to calculate the Fourier transform on the subwindow to avoid sharp

windows, that is why the signal segments 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) = [u1(f), u2(f), ..., uN (f)]T and compute the outer

product u(f)u†(f) within each subwindow, where † stands for the Hermitian transpose. Then the

covariance matrix C(f) is estimated on any averaging window from M consecutive subwindows

C(f) = hu(f)u†(f)i∆t =
1

M

M
X

m=1

um(f)u†m(f), (2.1)

with um(f) the data Fourier spectra vector in the subwindow m. Note that the inverse Fourier

transform of equation 2.1 is the inter-station single-component cross-correlations estimated over

the M subwindows.

This calculation can be extended on consecutive averaging window, over the whole year 2010

with M = 50 and �t = 40 s. We note that �t must be long enough for the seismovolcanic tremor

seismic wave to have time to propagate through the entire network. We thus obtain 1000 s

long windows that overlap with a 50 % factor. The obtained covariance matrix is Hermitian

and positive semi-definite, so it can be decomposed on the basis of its complex eigenvectors vn

associated with real positive eigenvalues �n:

C(f) =

N
X

n=1

�n(f)vn(f)v
†
n(f). (2.2)

Then eigenvalues are arranged in decreasing order and the covariance matrix spectral width is
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computed as a function of frequency as:

�(f) =

PN
i=1(i� 1)�i(f)
PN

i=1 �i(f)
. (2.3)

2.4.3 Inter-station single-component cross-correlations: network response and source

location

Detection of seismovolcanic signals from full rank inter-stations

cross-correlations matrix: We follow the approach of Droznin et al. (2015) who developed a 2D

source-scanning algorithm based on the stacks of inter-stations cross-correlations 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 signals emerging

in inter-stations cross-correlations are then interpreted in terms of surface wave (2D) propagation

in order to find the geographical location of the seismovolcanic tremor source. Here we apply

this method in a 3D grid in order to locate also deeper seismovolcanic sources such as VTs.

The location is done by performing a 3D grid search with tested sources spaced 200 meters

apart. We first compute the inter-stations 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

3D grid we compute travel times for all stations using a 1D S-wave velocity model of the PdF

volcano from Mordret et al. (2015) (shown in Figure 2.3) 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 2.3) are consistent with the horizontal wave propagation

velocity that we can estimate as seen in Figure 2.4 by performing a linear regression between

the maxima of the smoothed cross-correlations envelopes.

The Figure 2.4 represents the smoothed cross-correlations calculated between the UV05

station (the closest available station to the January eruptive center, see location in Figure 2.2)

and all the others available stations for the day 03.01.2010. We chose the UV05 station because

we assume that the source of the seismovolcanic tremor is located close to the January eruptive
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response called NRF afterwards for Network Response Function

NRF (n) = 100⇥
Rmax(n)�Rmin(n)

Rref
(2.5)

for every day of the 2010 year, where n is the day number and Rref a normalization coefficient

chosen as an average of Rmax � Rmin over the October 2010 eruption, the longest period of

seismovolcanic tremor activity during the year. The function defined in such a way maximizes

when most of its values are concentrated in the vicinity of the main maximum, i.e., 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 2.5.1.

Location of seismovolcanic sources from low rank inter-stations

cross-correlations matrix: This location method (described in Soubestre et al. (2019)) is similar

to the 3D 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 of the dominating seismovolcanic

tremor source. The first eigenvector represents the most coherent part of the wavefield and acts

as a de-noising operator. We show in the Figure 2.5 a comparison between the cross-correlation

functions (CCFs) from the full recorded seismic wavefield (left pannel) and the CCFs extracted

from the first eigenvector filtered covariance matrix (right pannel). 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 C̃(f) is obtained from the complex outer product of the first

eigenvector v1(f) with himself :

C̃(f) = v1(f)v
†
1(f). (2.6)

Then, the time-domain filtered cross-correlations are retrieved by performing the inverse Fourier

transform of C̃(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 3D grid to the two considered stations. The network

responses are then obtained by stacking the value at zero lag-time of shifted cross-correlations

envelopes using equation (6.1). In order to better visualize the location result, a normalized

network response R̃(r) is computed

R̃(r) =
R(r)�Rmin

Rmax �Rmin
(2.7)
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Figure 2.6: Maximum likelihood value as a function of the Gaussian window width used to
smoothed the time-domain filtered cross-correlations. We chose the Gaussian window width
value corresponding to the corner of the curve pointed by the red dashed lines.

with Rmax and Rmin the absolute maximum and minimum of R(r). The obtained location

results are shown in section 2.5.2.

We tested different values of the Gaussian window width used to smooth the cross-correlations

reconstructed from the first covariance matrix eigenvector. We make our tests on four hours

of the day 15.10.2010 during the October seismovolcanic tremor between 15h and 19h, when

inter-components cross-correlations remain stable. We thus stack the obtained cross-correlations

computed in 1000 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 3D back-projection of these obtained cross-correlations envelopes and compute

the maximum likelihood value for each tested value of the smoothing Gaussian window width.

We show in Figure 2.6 the maximum likelihood value as a function of the smoothing Gaussian

window width. We chose a Gaussian window width value of 1.5 s, corresponding to the corner of

the curve in Figure 2.6 pointed by the red dashed lines, beyond which the maximum likelihood

value no longer increases significantly.

2.5 Results

2.5.1 Detection of seismovolcanic tremors and other types of seismic activity

Figure 2.7a shows the result of the cc6i,j function (described in section 2.4.3) for the N - Z

components pair of station UV12. We note that we can detect the three eruptive seismovolcanic

tremors (highlighted in red in the figure) only with one components pair of a single station. We
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can then improve these detection results by averaging the three cc6i,j functions obtained from

the three components pairs and we show an example for the UV12 station in the Figure 2.7b. In

order to improve the signal-to-noise ratio we perform an average over several stations. We show

in Figure 2.7c 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 cc6i,j function in Figure 2.11a, 2.12a and 2.13a 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 2.7) at the beginning of September when

an increase of the seismovolcanic activity is detected and on 23.09.2010 when a dyke intrusion

occurred without leading to an eruption (Roult et al. (2012)).

Figure 2.8a shows the covariance matrix spectral width (equation 2.3) computed on 1000

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 2.8b represents the average of this spectral width on the frequency-band 1-5 Hz. This

function represents another network-based detector and all three seismovolcanic tremors can be

identified with lower values of the spectral width.

Figure 2.8c shows the NRF (equation 2.5) 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 can not detect the December seismovolcanic tremor here

because of the temporal resolution. Figure 2.8d shows the same function computed with a finer

time resolution, i.e., in 1000 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.

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 corresponding to an increase in the seismicity prior to the October eruption and

the second one at the end of December that are followed by an increase of the micro seismicity

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 zoom in the Figures 2.11b-c,

2.12b-c and 2.13b-c).

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 intrusion. However the origin of others
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Figure 2.7: Seismovolcanic activity detection from inter-components 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 dyke
intrusion on 23.09.2010. (a) Correlation coefficient function cc6i,j computed for the N - Z components pair of
the UV12 seismic station. (b) Average of the three correlation coefficient functions cc6i,j obtained for the three
components pairs of the UV12 seismic station. (c) Average of the averaged function represented in (b) on 12
seismic stations whose data availability is stable and identical over the 2010 year (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 zoom are provided in Figures 2.11a, 2.12a and 2.13a.
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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

on the medium velocity, there is no a-priori for the spectral width calculation. Despite this, the

two network-based methods result in a similar first-order information and we observe an anti-

correlation when seismovolcanic tremor sources produce high value of the NRF and low value

of �(f). Also, by comparing the Figures 2.7 and 2.8 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 dyke intrusion

on 23.09.2010) and at the end of December.

A more detailed comparison of two network-based methods is shown in Figure 2.9 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 to clearly differentiate the

January and October seismovolcanic tremors represented by red and green colors, respectively,

as the January seismovolcanic tremor is characterized by lower values of the network response

function (see also Figures 2.11b, 2.11c, 2.12b and 2.12c). December seismovolcanic tremor can

also be seen in Figure 2.9 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

Figure 2.13b and 2.13c). We notice that we can thus separate the summit seismovolcanic tremor

(occurring in January) from the two flank seismovolcanic tremors occurring in the South and

North-West 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 2.9) and it evolves until reaching values equivalent to that of seismic noise (dark red in

Figure 2.9). Conversely the October seismovolcanic tremor begins with intermediate values of

spectral width (very light green in Figure 2.9), then it ends with very low spectral width values

(dark green in Figure 2.9) and finally the spectral width becomes higher and higher until the

eruption is completely over.

Another trend is distinguishable in Figure 2.9 with more scattered points represented in

purple which mostly correspond to the earthquakes occurring during the 2010 year. The

September dyke intrusion is represented by orange points. Cyan colors correspond to the October

and December seismic crises while the January seismic crise is represented with fuchsia colors

because we see that it is characterized by different values of NRF and spectral width. Grey

points in the top left corner of Figure 2.9, characterized by low values of network response and
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Figure 2.8: Seismovolcanic activity detection from inter-stations 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 1000 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 2.5) computed every day. (d) Network
response function computed on 1000 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.
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Figure 2.9: 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 2.11b and 2.11c, respectively.
Green colors stand for the October seismovolcanic tremor as represented in Figures 2.12b and 2.12c. Blue colors
stand for the December seismovolcanic tremor (see Figures 2.13b and 2.13c). Grey points correspond to noise.
Purple colors stand for the earthquakes occurring during the 2010 year. Cyan colors correspond to the October
and December seismic crises while the January seismic crisis is represented with fuchsia colors. And the September
dyke intrusion is represented by orange points.
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high values of average spectral width, correspond to seismic noise during the whole year. We

also note a few points on the bottom left of the Figure 2.9, 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 cc6i,j function

(whose zoom during eruptions are shown in Figures 2.11a, 2.12a and 2.13a), the NRF and the

spectral width as seen in Figure 2.10. Before comparing all the three functions, we re-calculated

the NRF and the spectral width with 200 s long overlapping windows and we computed a

moving average between 6 consecutive windows. In addition to the separation between summit

and flank seismovolcanic tremors, we can also distinguish the intrusion occurring for a few hours

on 23.09.2010 (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 seismic swarm colored in fuchsia from the October and

December seismic swarms colored in cyan.

2.5.2 Location of seismovolcanic tremor sources

Figure 2.14 shows the seismovolcanic tremor sources location results in 3D based on the extraction

of the dominant wavefield (as explained in the part 2.4.3, using a Gaussian window width of 1.5

s to smooth the CCFs and a 1D S-wave velocity model from Mordret et al. (2015). We calculate

the daily covariance matrix by setting M = 50 and �t = 40 s to end up with 1000 s long windows

that overlap with a 50% factor. Figure 2.14 shows the seismovolcanic tremor sources location

results corresponding to the January eruption (2.14a), the October eruption (2.14b) and the

December eruption (2.14c). We define a 3D grid with points spaced every 200 m in order to

compute the likelihood function that is then normalized using the equation 2.7. For Figures

(2.14a) and (2.14b) we stacked the 1000 s overlapping windows for the entire days 03.01.2010

and 15.10.2010, respectively, while we stacked them only for the 15 hours of eruption between the

day 09.12.2010 and 10.12.2010 for Figure (2.14c). We observe that the seismovolcanic tremors

seem to be located directly under the eruptive fissure for these three eruptions.

2.5.3 Pre-eruptive swarms

To focus on details of volcano-tectonic (VT) events occurring 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 et al. (2016a)), we divide
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Figure 2.10: 3D comparison between the station-averaged cc6i,j function labeled as ”correlation coefficient”,
the NRF and the average spectral width. Grey colors stand for the seismic noise, 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 dyke intrusion occurring in September, Fuchsia colors stand
for the January pre-eruptive seismic crise and Cyan colors stand for the October and December pre-eruptive
seismic crises.
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Figure 2.11: Zoom on the January eruption and its pre-eruptive seismic swarm for (a) the station-averaged
cc6i,j 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 the Figures 2.9 and 2.10.
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Figure 2.12: Zoom on the October eruption and its pre-eruptive seismic swarm for (a) the station-averaged cc6i,j
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 the Figures 2.9 and 2.10.
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Figure 2.13: Zoom on the December eruption and its pre-eruptive seismic swarm for (a) the station-averaged
cc6i,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 the Figures 2.9 and 2.10.
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Figure 2.14: Normalized likelihood functions R̃ calculated from the covariance matrix first eigenvectors for (a)
the day 03.01.2010, (b) the day 15.10.2010 and (c) the 15 hours of the December eruption between days 09.12.2010
and 10.12.2010. The black stars stand for the location of the source with the maximal likelihood value and the
white dot points for the eruptive sites. 3D location are performed using a 1D S-wave velocity of the PdF volcano
from Mordret et al. (2015).
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the traces (once spectral whitening is applied) by their mean absolute deviation (MAD). We also

enhance the temporal resolution of the covariance matrix analysis and modified the parameters

introduced in the part 2.4.2, by setting M = 25 and �t = 16 s. As a result, the covariance

matrix spectral width is computed in 200 s long overlapping time windows. Figure 2.15 shows

the result of such enhanced seismic event detection and location during the first day of the

October eruption (14.10.2010) with pre-eruptive seismic crisis and the seismovolcanic tremor

starting at 15:00. We can clearly distinguish discrete VT events occurring in the seismic crisis

in Figure 2.15a in difference with the continuous following seismovolcanic tremor.

Then we perform a 3D 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 1000 s. Figure 2.15b shows the source depth as a function of time and

the Figure 2.15c 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 occurring since the beginning of the day and during the seismic

crisis are located under the summit 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 14.10.2010 seismic swarms beneath summit crater between

500 m below sea level and 1000 m above sea level. Then the seismicity seems to migrate

toward the eruption site in the south flank for October eruption. 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 2.16a, a zoom of the spectral width is represented for the day 14.10.2010 between

09:30 (beginning of the seismic swarm main part) and 15:30 (10 minutes after the eruption

onset). Figure 2.16b shows an example of a 3D location on a 200 s long window of a VT

event occurring 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 to detect another type of recently

discovered seismic swarm of events characterized by a very high frequency 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: a first increase of VT events, a swarm of VT with

larger magnitudes, then a seismically quiet or low intensity sequence with small number of VT

events linked to magma migration followed by the seismovolcanic tremor onset and the eruptive
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Figure 2.15: (a) Zoom on the covariance matrix spectral width calculated on 200 s overlapping time windows
during the day 14.10.2010, first day of the October eruption. Red line stands for the beginning of the eruption.
The white frame corresponds to the zoom represented in the Figure 2.16a. (b) 3D location of the detected seismic
signals on 1000 s time window during the day 14.10.2010, 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 with the color representing the windows central times. The black triangle at the surface stands for the
eruptive site position.
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fissure opening. During the quiescent period between the swarm and the seismovolcanic tremor,

De Barros et al. (2013) identified a swarm of HF events the 14.10.2010 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 dyke propagation. We can observe in the

Figure 2.16a some coherent signals between the end of the VT swarm and the seismovolcanic

tremor, in particular from 14:00 to 15:00, for frequencies larger than 3 Hz. We represent in

Figure 2.16c an example of a 3D location on a 200 s long window of a HF event occurring 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 a shallow HF swarm near the future eruptive site more

than one hour before the eruption.

2.6 Seismic tremor characterization methods frommulti-component cross-

correlation temporal stability

In this part we are interested in methods allowing to characterize the seismic tremor from the

measurement of the temporal and spatial stability of the multi-component cross-correlation.

The first method focuses on the first eigenvector of the covariance matrix (equations 2.1

and 2.2) assuming that it represents the main component of the wavefield in the time window

considered, enabling to characterize the corresponding dominant tremor source. A measurement

of the time stability of this eigenvector can allow to distinguish different tremor phases. In

particular, this method has been applied to Kamchatka volcanoes (Soubestre et al. (2018)) by

computing the matrix of correlation coefficient computed between the daily array covariance

matrix eigenvector and allowed to differentiate different sources of tremor in the system and to

cluster them.

As part of the work on the co-eruptive seismic tremor of the PdF, we seek to boost the

temporal resolution of this method to see if the tremor is stable throughout an eruption or if it

varies over time and thus indicates some changes of mechanisms potentially associated with the

dynamics of the eruption.

Following the approach of Soubestre et al. (2018), We use a correlation coefficient as a

measure of similarity between first eigenvectors from 1000s-time window k and l: V 1
k (f) and

V 1
l (f). These latter being complex, the correlation coefficient at frequency f , CCk,l(f), is

computed as the absolute value of the complex scalar product normalized by the respective
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Figure 2.16: (a) Zoom of the covariance matrix spectral width the day 14.10.2010 between the beginning of
the seismic swarm main part (09:30) and 10 minutes after the eruption onset. The two black arrows show the
timing of the two events with locations shown in (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 dyke 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 R̃ calculated from the covariance matrix first eigenvectors, the day 14.10.2010
for a VT event at 10:30 and (c) for a HF event that is part to the high-frequency seismic swarm.
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norms:

CCk,l(f) =
|V 1

k (f) · V
1
l (f)|

kV 1
k (f)kkV

1
l (f)k

, (2.8)

where the complex scalar product of two complex vectors x and y is defined as the inner

product of x and y⇤. We then compute averaged correlation coefficients, as the average of the n

correlation coefficients CCk,l(f) calculated at frequencies between 0.5 Hz and 10 Hz:

CCk,l =
1

n

f=10Hz
X

f=0.5Hz

CCk,l(f) (2.9)

We show the results in Figure 2.17 corresponding to the 3 eruptions of 2010 presented

previously, revealing that the eruptive tremor is not stable and that significant changes can be

identified and sometimes associated with changes in spectral content detected by the covariance

matrix spectral width. January, October and December 2010 eruptions are respectively medium,

long and short duration. We will detail in the following chapter the characteristics of these

different types of eruption but we can already note for the short eruption of 2010 that it seems

to exhibit 3 distinct phases associated with a progressive shift of the excited frequencies of the

tremor, thus revealing that this method seems useful to detect changes potentially related to

the position or mechanism of the tremor.

Figure 2.17: a) Covariance matrix spectral width computed in 15-min time window as a function
of time and frequency and b) matrices of correlation coefficients between covariance matrix’s first
eigenvector computed in 15-min time window for January, October and December 2010 eruption
respectively

The second approach that we present here is based on the stability of single-station inter-

component cross-correlation described previously. Instead of taking an average over the entire
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network to build a ”network feature” as described above, we can make groups of stations based

on the spatial distribution of the stations on the volcano, take the average per group and look

at the differences between groups. We define here 6 different groups, ”North” (UV09, UV14),

”South” (UV10, UV13), ”West” (UV01, UV07, UV08), ”East” (UV02, UV03), ”Summit” (UV05,

UV11, UV12) and ”Distal” (UV01, UV02, UV03, UV13, UV14).

Figure 2.18: Zoom for the days 09.12.2010 (343) and 10.12.2010 (344) during the short December
2010 eruption of: a) network-averaged cc6i,j correlation coefficient function, b) difference between
”South” and ”North” groups, c) difference between ”East” and ”West” groups, d) difference
between ”Distal” and ”Summit” groups. Light orange rectangle highlights the seismic crisis
and light red rectangle highlights the eruption.

We show the corresponding results of the difference between ”South-North”, ”East-West” and

”Distal-Summit”groups in Figure 2.18. We see a slow increase in the values meaning a progressive

dominance of the North, West and Summit groups (Figure 2.18 b), c), d) respectively) with a

value of network-averaged cc6i,j globally stable (Figure 2.18a)). Then we observe an acceleration

of this dominance of the preceding groups associated with an overall increase in network-averaged

cc6i,j before the final decrease in cc6i,j and the stop of groups dominance signifying a decrease in

the amplitude of the tremor and the end of the eruption. Two hypotheses can be formulated

for interpreting the first two phases, a fixed tremor source whose amplitude varies in such a way
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that the groups closest to the source become dominant. Or a spatial migration of the source

approaching the North - West - Summit groups. It is observed that the main part of tremor

amplitude decrease seems to occur in the first phase, associated with a slight increase in the

dominance of the groups mentioned above while the sudden increase in their dominance occurs

at quasi stable amplitude of the tremor. Thus this method seems to be interesting for tracking

changes in position and/or mechanism of the tremor source which can be quite subtle and can

possibly escape our spatial resolution obtained with the location method via back-projection

presented previously. Such spatial variations could be associated with changes in the gas-liquid

flow organization associated with the syn-eruptive style changes generally observed and/or with

the focusing of the eruptive activity on a point of the eruptive fissure. These phenomena will be

discussed in more details in chapter 3.

We note that the systematic application of this approach remains a perspective for the case

of the PdF, but it will be applied in chapter 6 to distinguish the tremors from Klyuchevskoy

and Tolbachik volcanoes at the Klyuchevskoy Volcanic Group.

2.7 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 inter-components cross-correlations at a single

station. In a next step, we systematically compared this new method with two previously

proposed network-based methods by applying all three methods to continuous data recorded by

stations of the Piton de la Fournaise (PdF) volcano observatory seismic network during 2010.

The second method based on the network covariance matrix has been previously applied to the

dataset used in this paper by Seydoux et al. (2016a). However, in this previous paper the time

resolution of the analysis was relatively low (one day), and here we increased it to be able to

detect individual volcanic earthquakes. 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 3D grid

considering a 1D S-wave velocity model.

All three methods have been demonstrated to be very sensitive to seismovolcanic tremors

and detected all three eruptive seismovolcanic tremors that occurred during 2010. They are also

capable to detect 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
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of seismicity during the month preceding the October 2010 PdF eruption as seen in Figure 2.8.

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 injection (Brenguier et al. (2012)).

The ”single-station inter-components 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 3D 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 structure of the volcano. In this paper, the tests were limited to location with using a

1D S-wave velocity model. In principle, wave propagation in 3D 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 2.11,2.12,2.13. For example, we

observe in Figures 2.9 and 2.11b that 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 2.12b a more complicated temporal evolution for the spectral width that could

reveal a more complex dynamic. By comparing with Figures 2.12a and 2.12c, we observe two

main changes occurring at the same time from days 19.10.2010 and 27.10.2010, that are linked

with intensification of the seismovolcanic tremor amplitude visible on the RSAM measurement

in Figure 2.1. Thus such methods can also be useful to monitor the seismovolcanic tremor

intensity.

Another interesting prospective is to use the results of the multi-component analysis as

input for algorithms of machine learning (ML), to build advanced approaches for detection and

classification of different seismovolcanic signals to be used in monitoring the activity and eruptive

79



CHAPTER 2. METHODOLOGY FOR EXPLOITING DENSE SEISMIC NETWORK DATA
IN VOLCANIC CONTEXT

behavior of volcanoes. Figures 2.9 and 2.10 show that, in the space of parameters determined

with the multi-component methods, different types of seismovolcanic 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 applications of

machine learning 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. (2019)). The eventual advantage of multi-station features is that they

incorporate inter-locations phase differences and are, therefore, sensitive to the location and the

mechanism of the signal sources. We note in particular that we can separate seismovolcanic

tremor corresponding to the summit eruption of January 2010 from the flanks eruptions of

December and October 2010 (Figures 2.9 and 2.10). Notable differences in coupling between

tremor amplitude and lava flow rate between summit and flank eruptions have been reported

by Coppola et al. (2009) suggesting different degassing regimes. We can thus wonder whether

such network-based tremor features encode information on the dynamics of the gas-liquid flow

controlling the dynamics of the eruptions.
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Chapter 3

Tracking changes in the co-eruptive

tremor characteristics and associated

magma degassing processes, application

to Piton de la Fournaise, La Réunion,

France

During period of strong activity, Piton de la Fournaise volcano (PdF) generates on average 3

eruptions per year. The dominant seismovolcanic signal associated with these eruptions is the

seismic tremor that marks their beginnings and ends and whose variations are correlated with

varying eruption styles. However, the physical mechanisms at the origin of the volcanic tremor

and its link with the dynamics of the eruptions at PdF and its eruptive parameters remain

poorly constrained. In this chapter, we report a detailed analysis of seismic tremors recorded

by the dense OVPF-IPGP seismic network during 23 eruptions that occurred in the 2014-2022

time period (Table 3.1).

Based on systematic analysis of the selected tremors and their variations in time, we distinguish

the following main tremor phases:

i) “Pre-eruptive tremor” that is generated several minutes before the emission of the lava on

the surface. During this phase, tremor amplitudes are progressively increased and spectra

are progressively enriched with low frequencies.
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ii) “Initial tremor phase” when the amplitude and the low frequency excitation decrease

gradually. This phase is accompanied by hawaiian lava fountains with a gradual decrease

in lava emission rates. The initial phase end is often associated with a focusing of eruptive

activity at one point of the eruptive fissure.

iii) “Intermittent tremor phase” when the amplitude and the frequency content may vary in

time. This phase might be associated with periods of growth and instabilities of eruptive

cone, potential magma re-feeding phases, and is typically accompanied by a strombolian

activity.

iv) “Terminal tremor phase” in most cases associated with a transition from continuous tremor

to a swarm of relatively short signals called ”gas-piston”. This phase typically marks the

termination of eruptions when the activity is dominated by the intermittent degassing

without lava being emitted at the surface. More rarely, the eruptions end abruptly, without

the gas-piston phase, with a phase of ”effusive paroxysm”, associated with an increase in

the amplitude and low frequencies of the tremor.

We systematically apply the covariance matrix method (CovSeisNet) to characterize the spatial,

temporal and spectral properties of the selected tremors and to associate them with the amplitude

fluctuations traditionally measured by RSAM.We compare our observations with other observables

available at the OVPF-IPGP: the images of the eruptive site obtained by the cameras, the lava

flow rates measured by satellite, the volcanic deformation (inflation/deflation) inferred through

displacement between GNSS stations (baselines), and with the geochemical and petrological

data.

This multi-disciplinary and multi-annual analysis aims at better constraining the physical

mechanisms at the origin of the seismic tremor and at clarifying the relationship between the

tremor properties and the eruption dynamics. Based on the results of our analysis, we conclude

that the main tremor generating mechanism at the PdF is associated with the shallow magma

degassing in head of the the dyke transporting the magma towards the eruptive site. Gas-liquid

regimes in this conduit are not stable over time and depend on a certain number of varying

parameters (overpressure in the dyke, temperature, viscosity, composition of the magma) leading

to different eruptive styles (Hawaiian, Strombolian, degassing). These physical variations in the

conduit also induces changes in the seismic tremor properties that can be measured using the

dense network and compared with other observables. Thus, the spatio-temporal and spectral

analysis of the tremor is very interesting for the quasi-real-time monitoring of the PdF in order
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to follow the different stages of the eruptions.

83



CHAPTER 3. TRACKING CHANGES IN THE CO-ERUPTIVE TREMOR
CHARACTERISTICS AND ASSOCIATED MAGMA DEGASSING PROCESSES,
APPLICATION TO PITON DE LA FOURNAISE, LA RÉUNION, FRANCE

3.1 Introduction

Basaltic systems exist in all types of geodynamic settings (hot spot, rift zone, subduction zones)

(Walker (1993)) and their eruptions are the most common manifestation of surface volcanic

activity on the Earth (Houghton and Gonnermann (2008)). The main driver of these eruptions

is the formation of gaseous phase during the exsolution of the volatile elements dissolved in

liquid magma (dominantly H20 and CO2) when it ascents toward the surface and decompresses

through nucleation of gas bubbles (Sparks (2003); Vergniolle and Gaudemer (2015)).

This degassing in low-viscosity basaltic systems can give rise to several flow regimes in

volcanic conduits (Jaupart and Vergniolle (1988); Gonnermann and Manga (2013)) generating

a wide range of eruptive styles going from effusive lava flows to mild explosive Strombolian

explosions and Hawaiian fountaining and more rarely intensively explosive Vulcanian, Subplinian

or Plinian eruptions. The corresponding gas-liquid flow dynamic and possible transitions between

regimes depend on several parameters, including physico-chemical magma properties (temperature,

pressure, composition, viscosity, initial content of dissolved volatiles elements), conduit geometry

(James et al. (2004)), conduit roughness, and gas flow rate (Spina et al. (2019)).

Therefore, in order to better understand the mechanisms involved and to better apprehend

the system behavior and its potential evolution towards phases of unrest, we need to monitor

active basaltic systems by acquiring multi-disciplinary data and to analyze the resulting databases

in detail by cross-referencing the informations of different types.

Among several tools, analysis of seismovolcanic signals has proven very efficient for improving

our understanding of volcanic systems and to infer their complex dynamics (Chouet and Matoza

(2013)). In particular, long-period (LP) seismicity is though to be associated with the gas-liquid

dynamics and their interaction with solid rock (Chouet (1996)). This category of seismicity

encompasses both continuous tremor and impulsive LP events and is characterized by frequency

content between 0.5 and 5 Hz. Physical mechanisms generating volcanic tremors are not yet

completely understood and they can vary depending on the volcanic system and depth of source

activation. However, most of existing source models involve pressure fluctuations at the origin

of the sustained long-period oscillations characterizing tremor signals. In particular, degassing

is often invoked as a possible source for the generation of the LP seismicity in different volcanic

systems, from their deep roots (at Klyuchevskoy volcano, Melnik et al. (2020)) to their shallow

parts, for example at Kilauea volcano (Chouet and Dawson (2011)) or at Etna volcano (Patanè

et al. (2008); De Barros et al. (2011)).
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In this study, we focus on recent eruptions of the Piton de la Fournaise (PdF) volcano

and investigate the co-eruptive seismic tremors and the associated degassing dynamics. To

better understand the origin of the volcanic tremor at the PdF and to extract information

on the dynamics of these eruptions, we analyze in detail the seismic data recorded by the

dense seismic network and compare these outputs with all the others available multi-disciplinary

eruptive parameters. In particular, we want to analyze spatial, spectral and temporal patterns in

tremor data that may indicate change in the gas-liquid dynamics regime and to investigate their

relationship with the lava discharge rate at the vent, petrological information on lava products,

images of the eruptive cone, and deformation of the volcanic edifice.

PdF is an ideal natural laboratory for testing these ideas, it is one of the more active

(with 2 eruptions per year in average Chevrel et al. (2021)) and more densely instrumented

volcano in the World (with about 100 geophysical and geochemical sensors distributed on the

island). Each PdF eruption is associated with a co-eruptive seismic tremor and thanks to

good instrument maintenance, all these eruptive seismic signatures have been recorded with a

dense seismic network in the vicinity of the volcano (from 16 to 20 seismic stations depending

on data availability) for the last 23 eruptions that occurred in the 2014-2022 time period.

The resulting large tremor database contains a wealth of important information and requires

advanced network-based methods for its exploration.

In section 3.2, we introduce in more details the PdF eruptive dynamics and associated

degassing and seismic tremor patterns. Then, we detail in section 3.3 our methodological

approach allowing to infer the spatial, temporal and spectral properties of the seismic tremor

and to integrate our outputs in a multi-disciplinary dataset. The obtained results are presented

in section 3.4 and finally discussed in section 3.5.

3.2 The Piton de la Fournaise eruptive dynamics and associated eruptive

tremors

The eruptive activity of the PdF can be described as cycles with periods of high activity with

an average of 3 eruptions per year, separated by periods of 3 to 6 years without activity. After a

break of more than 5 years between 1992 and 1998, the PdF has become very active again. There

was then a 3.5 year break between 2010 and 2014 with a resumption of activity in June 2014.

The volcano is still in an active period at the time of writing this paper and the last eruption

considered in this analysis is that of December 2021 - January 2022. There is an average rate of

85



CHAPTER 3. TRACKING CHANGES IN THE CO-ERUPTIVE TREMOR
CHARACTERISTICS AND ASSOCIATED MAGMA DEGASSING PROCESSES,
APPLICATION TO PITON DE LA FOURNAISE, LA RÉUNION, FRANCE

emitted magma of 0.63 m3/s with 23 eruptions in total during our study period (2014-2022).

In the inter-eruptive periods, one of the long-term precursor signals of an eruption corresponds

to the inflation of the volcanic edifice seen by the GNSS deformation sensors. This inflation is

interpreted as the expansion of the shallow magmatic reservoir located at 1500-2500 m below

PdF summit (Peltier et al. (2005, 2008)) due to a replenishment from the deep system. Such a

deep recharge can be resolved over ten days thanks to the inversion of GNSS data (Beauducel

et al. (2020a)).

The short-term precursor signals are the triggering of a seismic crisis composed of hundreds

of volcano-tectonic earthquakes (VTs) and a strong increase in the rate of deformation of the

volcano (Roult et al. (2012)). The detailed study of these seismic crises reveals that the VTs are

located on an ring fault located above the shallow reservoir and that only the branch located

closest to the future eruptive site is activated during the crisis (Duputel et al. (2019)). Magma

is transported via the propagation of dykes or sills through the shallow system until the fissure

opening at the surface marking the beginning of an eruption either on the summit or on one of

the flanks of the volcano (Peltier et al. (2005); Smittarello et al. (2019); Dumont et al. (2022)).

This propagation phase is marked by a decrease in the number of observed VTs and it is generally

accompanied by a higher frequency micro-seismicity, the tracking of which enabling to spatially

follow the progress of the magma towards the eruptive site (Taisne et al. (2011), De Barros et al.

(2013), Journeau et al. (2020)).

At PdF, the beginning of the eruptions is associated with the emergence of the co-eruptive

seismic tremor, the exact physical origin of which is still debated. Investigating relations

between seismic tremor amplitude and lava discharge rate can be useful to better apprehend

the mechanism linking them. Power law scaling relations with different power indices have been

proposed based on various data sets and are reviewed by Ichihara (2016). These relations has

been extensively studied at PdF (Battaglia et al. (2005b); Coppola et al. (2009); Hibert et al.

(2015)). It is suggested that these relations depend on the style of activity and that tremor may

be associated to both frictional dissipation of the flow inside the conduit and to rate of burst

and size of bubbles. In the continuity of these works, we report in this chapter relations between

lava discharge rate, tremor amplitude and frequency content for a certain number of eruption of

the period 2014-2022 at the PdF.

Nonetheless, it is interesting to note that several pieces of information suggest the role of

degassing as the main forcing for the tremor generation. First, a simple flow of magma without

significant degassing does not seem to produce tremor. Also, the magmatic intrusions not
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leading to eruptive manifestations on the surface (5 were observed in our period of interest

2014-2022) generate a seismic crisis and high-frequency micro-seismicity during the propagation

of the magma outside the shallow reservoir (as for the pre-eruptive phases). However, because

the magma does not intrude high enough into the edifice it probably does not degas significantly

and this configuration does not produce seismic tremor.

During most of the PdF eruptions, the seismic tremor is broad-band and emits most of its

energy between 0.5 and 5 Hz. Some particular cases are interesting to mention concerning the

links between the eruptive manifestations on the surface and the associated seismic tremor:

– The beginning of the eruptive cycle of 1998-2010 was marked by a 196 days long eruption

from March 9 to September 21, 1998 located on the northern flank of the PdF and

associated with a regular tremor. On the other hand, on August 9, 1998, three fissures

opened outside the Enclos Fouqué (north-east of the previously opened fissures) with a flow

of already degassed magma without any projection of lava. Only high frequency tremor

(frequency > 5 Hz) was associated with these flow (Battaglia et al. (2005b)) migrating

towards these fissures outside the Enclos, which may result from the slow propagation of

the fracture feeding this eruptive site (Li et al. (2022)) while the absence of long-period

tremor is consistent with the absence of degassing.

– A similar scenario occurred during the eruption that took place at Dolomieu West from

September 28 to October 23, 1999. Between October 11 and 20, 1999, a fissure appeared

on the southern flank of the volcano near the southern rampart of the caldera. A flow

of degassed pahoehoe-type lava was not associated with any source of tremor (Battaglia

et al. (2005b)).

– The reverse scenario took place more recently with a ”dry eruption” on May 17, 2017.

After a seismic crisis located on the northern branch of the ring-fault structure under the

Dolomieu (Duputel et al. (2019)), the magma propagated towards the Northern flank of

the volcano before giving rise to gas emanations on the surface without emission of lava

on the surface. This episode was associated with a seismic tremor whose spectrum was

peaked around 1.5 Hz and was narrower than a classic tremor spectrum.

We can conclude from these observations that the main forcing of the co-eruptive tremor of the

Piton de la Fournaise seems to be associated with the shallow degassing of the magma when

it rises sufficiently close to the surface, i.e., a few hundred meters below the eruptive site. The

evolution of most of PdF eruptions can be summarized as follows:
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• A strong degassing occurs at the head of the dyke during the final ascent of the magma.

Gas emanations can be observed first when the fissure opens on the surface, then lava

fountains are observed all along the opened fissure(s), up to a few dozen meters in height,

associated with a Hawaiian degassing regime whose magma flow is characterized by a

coupling between the liquid and gas phases and a significant gas volume fraction (more

than 80 %, (Vergniolle and Gaudemer (2015); Thivet et al. (2020))).

• After a certain time (a few hours to days), the eruptive activity focuses on a point of the

fissure(s) allowing the formation of a more or less well-developed cone. During this time,

the reservoir pressure decreases, so the lava discharge rate decreases exponentially, and if

not re-alimented, the magma in the eruptive conduit will begin to cool, to crystallize,

its viscosity will therefore increase and its ascent rate will decrease. This induces a

decoupling between liquid and gas, with gas bubbles rising speed exceeding that of the

liquid, generating a coalescence process through which larger bubbles are formed whose

the radius is comparable with conduct size and rise to the surface, thus characterizing a

degassing regime called ”gas slug” associated with an eruptive style called ”Strombolian”.

Such transition from Hawaiian lava foutaining to Strombolian gas slug regimes have been

inferred at PdF from textural analysis of rock samples Thivet et al. (2020).

• Eruptions terminal phases are often marked by the appearance of the ”gas-pistons”, mentioned

in the OVPF-IPGP bulletins and interpreted as the exhaustion of the gas phase with a

tremor becoming intermittent, characterized by the rise of the last bubbles in the conduit.

The relative proportion and velocity of the melt and gas phases is thought to be the principal

control on the eruption style of basaltic volcanoes. Evolution of these properties in the volcanic

conduit feeding the eruption over time can then be inferred observing the corresponding evolution

of eruptive style at the vent (Figure 3.5). However these observations are not always available

due to weather conditions. Therefore, linking the seismic tremor to the eruptive dynamics has

two mains interests, namely constitutes a powerful tool for eruption monitoring and increases

our knowledge about fluid dynamics and related degassing occurring in the feeding dyke and

conduit.
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sources of the tremor, we use the same parameterization as in Chapter 2 allowing the tracking

of the migration of the micro-seismicity during the seismic crisis and the location of the position

of the shallow tremor under the eruptive site.

Lava discharge rate inferred from satellite data. Once the effusive phase has started, another

observable becomes available: the quantitative evaluation of the lava flow at the exit of the

eruptive site which we will refer to later by the name TADR (Time averaged Discharge Rate).

At PdF, the corresponding measures come from thermal data acquired by different systems.

The MIROVA system (Coppola et al. (2009, 2020)) (Middle Infrared Observation of Volcanic

Activity) - an automatic volcano hot spot detection system based on the analysis of MODIS data

(Moderate Resolution Imaging Spectroradiometer) provides approximately 2/4 images daily at a

resolution of 1km, while HOTVOLC, a web-based satellite-data-driven monitoring system, uses

data with higher sampling rate (around 15 min, but with less precision).

The comparisons between seismic tremor properties and TADR are made throughout the

eruption when the data are available and we report the results in parts 3.4.5 and 3.4.7 for

the initial and terminal phases respectively, focusing in particular on the relationships between

TADR, RSAM and spectral content of the tremor inferred using CovSeisNet package. From

the eruptions of the 2014-2022 time period, we selected 10 eruptions from which robust TADR

measurements are available (see Table 3.1).

GNSS baseline measurements for tracking volcano edifice deformation. We are also interested

in the evolution of the deformation of the volcanic edifice during the eruption, that we track by

computing the baselines, i.e., the distances between summit (DSRG-SNEG) and basal (FOAG-

FJAG) GNSS stations (see Figure 3.1 for their positions on the volcano). The increase or

decrease of these baselines over time can highlight the compression or expansion of the volcanic

edifice, potentially linked to a replenishment of the shallow magmatic reservoir or its emptying,

respectively. Thus, the monitoring of these baselines allows us to have a simple proxy of the

state of the shallow system during the eruption. We will present in Chapters 4 and 5 methods

using the full GNSS network to characterize the PdF system in more detail.

Template-matching for detecting the discrete “gas-pistons” signals. We have developed a new

approach to detect the transition between continuous tremor and intermittent tremor composed

of individual gas-pistons appearing during the terminal phases of eruptions. Namely, we use an

automatic single station three-component template-matching method for gas-pistons detection
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and counting. This detection method for gas-piston event is based on the fact that each of these

observed seismic events (lasting approximately 10-s) are very similar between each other and,

therefore, behave as multiplets. We thus observed that selecting a 15-s template and performing

a classical template-matching method scanning the continuous data, we can detect other gas-

piston events in the sequence. However, we also observe in some cases that frequency content of

these gas-piston events evolves with time. Therefore we adjusted the basic template-matching

procedure in order to not have to manually select a single template. As a first step, we select

the closest seismic station to the active eruptive vent to enhance signal-to-noise ratio. We then

cut 1-day data stream into 30-minutes window, each of them being sub-divided into 15s long

segments overlapping at 10% of their size, obtaining N=11901 windows. We compute correlation

coefficient between all 15-s windows of the large 30 min window and therefore end up with a 2D

matrix (NxN) containing the correlation coefficient values. These operations are done for the

3-component of the selected seismic stations and we stack the resulting correlation coefficient

matrices. Fixing a threshold for a correlation coefficient value of 0.4, for each 15-s window, we

can count the number of similar 15-s events occurring within the long 30-min window and thus

obtain a 1D function quantifying the number of similar events in the 30-min window for each

15-s window. When a given 15-s window present several similar other 15-s window in the 30-min

window, we consider that it corresponds to a detected gas-piston event. Figure 3.4 summarizes

all of these operations.

Finally, we smooth in time the 1D function and we only count the number of maxima of

this function to obtain a proxy of the number of individual gas-piston events in a given time

window. We systematically apply this method over the 2014-2022 time period and we focus

on the terminal phases of the 10 eruptions previously selected for which we also have TADR

information at the end of the eruption so that we can better understand the transition toward

this gas-piston phenomenon.

Geochemical and petrological data giving insights into magma degassing and composition. A

final piece of information that we wish to compare with the seismic observations is the chemical

composition of the eruptive products from analysis of major element compositions of melt

inclusions entrapped during crystal growth in mm-sized olivine phenocrysts (Di Muro et al.

(2016)). We focus in particular on evolution of MgO (wt%) content of these inclusions (which

is directly proportional to melt temperature) and CaO/Al2O3 ratio.
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Figure 3.5: Example of short PdF eruption (December 2020) a) Covariance matrix spectral
width as a function of time calculated over 5-minute windows overlapping at 50% for the entire
duration. b) Result of the procedure of detection and counting of multiplets in a final window
of 5 minutes. c) Seismogram of the BOR station (vertical component). Zooms with a duration
of 1 hour are represented in the inserts c1) and c2) showing a continuous and discontinuous
tremor (composed of gas-piston) respectively. The red arrows indicate the decreases in amplitude
accompanied by the progressive disappearance of the low frequencies of the tremor in the initial
and terminal phase of the eruption. d) Schematic representation adapted from Figure 1 of Spina
et al. (2019), showing the different degassing regimes in the context of basaltic volcanism (from
left to right: Hawaiian lava fountain, Strombolian gas slug regime, bubbly passive degassing). e)
Photo taken during the reconnaissance of the eruptive site by helicopter, showing the opening
of the eruptive fissure over approximately 500 meters with lava fountains. f) Photo taken by
members of the OVPF-IPGP during a field mission to sample the products emitted from the
eruption, testifying to the focus of the eruptive activity on a single cone of the total fissure with
construction of a small eruptive cone and gradual transition toward a Strombolian degassing
regime. g) Photo of an eruptive cone in a gas-piston degassing phase without lava effusion (for
another eruption in October 2018).

measurements of the lava discharge rate for other eruptions.

Then, follows a phase that could be seen as a transition, characterized by an amplitude and
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spectral content of the stable tremor. We note that so far the function characterizing the state

of the tremor shows that the tremor remains indeed continuous.

Next, we suddenly observe a reactivation of high frequencies, as well as small fluctuations

in the amplitude of the tremor sometimes associated with an increase in the value of the ”GP

numbers” function which can characterize repetitive bubble explosions acting as multiplets linked

to a Strombolian gas slug activity regime with an increase in the size of the bubbles.

We finally observe a last phase during which the state of the tremor changes completely

becoming totally discontinuous, that is to say composed of gas piston events whose amplitude

begins a new progressive decrease until the end of the eruption. This is associated with an

increase in excited frequencies with potentially the presence of a fundamental frequency and a

higher mode. We will come back to the interpretation of this frequency shift with the more

detailed study of the gas-pistons in the terminal phase of the eruption of July-August 2017.

We note that the December 2020 eruption is not an isolated case and that this kind of

evolution can also be observed for other short eruptions of the PdF. We add as examples two

illustrations of this kind of similar transition in Figure 3.6 for the short eruptions of July 2018

and 2019 for approximately the same duration as December 2020 (about 16 hours).

Figure 3.7 represents the matrix of correlation coefficients between the 1st eigenvectors

of the covariance matrix calculated over 5-minute windows revealing one of the changes in

temporal stability during the December 2020 eruption (see equations 2.8 of Chapter 2). These

transitions are similar to those observed in spatial coherence, spectral content, amplitude and

state of the tremor observed in Figure 3.7. This additional approach allows us to confirm the

existence of temporal instability of the tremor that can be linked to changes in the mechanism

or in the position of the source of the tremor. This observation supports our hypothesis that

reorganization of biphasic (liquid-phase) magma generates different flow patterns visible on the

surface as well as in the properties of the tremor.

We note that these clear transitions between the three eruptive phases are inferred from

short-lived eruptions (less than 2 days). Eruptions lasting longer than 2 days often present more

complex patterns with magma replenishment and phases of instabilities of the eruptive cone

characterized by alternations of cone flank destruction and reconstruction resulting in specific

changes in the tremor seismic properties (Derrien (2019)).
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Table 3.1. List of the 23 eruptions that occurred in the 2014-2022 time period (and December
2009 eruption) and specification of their characteristics and selection for the study of the different
phases of eruptions according to the availability of the other used observable. *Note that the
terminal phases of the eruption of August-October 2015 are not associated with gas-piston. The
gas-pistons are observed only between the phases of renewed eruptive activity (see Figure A1).

Eruption timing Duration (days) Distance from summit (m) Pre-eruptive tremor (min) Gas-piston

15.12.2009 0.7 525 3.5 yes
20.06.2014 - 21.06.2014 0.8 570 6 yes
04.02.2015 - 15.02.2015 11.5 770 - yes
17.05.2015 - 30.05.2015 13.3 1100 - yes
31.07.2015 - 02.08.2015 2.1 2000 - yes
24.08.2015 - 31.10.2015 58.3 1135 3.5 no*
26.05.2016 - 27.05.2016 1.1 2900 - yes
11.09.2016 - 18.09.2016 6.8 1425 7 no
31.01.2017 - 27.02.2017 27.0 2000 - yes
13.07.2017 - 27.08.2017 45.1 1700 - yes
03.04.2018 - 04.04.2018 0.7 3450 - yes
27.04.2018 - 01.06.2018 34.6 1550 - yes
12.07.2018 - 13.07.2018 0.8 1680 - yes
15.09.2018 - 01.11.2018 47.0 2010 15 yes
18.02.2019 - 10.03.2019 19.1 2500 - yes
11.06.2019 - 13.06.2019 2.2 500 - yes
29.07.2019 - 30.07.2019 0.7 2250 - yes
11.08.2019 - 15.08.2019 4.1 3500 - yes
25.10.2019 - 27.10.2019 2.1 6250 - yes
10.02.2020 - 16.02.2020 6.1 600 - yes
02.04.2020 - 08.04.2020 4.2 1940 - no
07.12.2020 - 08.12.2020 1.1 1700 10 yes
09.04.2021 - 23.05.2021 44.3 2771 26.5 yes
21.12.2021 - 16.01.2022 26 1700 - no
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Figure 3.7: Matrix of correlation coefficients between covariance matrix’s first eigenvector
computed in 5-min time window during the December 2020 eruption. This correlation matrix is
obtained by averaging all matrices computed in the [0.5 - 5] Hz frequency band where volcanic
tremor is most energetic and the correlation coefficients correspond to the absolute value of the
complex scalar product. The red lines indicate the beginning and the end of the eruption. The
gray dashed lines indicate notable changes corresponding to losses of the temporal stability of
the tremor interpreted as degassing regime transitions.

3.4.2 Seismic tremor sources catalog

The systematic application of the location method by back-projection allows us to build a

catalog of the sources of co-eruptive tremors in the period 2014-2022 when 23 eruptions took

place corresponding to a total of 362.5 days of eruptions or 8700 hours of seismic tremor. All

the eruptions of this period are listed in the Table 3.1 where their timing, durations, distances

from the summit of the volcano are reported. We analyzed a total of 390 days of data around

eruptive periods using windows of 1000 seconds overlapped at 50%, we start from a total of 67,080

temporal windows and we retain in our catalog 54,202 sources of tremor based on conditions that

(1) the located hypocenter is not on the limits of our spatial search grid and (2) the corresponding
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time window is in the eruptive period.

Figure 3.8: A. Tremor sources locations corresponding to the 23 eruptions that occurred in the
January 2014 - February 2022 time period. Black dots stand for the tremor source position and
red lines for the eruptive fissures. Orange triangles indicate the seismic station used during the
cross-correlation back-projection procedure allowing tremor source location. B. Histogram of
tremor source depths (logarithmic scale). Red lines indicate the modeled amount of exsolved
gas from the magma as a function of depth during the magma ascent from the shallow reservoir
(Di Muro et al. (2016)).

Figure 3.8A represents the lateral position of all the tremor source positions where the

eruptive fissures are superimposed from the eruption of June 2014 until that of December 2021.

As in the case of the 2010 eruptions that we presented in the previous chapter, we observe that

the source of tremor is systematically located nearly under the corresponding eruptive site.

Figure 3.8B is a histogram of the depth of the tremor sources below the free surface. Note

that a logarithmic scale is used to represent the number of these sources per depth slice. As a

result, more than 90% of the sources are located between 0 and 200 m below the eruptive site.

The red curve represents the modeled percentage of gas volume fraction (�) in the melt as a

function of the depth during its ascent, reflecting the amount of exsolved gas bubbles. It follows

this equation:

�(%) =
17.5⇥∆H2O

P
, (3.1)

where ∆H2O = H2O(P0, T0) � H2O(P, T ) and P is the lithostatic pressure. We seek here to

represent the dynamics of the shallow degassing of H2O when the magma leaves the shallow

reservoir and begins its ascent and decompression. Thus we choose P0 = 49MPa corresponding

to a depth of 2000 m below the surface (considering P = ⇢sgz, with ⇢s = 2500kg/m3 the medium
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density and g = 9.81m/s2 the gravity acceleration). The dominant gaseous species in the shallow

system being H20 (Sparks (2003)), given that CO2 has already more or less completely degassed

at this depth, we only consider the degassing of dissolved H2O as a contribution of bubble fraction

in rising magma.

The amount of dissolved H2O in the PdF magma is inferred from the analysis of primary

melt inclusions hosted in olivines (Di Muro et al. (2016)) using this equation fitting a population

of 130 MIs (Melt Inclusions) analyses:

H2O(wt%) = C1⇥ log(P ) + C2⇥ eC3⇥T + C4 (3.2)

where C1 = 0.1759, C2 = 4.019e� 31, C3 = 0.0556, C4 = 0.164 are constants and T = 1100C

is the magma temperature that we consider constant, assuming that the magma does not cool

down significantly during this ascent towards the eruptive site.

Figure 3.9a shows H2O(wt%) as a function of P at constant T . Note that the gas volume

fraction values are not absolute but relative to the assumption that the gaseous fraction of the

magma is zero in the surface reservoir. Thus this curve can be translated towards higher values

(see Figure 3.9b), considering a bubble fraction already present associated with bubbles of CO2

which would have formed by the degassing of the deeper magma and accumulated in the shallow

reservoir before the eruption.

Figure 3.9: a) H20(wt%) as a function of lithostatic pressure and obtained with equation 3.2
b) Gas volume fraction of ascending magma as a function of depth below surface obtained with
equation 3.1 and with testing different initial gas volume fraction in the shallow magma reservoir.
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We focus here on comparing the shape of the curve with the vertical distribution of the

sources of the seismic tremor (Figure 3.8). As a result, we observe that this shallow degassing

begins to accelerate towards 500 meters depth with a strong acceleration occurring at around

200 meters, coinciding with the depth slices where the vast majority of tremor sources are found.

This concordance between these depths of superficial exsolution and source of tremor confirms

our suppositions on the key role of the degassing of H2O in the mechanism of generation of tremor

at the PdF.

3.4.3 Short “pre-eruptive” tremor: from shallow dyke propagation to eruption onset

With a favorable weather conditions at the beginning of the eruption, it is possible to accurately

estimate the time when the first lava are observed on the surface at the level of the eruptive

site. It is interesting to compare this eruptive start time with time when the first tremor is

generated. We show in Figure 3.10 an example of one of these favorable cases for the beginning

of the September 2018 eruption. We report on this figure different parameters that we measure

and use to better understand this pre-eruptive phase. Given that the time step between the

archived images of the eruptive site varies between 2 and 5 minutes, we must first find the dates

of the 2 images framing the start of the eruption whose date teruption is estimated as:

teruption =
timage1 + timage2

2
± �t, (3.3)

where timage2 and timage1 are the dates of the first image with lava emission and the previous

one (without lava emission), respectively, and �t =
timage1 � timage2

2
. We can then estimate the

time delay (∆t) between the pre-eruptive tremor onset and eruption start such as:

∆t = teruption � tdetection ± �t, (3.4)

where tdetection is the pre-eruptive tremor start time visually estimated when spectral width

values in the 0.5-5 Hz frequency band start to significantly decreases indicating the generation

of a continuous coherent source.

We also measure the minimum exited frequency of the tremor as function of time fmin(t)

and tfmin
- time at which fmin(t) reaches a minimal value. Based on these, we estimate the

frequency shift ∆f occurring in the pre-eruptive phase. Finally we report the time tRSAMmax at

which tremor amplitude (RSAM) reaches a maximal value.

Figure 3.11 shows the results of the analysis of “pre-eruptive” tremors for eruptions listed in

Table 3.2. For all these eruptions we note that these “pre-eruptive” tremors are characterized
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Figure 3.10: Pre-eruptive tremor of the September 2018 eruption. a) Time-frequency evolution
of the covariance matrix spectral width calculated in 120 second windows with 50% overlapping.
Tremor onset (tdetection) is identified when the wavefield in the frequency band [0.5-5 Hz] becomes
coherent (associated with a low spectral width value). The red rectangle indicates the time
frame in which the eruption begins with two sides representing the times of the first image
with lava and the previous one. The dotted black curve represents the time evolution of the
lowest excited frequency of the tremor fmin(t). ∆t is the time delay between the tremor onset
and the appearance of the lava while ∆tfmin

is the time delay between the tremor onset and
the excitation of the lowest frequencies during which the ∆f frequency drop occurs between the
lowest excited frequencies represented with the two horizontal dotted black lines. b) Seismogram
of the BOR station (vertical component), the red curve represents the RSAM calculated in 120
seconds windows. The ∆tRSAMmax delay corresponds to the time taken for the tremor to reach
its maximum amplitude after its onset.

by a gradual increase in amplitude (the amplitude then decreases during the initial phase of the

co-eruptive tremor that we describe in the following section). We report in Figure 3.11b for the

selected “pre-eruptive” tremors the relationship between the amplitude and the lowest excited

frequency (fmin(t)).

We report in Figure 3.12 the “pre-eruptive” tremor parameters measured for the 7 selected

eruptions and their inter-relations. Figures 3.12a and b reveal that the time delay between

the triggering of the tremor and the start of the eruption increases with distance between the

eruptive site and the main reservoir. Figures 3.12b shows that this time delay is approximately

proportional to the minimum excited frequency of the pre-eruptive tremor. As the tremor is

located directly under the eruptive site, this kind of relationship suggests that the start of the

eruption could be predicted if the calculation of the spectral width (allowing the estimation of

fmin(tdetection)) and the location of its source (allowing the estimation of the distance from the

summit) are done in real time.

Figure 3.13a and b show the relations between ∆t and ∆tfmin
, ∆tRSAMmax respectively
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Table 3.2. List of the 7 eruptions for which we have images allowing us to estimate the time of
the start of the eruption.

tdetection teruption fmin(tdetection)(Hz) Distance (m) ∆t(min) ∆tfmin(min)
∆tRSAMmax(min)

15.12.2009 14:37:00 15.12.2009 14:41:30 0.8 525 3.5 ± 2.5 6
12

20.06.2014 21:26:00 20.06.2014 21:34:00 0.89 570 6 ± 1 4
15

24.08.2015 14:48:00 24.08.2015 14:51:30 0.9 1135 3.5 ± 0.5 5
12

11.09.2016 04:38:00 11.09.2016 04:45:00 0.97 1425 7 ± 5 8
14

15.09.2018 00:21:00 15.09.2018 00:36:00 1.75 2010 15 ± 3 14
24

07.12.2020 00:45:00 07.12.2020 00:55:00 1.55 1700 10 ± 5 10
21

09.04.2021 15:01:00 09.04.2021 15:27:30 2.2 2771 26.5 ± 2.5 30
40

Figure 3.11: a) Map showing eruptive fissures of the eruptions listed in Table 3.2 for which
images at the very beginning of the eruption are available either from cameras ”Partage” or
”Bert” (represented by the black circles labelled PAR and BER, respectively). Color-code for
eruptive fissure is shown in the legend of panel b). White inverted triangles stand for the PF
seismic network and the orange ones stand for the closest station to the considered eruptive sites
used for computing RSAM. b) Relation between the normalized minimum tremor frequency and
normalized RSAM reported during the time delay in which tremor amplitude increases until
reaching a maximum.

revealing that the lowest tremor frequency is excited approximately when the eruption begins

with lava emission while the tremor climax with the highest amplitude seems to appear systematically

after the start of the eruption with a delay of about 10 minutes. This delay thus potentially

informs us about a preparation time necessary before the establishment of a Hawaiian degassing

regime with vigorous lava fountains.

At the time when the amplitude maximum has been reached the eruptive fissure is open,
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Figure 3.12: Time delay between the pre-eruptive tremor onset and the lava emission ∆t as
function of a) the distance between the summit and the eruptive vent and b) the minimum
frequency of the tremor fmin(tdetection) at its onset. c) Minimum tremor frequency at its onses
fmin(tdetection) as function of the distance between the summit and the eruptive vent.

often over several hundred meters (see Figure 3.5e), exhibiting vigorous lava fountains that can

reach several tens of meters in height. This marks the onset of the initial phase of the co-eruptive

tremor that is characterized by a gradual decrease in amplitude, often associated with a decrease

in the discharge lava rate (Coppola et al. (2017); Derrien (2019)). This initial phase of decrease
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Figure 3.13: Estimations of the starting eruption times based on properties of “pre-eruptive”
seismic tremors. a) and b) represent ∆tfmin

and ∆tRSAMmax , respectively, as a function of ∆t.
Gray solid lines represent a straight line with slope 1 and the dotted line in b) is shifted with a
10 minutes gap.

can last a few hours to two days depending on the supply conditions of the eruption (depth of

the feeding pocket/reservoir, dyke overpressure, etc.).
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For most of eruptions, the end of the initial phase of tremor coincides with focusing of

eruptive activity at a single point of the fissure and starting of the formation of the eruptive

cone. A notable distinction can be made here between short eruption (less than 2 days) and

medium / long eruption (less than a week and up to about 2 months respectively in the period

considered).

Short eruptions are certainly fed by a single batch of magma without re-feeding which induces

a simpler transition between the different degassing regimes and associated eruptive styles

(Hawaiian - Strombolian - gas-pistons). This has been illustrated in the previous section 3.4.1 -

Figure 3.5.

On the other hand, medium/long eruptions are often more complex, with possible period of

co-eruptive re-feeding explaining the longevity of the eruption. After a few days, the cone may

begin to show phases of destabilization with flank collapses and reconstruction. This dynamics

of the cone influences the properties of the tremor as shown by Derrien (2019) resulting in

de-correlation between RSAM and TADR. In the next sub-section, we consider in details a long-

lasting eruption of July-August 2017 to show how a multi-parametric analysis can reveal such

more complex eruptive dynamics.

3.4.4 Example of a long-living eruption: July-August 2017

We represent in Figure 3.14 the temporal evolution of a set of 5 parameters characterizing

different information on the dynamics of the eruption and the shallow system. This multi-

disciplinary dataset enables us to track eruptive dynamics through time and to identify different

eruptive phases.

The initial phase is characterized by the tremor amplitude decrease and the loss of low

frequencies excitation. Synchronously, the lava discharge rate decreases over a period of approximately

one day and a half. A zoom of this period is shown in Figure 3.15.

At the end of the initial phase, the eruptive activity is focused at a point of the fissure

and an eruptive cone is built by accumulation of the products emitted by the lava fountains

(Figure 3.15a and Figures 3.5e and f).

We note that the beginning of the eruption (initial phase and beginning of the phase with

construction of the cone) is associated with a deflation of the volcanic edifice, witness of an

emptying of the main reservoir (inferred by modeling of the data of the whole of the network,

see Chapter 5). This trend reverses a few days after the beginning of the eruption, revealing the

inflation of the volcano potentially associated with deep recharge.
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Figure 3.14: Temporal evolution of the July-August 2017 eruption. a) Covariance matrix
spectral width as a function of time and frequency computed in 2-min time window. b) Number
of detected gas-pistons in 5-min window. A null value during the eruption indicates a continuous
tremor. c) Amplitude of the tremor estimated by calculating the RSAM on the FOR station
(vertical component, filtered between 0.5 and 5 Hz). The red curve represents the smoothed
RSAM over 1 hour windows. d) Lava discharge rate (TADR) data obtained by 2 different satellit
platforms: MIROVA (purple line) and HOTVOLC (light purple line). e) Summit deformation
computed from the daily baseline between 2 summit GNSS stations (DSRG and SNEG, see the
map of Figure 3.1 for location). The dotted black arrows highlight a tendency of deflation of the
edifice at the beginning of the eruption and inflation in the middle of the eruption. The colored
circles with a gradient from light red to dark red indicate the number of summit earthquakes
reported in the OVPF-IPGP seismicity catalog.

We then observe during phase (3) (Figure 3.14) a decrease in the tremor amplitude which

lasts for approximately 2 weeks. This phase is associated with an inflation of the volcanic edifice

(DSRG-SNEG baseline increase), likely corresponding to the re-charging of the shallow reservoir

that ends on 15.08.2017.

This is followed by a new replenishment of the eruptive site (phase 4), with the increase

in the amplitude of the tremor and its spatial coherence (lower spectral width values), and

with the reactivation of low frequencies (around 1 Hz). The onset of phase 4 might be linked

with the departure of a new batch of magma from the reservoir to the eruptive site. We also

note that the acceleration of the inflation trend on August 08 is preceded by 2 days by an

increase in the number of summit earthquakes reported in the OVPF-IPGP seismicity catalog

(about 30 summit earthquakes on August 06). The seismicity accompanying this phase (4) is

characterized by intermittent bursts of tremor (lasting from 4 to 1 minute) and intersected by
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the associated tremor (see Figure 3.16a for the position of their eruptive fissures). Figures 3.16b

and 3.16c represent the relationships between the amplitude of the tremor, the discharge rate

and the minimum excited frequency.

Figure 3.16: a) Map showing the eruptive fissures of the 7 eruptions with available lava discharge
rate data at their beginning necessary for our comparative study. b) Time Averaged lava
Discharge Rate (TADR) as a function of the amplitude of the tremor (RSAM). c) Relationship
between the normalized minimum tremor frequency excited and normalized RSAM reported
during the time delay in which tremor amplitude decreases until reaching a more stable value.

These initial TADR decrease phases were reported for the eruptions from the beginning of

the eruptive cycle of 2014 until the eruption of August-October 2015 (Coppola et al. (2017)) and

are associated with a deflation of the volcano. The observed TADR decay time can be correlated

with the depth of the emptying magma pocket (Peltier et al. (2016); Coppola et al. (2017)).

In this part, we focus in particular on the variations of the tremor associated with this

decrease in TADR during the initial eruption phase. Using eruptions from the period 2015-2018,

Derrien (2019) reported a linear relationship between RSAM (corrected for geometric surface

wave attenuation) and 24-hour averaged surface lava emission rate at the start of eruption. In

this study, we report the relationships between RSAM for the reference station closest to the

eruptive site without correction and smoothed TADR over a 1 hour window. We note that this

relationship is approximate and is only intended to show that in this initial phase, lava emission

rate and tremor amplitude seem to be systematically coupled. A more precise quantification
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of the law linking these parameters remains a prospect for a future work. We also report the

relationship between RSAM and minimum excited frequency to show that this phase of decline

is also systematically accompanied by an increase in this minimum frequency, revealing the

gradual cessation of the excitation of frequencies in the 0.5-1.5 Hz band.

Assuming that the tremor is associated with a resonance of the shallow part of the active

degassing dyke feeding the eruptive site, several scenarios could explain the gradual increase

in frequencies during the initial eruptive phase. First, we do not observe during this phase of

the PdF eruptions a clear dominant spectral line gliding over time (as reported in some other

volcanic systems). In our case, the “high frequency” part is already excited in the initial phase

and it is only the ”low frequency”part that gradually disappears. Given the large frequency band

that can be excited in the PdF tremor, this is possible that several sources coexist simultaneously

to explain these observations.

Thus, the initial low frequency part (which we recall coincides approximately with lava rise

at the surface) could be associated with a particular pattern of gas-liquid flow inducing the large

vigorous lava fountains at the start of the associated eruption at the highest values of the lava

discharge rate and a maximum amplitude of tremor. We also note that other studies report

such observations especially for Etna with a tremor linked to lower frequencies and a stronger

amplitude during the more explosive activity associated with lava fountains (Cannata et al.

(2008)). Using the fluid-filled crack resonance equations (see section 3.4.8 for details), a 0.5-1

Hz frequency excited in the initial phase can be obtained by a crack of approximately 60-90 m in

length considering a gas volume fraction between 60-80% (characteristic in a conduit dominated

by the Hawaiian lava fountain degassing regime). Thus, this initial phase would be characterized

by a strong TADR and RSAM and a low frequency tremor which could reveal an important gas-

liquid coupling in the shallow part of dyke feeding the eruption. The progressive disappearance

of lowest exited frequencies could be associated with a decrease of gas content when eruptive

style transitions toward a Strombolian regime. However, we note that the analytical expression

of the crack resonance (Maeda and Kumagai, 2017) was established with boundary conditions

characterizing a closed system at both ends, so it is probably not very accurate for this stage of

the eruption with the fissure initially open along its entire length.

We also point out that this maximum of RSAM and TADR and the activation of the lowest

frequencies in the initial phase corresponds to the moment when the eruptive fissure is generally

active all along its length. Then, the activity is gradually focusing at one point until construction

of a cone and potential change in the degassing regime. Thus, this focusing phenomenon can
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also be key in the progressive stopping of the excitation of low frequencies linked to a reduction

in the characteristic size of the active resonator. Information that can go in this direction and

showing the influence of the size of the active fissure on the properties of the tremor is shown

in Figure 3.17 where the tremor lowest frequency excited in the initial phase is represented as a

function of the size of the initial active fissure revealing a correlation between these parameters.

Furthermore, Derrien (2019) reported that some eruptions did not follow the linear derived

relationship between RSAM and TADR. Those with a particularly small fissure length produced

a lower RSAM/TADR ratio (referred as “silent vent”). Those with a particularly long fissure

length and a larger RSAM/TADR ratio (referred as “noisy vents”).

Figure 3.17: Tremor lowest excited frequency as a function of the initial activated fissure length
for the initial Hawaiian phases of different eruptions. Black squares stand for all the other
eruptions not mentioned in the legend.

We retain two main scenarios to explain the observations of tremor spectral content changes

in this initial Hawaiian fountain phase. First, this can be caused by a decrease in the gas volume

fraction in the conduit. Second possibility is a decrease in the length of the active fissure over

time during focusing. We note that these two scenarios are probably acting simultaneously and

can both contribute to explaining the observations.

3.4.6 Influence of the eruptive cone dynamics on seismic tremor

We show in Figure 3.18 a zoom on phase 2 identified in Figure 3.14. During this phase,

the cone is completely built up and exhibits several periods of destabilization. We highlight

periods (transparent red rectangles) of increased amplitude and low frequency activation in the

tremor that appears to be associated with cone building/closing. During periods where the flank

collapsed leading to a partially open cone, the amplitude of the tremor returns to a lower level
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Figure 3.20: Examples of gas-piston signals i for the Z-component RVL station filtered between
0.5 and 10 Hz and associated spectra: a) and b) on 08.23.2017 at 05:31 respectively, c) and d)
on 24.08.2017 at 23:46, e) and f) on 26.08.2017 at 00:05. The dotted vertical red lines in panels
b), d) and f) indicate the dominant frequency of each selected gas-piston event.

measured parameters in Figure 3.21. We note that these parameters are rather well correlated.

Still, there is an increase in the dominant frequency and the amplitude of the gas-pistons once

the maximum number of gas-pistons has been reached, which may reveal a non- linear relation

between these parameters.

In order to better understand the origin of the gliding observed during this terminal gas-

piston phase, we now use the analytical equations of the resonant frequency of the rectangular

fluid-filled crack derived by Maeda and Kumagai (2017).
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Figure 3.21: Relationship between dominant frequency of the lowest mode and a) number of
gas-pistons detected and b) RSAM, c) relationship between RSAM and number of gas-pistons
detected. The colors ranging from blue to red represent the temporal evolution of these relations
between 08.22.2017 00:00 and 08.25.2017 12:00 during the phase of increase in the number of
gas-piston and their amplitude.

3.4.8 Tremor frequency interpretation as fluid-filled crack resonance

Fluid-filled crack model for tremor spectral properties interpretation. A model often used

to explain the generation of long-period seismicity considers oscillations of a fluid-filled crack

triggered by instantaneous pressure changes (Chouet, 1986, 1988, 1992). The crack geometry

is represented in Figure 3.22 with length L, width W (<L), and aperture (d) (<< W ) filled

with a fluid with properties is governed by its bulk modulus (inverse of the fluid compressibility)

b = ⇢f ⇥ a2 with a the sound speed of the fluid and rhof the fluid density. This rectangular

crack is surrounded by an elastic medium characterized by its shear modulus µ = VS ⇥ ⇢s with

VS the S wave velocity and ⇢s the elastic medium density.

We use the analytical expressions derived by Maeda and Kumagai (2013, 2017) following the
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Figure 3.22: Geometry of the fluid-filled crack model. L, W , and d are the length, width, and
aperture of the crack, respectively, a is the sound speed of the fluid in the crack, VS is the S
wave velocity of the surrounding solid medium, and ⇢f and ⇢s are the densities of the fluid and
the solid, respectively

fluid-filled crack model of Chouet (1986). These expressions for the rectangular crack resonance

frequencies of longitudinal (fm
L ) and transverse (fm

W ) modes follow, respectively:

fm
L =

(m� 1)a

2L
p

1 + 2✏mLC
(3.5)
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and,

fm
W =

(m� 1)a

2W
p

1 + 2✏mWC
, (3.6)

where m is the oscillation mode index, ✏mL and ✏mW are constants depending on m and on the

crack aspect ratio W/L for the longitudinal and transverse modes, respectively:

✏mL =

8

<

:

(2/9m)(mW/4�L)1/2 if(W/L < 4�/m)

(1/3m)(1� 4�L/3mW ) if(4�/m < W/L < 1)
(3.7)

and,

✏mW = (W/L)(1/3m)(1� 4�W/3mL), (3.8)

where � = 0.22 and C is the crack stiffness defined as:

C =
b

µ

L

d
, (3.9)

characterizing the ability of the crack to vibrate and shaping the spectral signature of the source

(Chouet, 1988).

We note that there are trade-offs between different parameters when predicting absolute

values of the spectral peaks. Therefore, this might be more robust to use the frequency ratios

between the different excited modes. We thus follow the approach of Taguchi et al. (2018) aimed

at calculating and inverting these frequency ratios. The analytical expressions for these ratios

assuming that the denominator mode is the longitudinal one with m = l + 1 are:

fm
L

f l
L

=
(m� 1)

q

1 + 2✏lLC

(l � 1)
p

1 + 2✏mLC
, (3.10)

and

fm
W

f l
L

=
(m� 1)

q

1 + 2✏lLC

(W/L)(l � 1)
p

1 + 2✏mWC
(3.11)

These ratios are functions of m, W/L and C. Fixing the crack aperture and the properties of

the elastic medium, time evolution of absolute and ratio frequencies can be explained as change

in the crack geometry (crack length and aspect ratio) and the bubbly fluid properties controlled

here by its bulk modulus b, given by Aki et al. (1978):

bf =
1

(1� �)

bl
+

�

bg

(3.12)
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where bl is the liquid bulk moduli defined as bl = ⇢la
2
l , ⇢l is the liquid density, al is the sound

velocity in the liquid, bg is the gas bulk moduli approximated as bg =
CP

CV
P with

CP

CV
being the

ratio of heat capacities at constant pressure (isobaric) (CP ) and at constant volume (isochoric)

(CV ) (equal to 1.4 in the case of a diatomic gas). P is the ambient pressure withing the crack

that we express as: P = ⇢fgL/2 + Pa with assuming a magmastatic pressure at the barycenter

of the crack. We use g = 9.81 m/s2 (acceleration of gravity) and Pa = 105 Pa (atmospheric

pressure). � is the volume fraction of gas in the fluid. The fluid density is approximated as

⇢f = (1 � �)⇢l + �⇢g with ⇢l and ⇢g the liquid and gas density respectively. Then, we can

computed the sound speed in the fluid as af =

s

bf
⇢f

.

We choose to set the following parameters: al = 2000 m/s, ⇢l = 2500 kg/m3, ⇢g = 5 kg/m3

(using tables provided by https://webbook.nist.gov/ for a temperature of 1100°C and a shallow

pressure range), Vs = 1000 m/s (average value in the surface layer of the first 1000 meters

Mordret et al. (2015)), ⇢s = 1600 kg/m3 (estimated in a layer of the first 1000 meters from

gravimetric data, Gailler et al. (2009)) and an average opening a = 1 m of the crack.

The first step is to constrain which modes of the crack are excited to use the correct equation

enabling to inverse the observed spectral gliding. Note that the upper modes (m>=3) of the

fluid-filled crack are not multiple integers of the fundamental frequency (m=2) but their ratios

depend on the constant ✏m and the crack stiffness C (see equations 3.10 and 3.11). These

features are expressions of the dispersive nature of the crack wave Chouet (1986). We observe

in our case a decrease over time of the ratio between the first excited frequency and its upper

mode varying from 1.8476 to 1.477 between the beginning of the gas-piston sequence and the end

(Figure 3.23). This allows us to directly rule out another type of model such as the Dirac comb

model in which an increase in frequency can be associated with a decrease in the time interval

between regularly repeating earthquakes of a swarm, where harmonics are integer multiples of

the fundamental frequency, which is not the case here.

The lowest excited frequency that is observed is not necessarily the m = 2 mode of the

resonator but depending on the position of the excitation which triggers the resonance it can

corresponds to a higher mode. We thus show in Figure 3.24 that the only possible configuration

to explain the temporal evolution of the observed frequency ratios is the ratio of the transverse

mode m = 5 on the longitudinal mode m = 4 (displayed in Figure 3.24g) revealing a rectangular

resonant crack whose aspect ratio increases over time. We can thus now use the analytical

frequency ratio equation 3.11), which depend on dimensionless parameters, the crack stiffness

and the crack aspect ratio.
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Figure 3.23: Spectral parameters of the tremor during the terminal phase of the July-August
2017 eruption. a) Measured absolute frequencies of the two lowest observed modes. b) Ratios
between these two modes. Measurements were done for three times: t1 = 22.08.2017 00:00, t2
= 24.08.2017 12:00, and t3 = 26.08.2017 12:00.

Figure 3.24: a), b) and c) Frequency ratios for the longitudinal modes: fL
3 /f

L
2 , f

L
4 /f

L
3 , and

fL
5 /f

L
4 , respectively, according to the crack stiffness for different values of the crack aspect ratio

W/L. e), f) and g) Frequency ratios between transverse and longitudinal modes for fW
3 /fL

2 ,
fW
4 /fL

3 , and fW
5 /fL

4 , respectively. The dotted black horizontal lines show the values of the
frequency ratio between the 2 modes observed at time ”t1” (22.08 00:00) and ”t3” (26.08 12:00).

We show in Figure 3.25a) the frequency fL
4 as a function of L by setting several values of

� ranging from 0.1% to 30% and fixing here the crack aspect ratio to 0.9. We note that these

gas-volume fraction values are extreme considering a gas-piston phase. Indeed, a value of 30% is

generally associated with a ”Strombolian” degassing regime (Vergniolle and Gaudemer (2015)).
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Figure 3.25: a) Longitudinal resonant frequency of mode m = 4 as a function of the length of
the resonator parameterized with different values of gas volume fraction. The dotted horizontal
black lines represent the observed value of the frequency at times t=1 (22.08.2017 00:00) and
t=3 (26.08.2017 12:00). b) Crack stiffness as a function of resonator size for different gas volume
fraction values. The dotted horizontal gray lines correspond to the crack stiffness values fixed
later, C = 1, C = 10 and C = 50.

Here, given the very low values of the lava discharge rate and of the SO2 flux it is probable that

the gas volume fraction does not exceed 10% but remains greater than 1% so that a degassing

regime, even intermittent, can be maintained. The initial dominant frequency observed at t1

(22.08.2017 00:00) of 1.05 Hz requires a resonator whose length cannot exceed 215 m for a crack

filled with a relatively degassed magma. Note that this observation does not drastically depend

on the fixed crack aspect ratio, for example a limit crack length value of 220 m is obtained by

setting the crack aspect ratio at 0.5. Furthermore we show in Figure 3.25b the crack stiffness as a

function of the length of the resonator. We choose for the following to fix two limit values of the

crack stiffness compared to this maximum value of length of resonator and extreme values of gas

volume fraction, C = 1 and C = 50 giving approximately � = 29% and � = 0.7% respectively

for L = 215m.

Misfit between the frequency ratio of the observed modes and that computed using the

equation 3.11 reveals a trade-off between crack stiffness and crack aspect ratio (Figure 3.26).

From the Figure 3.26, we extract the trade-off curves linking crack stiffness and crack aspect

ratio for which the misfit is minimal for the three time steps t1, t2 and t3 that we represent in

Figure 3.27. It reveals that the crack aspect ratio must necessarily increase over time to explain

the decrease in the observed frequency ratio.

Thus, we use the 2 extreme crack stiffness values previously defined C = 1 and C = 50 and

a 3rd intermediate value C = 10 that we can systematically associate with a crack aspect ratio

value W/L for the 3 chosen time steps t1, t2 and t3 minimizing the misfit.
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Figure 3.26: Misfit calculated with the L1 norm between the frequency ratio of the observed
modes and that calculated by the equation 3.11 by testing all the pairs of crack stiffness / crack
aspect ratio values for the time t1 (22.08.2017 00:00).

In a next step, we try to infer the values of resonator length and of the gas volume fraction

corresponding to these 3 values of crack stiffness for each time step allowing to minimize the

average of the misfits between the frequencies of the 2 modes sequences observed and the absolute

frequencies fL
4 (Hz) and fW

5 (Hz) corresponding to equations 3.7 and 3.9, respectively. We show

in Figure 3.28 the inversion details for time step t1 showing how we find the (L, �) couple

explaining the fixed crack stiffness and crack aspect ratio values and minimizing the averaged

misfit between observed absolute frequencies and modeled absolutes frequencies using equations

equations 3.7 and 3.9. All the parameters observed and inferred by this inversion procedure are

synthesized in Table 3.3 for each time step and each fixed crack stiffness / crack aspect ratio

values.

Figure 3.29 represents the time evolution of the resonator length and of the gas volume

fraction. We summarize different probable paths that could explain the gliding observed in

Figure 3.30.

We note that in all cases the gliding is accompanied by an increase in the crack aspect ratio,
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Figure 3.27: Trade-off curves between crack stiffness ans crack aspect ratio minimizing the
misfit calculated with the L1 norm between the frequency ratio of the observed modes and that
calculated by the equation 3.11 for the time a) t1, b) t2 and c) t3, respectively.

which can be accommodated in different ways. Visual observations of the eruptive site indicated

that in the period preceding and accompanying the transition (from 19.08 to 21.08) from the

continuous residual tremor to the intermittent gas-piston regime, a weak effusive activity was

observed over the entire width of the cone while an image obtained by drone on 24.08 reveals

that there is only degassing on a reduced part of the cone in a hornito type crater of small width

(probably a few meters). Thus we prefer a path not involving an increase in the width of the

crack over time to explain the increase in W/L but rather a reduction in the length of the crack.

We consider the hypothesis that the transition to intermittent tremor is associated with a

change in the degassing regime of the weak Strombolian type towards a bubbly flow regime in

which a continuous phase of almost stable liquid contains a few bubbles rising and generating the

discrete gas-pistons. This transition probably takes place around a value of gas volume fraction

of approximately 10% (Vergniolle and Gaudemer (2015)) which would correspond to consider

an initial low value of crack stiffness around 1 (associated with L = 118m and � = 11%). In

this case the total gliding could be accompanied by a reduction in the length of the crack and a
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Figure 3.28: Couples of resonator length and gas volume fraction explaining a crack stiffness
value of a) 1, b) 10 and c) 50 and corresponding crack aspect ratio fixed as explained previously
for the time step t1. Red curves show the associated averaged misfit between observed absolute
frequencies and modeled absolutes frequencies using equations equations 3.7 and 3.9. Red point
stand for the chosen (L, �) couple minimizing this averaged ”absolute” misfit.

reduction in the gas volume fraction.
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Table 3.3. Table summarizing the observations and properties of fluid-filled crack.

Date fL
4 (Hz) fW

5 (Hz)
fL
4 (Hz)

fW
5

(Hz)
C W/L

L(m) W (m) χ(%) Misfit (Hz)

22.08.2017 00:00 1.05 1.94 1.848 1 0.740
118.55 87.73 11.012 6e−7

22.08.2017 00:00 1.05 1.94 1.848 10 0.805
190.26 153.15 2.903 1e−6

22.08.2017 00:00 1.05 1.94 1.848 50 0.841
213.16 179.27 0.7 2e−6

24.08.2017 12:00 1.51 2.35 1.556 1 0.873
91.65 80.01 7.007. 1e−2

24.08.2017 12:00 1.51 2.35 1.556 10 0.926
148.42 137.44 1.802 3e−3

24.08.2017 12:00 1.51 2.35 1.556 50 0.954
156.35 149.16 0.4 2e−4

26.08.2017 12:00 2.2 3.25 1.477 1 0.917
70.74 64.87 4.3 6e−2

26.08.2017 12:00 2.2 3.25 1.477 10 0.966
115.56 111.63 1.1 2e−2

26.08.2017 12:00 2.2 3.25 1.477 50 0.999
128.5 128.37 0.3 8e−3

Figure 3.29: a) and b) Resonator length and gas volume fraction respectively, inferred by
minimizing the misfit between observed and modeled frequencies for the 3 fixed crack stiffness
values and corresponding crack aspect ratio.

Although the number of detected gas-pistons seems to increase in the gliding phase, this may

still be compatible with a decrease in the gas volume fraction of the crack. We may assume

that the fluid-filled resonating crack corresponds only to an intermediate part of the vertical

dyke feeding a thinner conduit under the cone, which degases and emits the gas-pistons. This

crack would be shallow enough so that a significantly bubbly magma is present, inducing a

significant impedance contrast with the lower non-oscillating part. Thus the increase in the

number of gas-piston could reflect a slight increase in the gas flow rate at the outlet of the cone
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Figure 3.30: Summary of possible paths explaining the gliding of this gas-piston terminal phase
in the Resonator length vs gas volume fraction plane. The values obtained by setting the
crack stiffness values C = 1, C = 10 and C = 50 are represented in red, green and blue
respectively. The 2 gray dotted lines indicate the values obtained for the date t1 of 22.08.2017
and t3 26.08.2017 12:00. The crack aspect ratio values associated with these crack stiffness
values and dates t1 and t3 are indicated.

and a corresponding acceleration of the decrease in the gas volume fraction of the crack, which

resonates under the conduct.

Several studies investigated cases of spectral gliding of tremor and long-period seismicity at

other volcanoes. The importance of pressure variations in the conduit that can modify the gas

volume fraction, the speed of sound in the magma and potentially the size of the reonator thus

causing gliding of the frequency content has been highlighted (Neuberg and O’Gorman (2002);

Jousset et al. (2003); Lesage et al. (2006); Maryanto et al. (2008)). In particular, as suggested

by Maryanto et al. (2008), a re-pressurization of the shallow part of the system generated by a

replenishment of deeper magma can cause a shortening of the bubbly magma conduit due to a

rise of the bubble nucleation level.

Another interesting and important observations is that the investigated frequency gliding has

been accompanied by a swarm of volcano-tectonic earthquakes about 1 km south of the eruptive
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site and was associated with a local deformation at south seen by InSAR (Figure 3.31). These

observations indicate a magma intrusion coming from the sea level shallow reservoir. Therefore,

one possibility is that the corresponding sill/dyke has chosen a preferential path further towards

the south instead of directly replenishing the eruptive site. This deeper intrusion might still be

linked to the observed gliding and to the increase in the number of gas-piston and their amplitude

by a new supply of gas coming from the deeper magma. It is thus possible that the shallow

crack which resonates under the eruptive site undergoes more complex variations of gas volume

fraction which can for example increase in a first phase during the increase in the number of

gas-pistons and their amplitude if this is linked to a migration of gas coming from depth. Such

paths are possible (see Figure 3.30) if the initial crack stiffness is greater (for the cases C = 10

and C = 50, corresponding to a greater initial length and a lower gas volume fraction) and the

gliding is accommodated by a decrease in crack stiffness (which would be linked to a decrease

in length and an increase in the gas volume fraction). On the other hand, we can also imagine

a case where the decrease in the length of the crack would be linked to a downward draining of

the bubbly magma linked to the movement of the magma towards the South during the swarm

of volcano-tectonic earthquakes.

Finally, the use of these simple analytical equations remains limited in the case of an

application on a real and complex object which may include significant geometric irregularities

in its shallow part. We cannot distinguish unique paths to explain the gliding but it remains

useful to propose different probable scenarios in order to better constrain this end-of-eruption

dynamic.

3.4.9 Overview of the Piton de la Fournaise eruption terminal phases

In this section we have selected 10 eruptions during the period 2014-2022 for which satellite lava

discharge data are available for the end of the eruption (see Table 3.1). We show in Figure 3.32a)

the position of the eruptive fissures used. The relationships between lava discharge rate and

excited minimum frequency and tremor amplitude are shown in Figure 3.32b) and Figure 3.33.

These figures reveal that the gas-piston at the end of the eruption only appear in cases where

the lava discharge rate is low at the end of the eruption, with a low amplitude of the tremor and

a minimum general excited frequency greater than 1 Hz.

In the period under review, we report that the vast majority of eruptions terminated gradually

with the appearance of gas-pistons. In addition to the July-August 2017 eruption (Figure 3.14),

we show the details of the eruptive parameters (spectral content, amplitude and state of the
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Figure 3.32: a) Map showing eruptive fissures of 10 eruptions for which TADR data was available
during the terminal phase. White inverted triangles stand for the PF seismic network and the
orange ones stand for the closest station to the considered eruptive sites used for computing
RSAM. b) Relation between the minimum tremor frequency excited and the lava discharge rate
(TADR). c) CaO/Al2O3 ratio as a function of MgO (wt%) inclusions content. The black dotted
line shows the separation between the ends of eruptions characterized by episodes of gas-piston
and those without gas-piston.

the middle of the eruption during the inflation phase, once the lava discharge rate has dropped

significantly (Figure A5), then a second gas-piston sequence marked the terminal phase when

the inflation phase ends. Even if the amplitude of the gas-pistons may initially increase (as is the

case for the terminal phases of July-August 2017 and April-May 2021 and for the intermediate

phase of September-October 2018), all these eruptions end with a progressive decrease in the

amplitude of the tremor, lasting from 14 hours to 8 days.

We report four eruptions with the terminal phase not characterized by a continuous-intermittent

tremor transition. These are the eruptions of August-October 2015, September 2016, February-

March 2019 and December 2021 - January 2022 whose eruptive parameters are represented in

Annex 1: Figures A1, A2, A6 and A8.

The absence of the emergence of the gas-pistons in the terminal phases of these eruptions

are associated with a final increase in the lava discharge rate, and in the tremor amplitude

(Figure 3.33) before an abrupt end of the eruption marked by a drop in tremor amplitude

of 4 minutes on average. Such an increase in TADR at the end of the August-October 2015
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eruption has been called an ”effusive paroxysm” phase by Coppola et al. (2017). Among these

eruptions, three are long (duration greater than 1 week, in 2015, 2019 and 2021/2022) with their

terminal phases associated with a deflation of the volcanic edifice that can be explained by a

shallow ellipsoidal source with = �0.27Mm3 on average, suggesting that magma had drained

from beneath the summit thus generating this last phase with a strong lava discharge rate at

the eruptive site (see Chapter 5).

We note that the end of the eruption of August-October 2015 (Figure A1) is particular

because after its sudden stop on 18.10.2015, the activity resumes punctually twice on 23.10.2015

and and 30.10.2015, also in phases of deflation, intersected by phases of inflation with no lava

emission where a weak residual high frequency tremor can emerge in the form of intermittent

gas-piston. We also note that in the terminal phase of February-March 2019, a slight peak in

the multiplet detector function (Figure A6b) is associated with a brief transition to intermittent

regime during a few minutes before the tremor becomes continuous again with a higher amplitude.

These terminations of long eruptions are also associated with a heterogeneous magma composition

during the eruption attesting that the magma becomes more olivine-rich towards the end of the

eruption (increase in MgO (wt%), Figure 3.32c)) probably indicating a deep magmatic recharge

of the shallow system (magma coming from a storage zone at depths greater than sea level).

Figure 3.33: Relationship between lava discharge rate (TADR) and tremor amplitude (RSAM)
for the end of the 10 selected eruptions. The dotted black line separates the ends of eruptions
characterized by an absence of gas-piston and those with gas-piston. The box presents a zoom
on the terminal phases with gas-piston.
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3.5 Discussion

3.5.1 Insights into eruption triggering phase from pre-eruptive tremor observations

Overall, our tremor analysis reveals that its main forcing is associated with the degassing of the

H2O dissolved in the magma by decompressing during its ascent towards the eruptive site. At the

PdF, this degassing takes place very superficially a few hundred meters below the surface. Thus,

the arrival of the tremor marks the final stage of magma transport before an eruption. we note

that the tremor sources are located nearly under the eruptive site and are very superficial. It is

possible that we miss the shallow vertical dynamics of its source over a few hundred meters due

to a lack of spatial resolution of the cross-correlation back-projection location method. On the

other hand, the lateral resolution of the source seems sufficient to indicate that this exsolution

of shallow gas associated with the triggering of the tremor is under the eruptive site potentially

at a depth of a few hundred meters.

A detailed analysis of the eruption trigger phase reveals that the source of the tremor begins

to be activated a few minutes to about 30 minutes before the start of the eruption (in the sense

of the start of the emission of surface lava). We note that this time delay increases with the

distance between the eruptive site and the position of the shallow reservoir under the top of

the PdF and that the more this distance increases, the more the pre-eruptive tremor has a high

frequency content different from the low frequencies between 0.5-1 Hz typically excited upon

activation of early lava fountains.

The presence of a high frequency pre-eruptive tremor over several tens of minutes could reveal

the separation of gas from the magma when the H20 exsolves. As the gas rises faster, this would

explain why there is initially only gas at the surface when the fissure opens. In this case of a

single gaseous phase occupying the crack, this ∆f towards lower frequencies could be explained

by the mixing with the arrival of the liquid phase which drastically increases the density of the

mixture and increases the speed of sound and therefore decrease the observed frequency. We

note that it is also possible that the difference in spectral content between pre-eruptive tremor

and co-eruptive tremor is associated with a specific resonance of the bubbles (Montegrossi et al.,

2019) and that this resonance becomes too attenuated by the liquid phase when the crack is

filled with a two-phase mixture.

Maimon et al. (2012) suggests that the exsolution of volatiles forming an almost separate

gas-filled cracks at the tip of a propagating dyke and controlling its final velocity could be a

common result and their simulations show that separated gas-filled cracks at the head of a
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magma-controlled dyke can be formed simply by increasing the initial gas mass at the gas cap.

Moreover, Menand and Phillips (2007) show that gas segregation is more efficient in sills than in

horizontally propagating dykes, suggesting that non-vertical elements of the plumbing systems

act as strong gas segregators. Thus, the fact that the time delay between the appearance of

the pre-eruption tremor and the triggering of the eruption increases with the distance from the

summit can inform us about the presence of a more or less significant gas segregation and the

presence of sills in the surface transport of magma.

Dumont et al. (2022) presents an image of the PdF shallow system via the systematic

inversion of the displacement measured by InSAR induced by magma intrusions. They reveal

that the intrusions in the summit area are planar and vertical, while those away from the summit

to the NE and SE curve horizontally and vertically, forming a spoon-shaped structure with a

horizontal and vertical curvature. Such structure is also consistent with the joint GNSS and

InSAR inversion of Smittarello et al. (2019) suggesting a lateral intrusion starting with a sill

below the summit and becoming vertical below the vent. Thus the observation of the pre-

eruption tremor for eruptions whose fissures are far from the summit could reveal a mechanism

of gas segregation linked to the sill-to-dyke transition under the eruptive site and dominating

the dynamics of the final ascent of the magma towards the surface.

We also note that some long-period seismicity models do not involve fluid dynamics in their

generation mechanism (Bean et al. (2013); Benson et al. (2019); Rowley et al. (2021)) and a pre-

eruptive tremor with distinct properties from the following co-eruptive tremor could be explained

by the slow crack propagation as suggested by Li et al. (2022).

3.5.2 Seismic tremor and eruptive dynamics

Once the two-phase liquid-gas mixture dominates the entire crack, there is a delay of about 10

minutes for the amplitude of the tremor to become maximum, potentially revealing a characteristic

time during which the gas-liquid flow organizes to form an annular/Hawaiian-type regime and

produces lava fountains along the entire length of the fissure, characteristic of the eruptive

activity of Piton de la Fournaise in its initial phase.

We note that the total length of the activated crack in the initial phase potentially reflects

a lateral dimension of the shallow part of the magmatic plumbing feeding the eruption which

certainly has an influence on its dynamics and on the properties of the associated co-eruptive

tremor. Indeed it was noted by Derrien (2019) that the length of the crack could influence

the average amplitude of the tremor and we report here that this length is correlated to the
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minimum excited frequency of the tremor.

A common feature of basaltic systems whose eruptive activity is manifested by the opening

of a fissure from a few hundred meters to several kilometers is the focusing of the activity at a

point of the fissure after a few hours. In our case, we note that this focusing is accompanied by

a gradual cessation of the excitation of low frequencies < 1 Hz of the tremor, a decrease in its

amplitude and a decrease in the lava discharge rate associated with a decrease in overpressure

in the dyke. The spatio-temporal evolution of the fissure is probably governed by the thermo-

rheological behavior of the magma (Bruce and Huppert, 1989) as well as the organization of the

flow in the dyke (Pioli et al., 2017). It will therefore be interesting to investigate in more details

the relationship between tremor and this activity focalization to potentially better constrain the

underlying physical mechanisms and to monitor this eruptive phase based on seismic tremor

data.

The dynamics and the eruptive style observed on the surface is largely dominated by the

organization of the phases of the magma (liquid-gas-solid). In particular, an essential parameter

is the magma ascent rate which depends on several other parameters, dyke overpressure, magma

temperature and viscosity, gas content, etc. A useful proxy for this magma ascent rate is the

characterization of the coupling between the amplitude of the tremor and the lava discharge rate.

We observe that in the initial phase of the eruptions, the amplitude of the tremor is coupled with

the lava discharge rate (and also correlates with the progressive loss of low frequency excitation).

This RSAM/TADR coupling can be interpreted as the manifestation of a homogeneous degassing

regime Coppola et al. (2009), where gas and liquid are coupled and rise at the same speed,

forming Hawaiian degassing regimes with lava fountains at the outlet from the vent. When

the overpressure in the dyke decreases with the lava discharge rate at the vent and the dyke is

not significantly replenished, the magma begins to cool, crystallize, slow down with increasing

viscosity. Thus a decoupling between gas and liquid takes place, the bubbles have more time to

coalesce and gas accumulation processes take place, which mark a transition from the Hawaiian

regime to a so-called Strombolian regime characterized by gas slug bursts on the surface.

Thivet et al. (2020) highlight this regime transition from the textural analysis of the eruptive

products of 2 short eruptions in June 2014 and July-August 2015. We show in this chapter

evidence that these regime changes can also be seen in changes in the properties of the seismic

tremor for short eruptions. These short eruptions are certainly associated with the shallow

transport of a single batch magma whose evolution of temperature / viscosity / gas content

modifies the shallow gas-liquid organization, accompanied by transitions of degassing regime
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and associated eruptive style.

We note that all short eruptions terminate in a brief gas-piston phase of a few hours with a

decrease in the amplitude of the tremor. The increase in viscosity and crystallinity of the nearly

stagnant and highly degassed magma that resides in the dyke at the end of this type of eruption

probably plays a key role in this final transition from continuous degassing to discrete degassing.

This effect was highlighted recently by Barth et al. (2019), suggesting that highly crystalline

shallow portions of basaltic conduits may act as a flow valve transforming a steady gas flux into

a series of discrete gas slugs. Spina et al. (2019) notes that an increase in absolute viscosity of up

to two orders of magnitude is expected upon cooling and crystallization of primitive basaltic melt

from 1250 down to 1150 °C with a 3K/min cooling rate expected in shallow dykes (Kolzenburg

et al. (2016)). This could explain rapid transitions to the final gas-piston regime.

In the case of medium or long eruptions, once the activity is concentrated in one or more

points, we generally observe the construction of an eruptive cone by accumulation of the products

of the lava fountains. When the eruptive site continues to be fed, the cone may begin to show

phases of instabilities with slope collapse and reconstruction that influence the spectral and

amplitude properties of the tremor.

Terminal phases of long eruptions can be separated into 2 categories, those accompanied by

the transition to the gas-pistons with a low lava discharge rate, a low amplitude of the tremor

and a loss of excitation of low frequencies (< 1 Hz ), and those characterized by a final increase

in the lava discharge rate and the amplitude of the tremor with activation of the low frequencies

and a final deflation pattern of the volcanic edifice. The fact that the composition of the magmas

at the end of the long eruptions of August-October 2015, February-March 2019 and December

2021/January 2022 are accompanied by an enrichment in olivine probably testifies to a deep

recharge potentially associated with a depressurization of the shallow reservoir (Coppola et al.

(2017); Verdurme et al. (2022)).

Moreover it is observed that after the final increase of RSAM and TADR these eruptions

end very abruptly with final drop of RSAM and TADR towards background noise values within

a few minutes. In the hypothesis of a shallow vertical dyke fed by a sill connected to the shallow

reservoir, the closure of the sill could compress the magma remaining in the dyke inducing

the final increase and abrupt cessation. However, the pressure and emptying of the sill would

induce viscous friction and an increasingly slow flow, therefore not necessarily compatible with

the increase in lava discharge rate at the surface. These final phases are also associated with

a return of very sustained surface activity with lava fountains whose abrupt termination could
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possibly be associated with this final transition and rapid/brutal reorganization of liquid-gas

flow caused by the deep pulse itself . For example Seyfried and Freundt (2000) suggests that at

the transition from slug to annular flow, the pressure at the conduit entrance drops by about

60% from the hydrostatic value to the dynamic flow resistance of the annular flow, which may

trigger further degassing in a stored magma to maintain the annular flow regime until the gas

supply is exhausted and the eruption ends abruptly. Seyfried and Freundt (2000) also mention

that the magma discharge may stop when magma ascent is hindered by volcanic conduits wall

friction and the annular gas flow erodes all magma from the conduit.

Other cases of gas-pistonning have already been reported at the PdF by Coppola et al.

(2005, 2007) for the summit eruption of May-July 2003 where in its final phase, a RSAM/TADR

decoupling was observed characterized by a steady lava emission but a strong and intermittent

vent degassing interprets as a significant separation of the gas phase from ascending magma and

a well-developed process of coalescence Coppola et al. (2009). In this case, the tremor presents

transitions to an intermittent state for several hours, marked by an increase in amplitude and

gas-piston lasting a few minutes by exiting the same frequencies as the continuous tremor, before

returning to the continuous state.

Therefore, it is possible that the gas-piston phenomenon and more generally the intermittence

of the tremor at the PdF can take different forms and its generation mechanism can vary. These

gas-piston phases with a return to a continuous state were also observed in the period that we

consider for example between August 15-19, 2017 (Figure 3.14) and between September 03-15,

2018. When the magma begins to stagnate with a low TADR, it cools in a non-homogeneous

way and this can create changes in roughness on portions of the conduit that can potentially

promote this kind of decoupling with the appearance of gas-piston and modification of the signal

amplitude. Seyfried and Freundt (2000) suggested that irregularities in conduit shape influence

the dynamics of bubbly magma and might provide temporary trap regions for the gas phase.

3.6 Conclusion and perspectives

Overall, we show that the network-based analysis of seismic tremor is a powerful tool for

monitoring the dynamics of the eruption from the eruption onset to its terminal phases. Changes

in the gas-fluid flow dynamics and of the conduit geometry can be followed by tracking the

properties of the seismic tremor complemented with other observables related to the lava discharge

rate, the deformation of the volcanic edifice, and the magma composition.
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We note the usefulness of monitoring the tremor state with the automatic multiplet detector

(introduced in this chapter) to detect possible transitions between continous and discontinuous

tremor regimes.

Some aspects of the terminal phases of gas-pistoning remains to be better understood. This

includes analyzing in detail their durations, trying to refine the method of counting gas-pistons

to deduce a flow of outgoing gas which could be useful to highlight accelerations/deceleration

and possibly allow to estimate a total volume of gas emitted over the duration of this phases

before the dyke completely closes and the eruption ends. We can also calculate more properly

the seismic tremor energy (Hibert et al. (2015)) emitted by these gas-pistons to obtain more

robust inter-parameter relationships.

This may also be interesting to return to the initial phases reported in this chapter to calculate

the decay of the corresponding seismic energy and characterize the laws linking it with the lava

discharge rate. This could thus make it possible to better characterize the coupling/decoupling

mechanisms between tremor and lava flow.

Also, if it is possible to extract laws between tremor energy and lava discharge rate in the

initial phases where TADR data are available and if we notice correlations with notable changes

in the tremor spectral width (progressive disappearance of lowest frequencies), it may be useful

to extract information on these spectral changes automatically in order to then systematically

compare these relationships for all the eruptions in the database.

We also note that the tremor is characterized by spectral continuous lines, which seem stable

over time for some. This could be interesting in the future to better characterize them and to

see if their study can help us to better image the resonance of certain shallow magma pockets

present in the system or to better understand tremor mechanisms and stable degassing along the

eruption. The development of algorithms allowing the automatic extraction of notable features

in the spectral width will be necessary to go further and quantify the stability of these spectral

lines.

PdF is an ideal natural observatory with the very large tremor database. However, possible

interpretation are limited due to the complexity of real structures geometry and lack of knowledge

of eruptive parameters, dynamics of magma and direct link with geophysical marker at the

surface. Indeed, we note that feeding conduit walls can be irregular and modified through time

by syn-eruptive erosion, wall collapses, conduit narrowing due to cooling and solidification along

the walls (Parcheta et al., 2016).

We can take for example the case of the gliding of the terminal phase of the July-August
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eruption associated with changes in the properties of the gas-pistons, this type of phenomenon is

rare at the PdF and can represent a unique opportunity to better constrain the shallow plumbing

system under the eruptive site, however the use of simple analytical equation is limited due to

large trade-off between parameters.

Another possibly very promising direction could be to compare the in-situ observations

with results of the laboratory experiments. So far, Spina et al. (2022) reveal that a gliding

of experimental harmonic seismic and acoustic tremors was observed at high gas flux rates and

viscosities, mostly associated with an increasing trend and often preceding a major burst and that

gliding episodes are mostly related to the progressive volume variation of shallow interconnected

gas pockets. Spina et al. (2019) provide a detailed discussion of the relationship between conduct

geometry, magma viscosity, degassing behavior and seismo-acoustic signals following an analog

approach through laboratories experiments in cylindrical conducts by controlling in particular

its irregularity (roughness). Their results notably report a link between increased gas flux and

length of slug bubbles, which can thus merge and become an annular lava fountain regime. Thus,

in the other direction, it can be assumed that at the end of the eruption the reduction in gas

flux produces increasingly shorter and less connected slug bubbles with the transition from the

regime to discrete gas-piston. They also report that an increase in viscosity induces a longer

recurrence time between slug bursts and that the number of seismo-acoustic events decreases

with this increase in viscosity. This could explain the progressive disappearance of gas-pistons

and the decrease final amplitude of the tremor linked to cooling and crystallization. In addition,

they also observe a clear amplitude increase with increasing air flow rate. Thus, this could favor

a scenario according to which the increase in the number of gas-piston initially observed during

the terminal phase of July-August 2017 would be linked to a pressurization of the shallow system

potentially linked to the intrusion going further to the south at the same time. The increase

in the number of gas-pistons could reflect an increase in the gas flow rate coming from the

intrusion passing under the vent, thus limiting the cooling of the crack/conduct feeding the vent

and explaining the relationship observed with the increase in the amplitude of the gas-pistons

events. Once this replenishment is done, the shallow system under the vent probably begins to

cool and we then observe a decrease in the frequency of recurrence of the gas-piston.

Finally, Capponi et al. (2020) describes a novel experimental apparatus for investigating

bubbly flows in a promising slot geometry to better model patterns observed in dyke-like

structures usually feeding basaltic eruptions. They stated that such experiments should help to

identify different gas-liquid flow patterns and quantify their spatio-temporal evolution providing
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key constraints for numerical models of flow in volcanic conduits.

Coupling between experimental analog models, numerical models and detailed observation

of tremor data from dense seismic network in volcanic context should in the future refine our

knowledge about physical mechanisms at play controlling eruption onset, dynamics and terminal

phases
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Chapter 4

Imaging magma transport system from

multi-years dense GNSS network time

series: application to Piton de la

Fournaise, La Réunion, France

In this chapter we analyse the data from the full GNSS (Global navigation satellite system)

network in the goal to image the geometry of the magmatic plumbing system under the Piton

de la Fournaise volcano and to characterize systematically and automatically its deformation

sources. We use the unsupervised bayesian inversion of the GNSS data based on a point

Compound Dislocation model (Nikkhoo et al., 2016; Beauducel et al., 2020a). This method

has been validated for one PdF eruption by Beauducel et al. (2020a). Here we systematically

apply it to the 2014-2022 time period using continuous records from a 18-station GNSS network.

We retrieve an ellipsoid-shape reservoir in the shallow part connected via a magmatic pipe-like

conduit to a deeper reservoir around 7 km below sea level (bsl). Then, a transition from a

pipe/dyke vertical structure to a sill-like horizontal structure is observed at 8-10 km bsl.

We then compare the obtained catalog of pressure sources with the seismicity detected by

the OVPF-IPGP during the same time period. The joint use of information from geodetic and

seismic networks constitutes an important step in improving our knowledge of volcanic systems.

While the analysis of GNSS network data enables the imaging of active pressure-sources in the

system with an estimation of the volumes of involved magma, the seismic network analysis brings

a more detailed view of the magma dynamics.

139



CHAPTER 4. IMAGING MAGMA TRANSPORT SYSTEM FROM MULTI-YEARS
DENSE GNSS NETWORK TIME SERIES: APPLICATION TO PITON DE LA
FOURNAISE, LA RÉUNION, FRANCE
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2. a tested parameterization of the troposphere;

3. models of ocean loading, Earth and lunar tides;

4. the international GNSS Service (IGS) precise ephemerides.

OVPF-IPGP also calculates real-time daily solutions with the GipsyX precise point positioning

(PPP) software (Bertiger et al., 2020) (the first version, Gipsy Oasis, described in Lichten (1995),

was used before late 2019). Daily solutions are provided in the ITRF2014 reference frame and

are computed with using the best quality JPL’s orbits and the clock products available at the

time of calculation (ultra, rapid, then final orbits after a delay of ten days). The typical standard

deviations of horizontal and vertical components are about 0.5 and 1 cm, respectively and are

similar for the two mentioned softwares. GNSS displacements time series are corrected from a

horizontal tectonic motion using a linear velocity trend estimated from the REUN IGS station,

with values of +18 mm/yr eastern and +12 mm/yr northern. This station is located 15 km to

the west of the summit and assumed not to be affected by any volcano deformation.

In our analysis of the 2014-2022 time series, we used a combination of the two softwares

which helped to solve some problems of processing on some stations. Thus, we use the GIPSY

solutions for the period January 2014-October 2019 and the GAMIT solutions for the period

October 2019-January 2022.

The OVPF-IPGP GNSS data are also processed with TRACK (a GAMIT software module)

allowing kinematic processing with a solution for each measurement (every 30 seconds in our

case) in differential mode. We use the GITG station, located 4 km away from the summit (see

Figure 4.1) as a reference, because it is not affected by the shallow magma transport inducing

short wavelength deformation signals. The solutions estimated every 30 seconds are more noisy

(horizontal and vertical accuracies are about 2-3 and 5 centimeters, respectively). We thus use

this data only for the periods when a dyke/sill initiates from shallow reservoir close to sea level.

Such magma transport induces displacements of several tens of centimeters and are therefore

associated with a signal/noise ratio allowing a good characterization of their sources.

Figure 4.2 shows examples of inter-station baseline changes during the studies period. We

can see a clear increase of the baselines for pairs of stations close to the summit (DSRG-

SNEG and FOAG-FJAG) revealing a global inflation of the shallow edifice. The station pairs

located on different side of the summit (see Figure 4.2a) have moved apart by 1.4 and 1.1

meters, respectively (Figure 4.2b,c). We note that this deformation takes place on two time

scales: (1) a rather slow inflation during the inter-eruptive periods when the shallow reservoir is
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of the limit of the detection threshold given by the intrinsic error of GNSS. Therefore, the

extraction of information concerning the deep plumbing system requires the development of

very sensitive methods taking advantage of the dense network. As example, Beauducel et al.

(2020a) characterized the pressure sources associated with a deep magma ascent preceding the

eruption of June 2014 and the beginning of a new cycle of activity at Piton de la Fournaise.

Corresponding signal were characterized by less than 1 cm of baseline increase between station

pairs on either side of the summit.

4.1.2 GNSS data modelling with the point Compound Dislocation Model

Traditionally, simple numerical models are used to model the source of ground displacement.

They provide analytical equations of ground displacements induced by sources of different shapes,

for example, the Mogi point source (Mogi (1958), Okada tensile dislocation Okada (1985), Mc-

Tigue spherical source (McTigue (1987), Yang prolate spheroid source with ellipsoidal shape

(Yang et al. (1988)), Fialko horizontal circular crack (Fialko et al. (2001), etc.

In this study, we do not impose any a priori on the source shape and follow the approach

introduced by Nikkhoo et al. (2016) who developed the Compound Dislocation Model (CDM)

that combines three mutually orthogonal rectangular dislocation. This gives a model that can

represent planar and volumetric sources of various aspect ratios. Considering the far field

long-wavelength components of the displacement signal associated with a CDM, this model

is effectively a point source. It can therefore be considered as a system of force dipoles located

at its centroid, with a moment tensor equal to the integral of the moment density over the CDM

surface (Aki and Richards, 2002; Nikkhoo et al., 2016), such as:

MCDM =

0

B

B

B

@

�∆V + 2µdVX 0 0

0 �∆V + 2µdVY 0

0 0 �∆V + 2µdVZ

1

C

C

C

A

,

where µ (the shear modulus) and � are the Lamé coefficients. dVX = uSX , dVY = uSY and

dVZ = uSZ are the potencies of the three rectangular dislocations composing the CDM, and

∆V = dVX + dVY + dVZ the CDM potency. S and u are the dislocation area and opening,

respectively. Note that this tensile dislocation potency is defined as the area S ⇥ opening

product, and represents the volume available to host new intruding fluids into a crack or reservoir

in an inflation scenario.

Nikkhoo et al. (2016) provide the analytical equations of both the CDM and the pCDM
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Expressions for surface East, North and Vertical displacements are given by:

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

uEX,Y,Z
= (eX,Y,Z cos(�X,Y,Z) + nX,Y,Z sin(�X,Y,Z))

dVX,Y,Z

2⇡

uNX,Y,Z
= (�eX,Y,Z sin(�X,Y,Z) + nX,Y,Z cos(�X,Y,Z))

dVX,Y,Z

2⇡

uVX,Y,Z
= vX,Y,Z

dVX,Y,Z

2⇡

(4.4)

(4.5)

(4.6)

with,

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

eX,Y,Z = X 0(q � sin2(�X,Y,Z)(1� 2⌫)(
1

r3
�

1

r(r + d)2
+ Y 2 3r + d

r3(r + d)3
))

nX,Y,Z = Y 0(q � sin2(�X,Y,Z)(1� 2⌫)(
1

r3(r + d)2
�X 03 3r + d

r3(r + d)3
))

vX,Y,Z = (dq � sin2(�X,Y,Z)(1� 2⌫)(
1

r(r + d)
�X 03 2r + d

r3(r + d)2
))

(4.7)

(4.8)

(4.9)

and,

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

X 0 = X cos(�X,Y,Z)� Y sin(�X,Y,Z)

Y 0 = X sin(�X,Y,Z) + Y cos(�X,Y,Z)

q = 3
Y 0 sin(�X,Y,Z)� d cos2(�X,Y,Z)

r5

r =
p

X 02 + Y 02 + d2

�X,Y,Z = (atan2(
�R2X,Y, Z

q

R2
1X,Y,Z

+R2
2X,Y,Z

,
R1X,Y,Z

q

R2
1X,Y,Z

+R2
2X,Y,Z

)� 90

�X,Y,Z = arccos(R3X,Y,Z)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

where R1, R2 and R3 the coefficients from the 3-D matrix rotation, defined such as:
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In order to have a simpler interpretation framework, we substituted the three volume variations

(dVX , dVY and dVZ) with their total value (∆V ), and two dimensionless shape ratios between

0 and 1, defined as follows:

A =
dVZ

∆V
(4.25)

B =
dVY

dVX + dVY
(4.26)

As shown in Figure 4.3 with some examples of extreme A and B values, the pCDM is able to

approximate any shape of magma bodies such as dykes, sills, pipes, and other triaxial ellipsoidal

shapes.

We approximate the topographic effects with using the varying-depth method of Williams

and Wadge (1998). We adjust the source depth at each observation point with the station

elevation and express the source depths relative to the sea level.

Note that the original codes were rewritten by Beauducel et al. (2020a) in a completely

vectorized way. As a result, the inversion is 75 times faster for the CDM model equations and 20

times faster for the pCDM model equations. Once vectorized, the inversion with pCDM codes

is about 6 times faster than with CDM equations.

Limitations of the method

We assume a homogeneous and elastic medium. Therefore, an additional sensitivity study could

be necessary in order to evaluate the contribution of the layering and material heterogeneity

present in the PdF magmatic system. Nikkhoo et al. (2016) notes that the CDM model can

only represent the geometry of the deformation that a subsurface fluid reservoir may undergo.

However, in the absence of further physical and geological evidence, the inferred deformation

geometry does not necessarily represent the real shape of the reservoir. Also, the point source

approximation can become limited for the most shallow sources. Nikkhoo et al. (2016) showed

that the CDM equations taking into account a finite shape of the source performed better in the

near field. In addition, we note that the crust and the mantle can have a visco-elastic behavior

influencing the ground deformation signals, which may create misinterpretations if they are not
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considered. For example, Head et al. (2019) notes that the relaxation of crustal stresses can

induce apparent ground deformation. Segall (2016) shows that a viscoelastic shell surrounding

a spherical magma chamber significantly modified the time-dependent response and that post-

eruptive inflation may occur without deeper recharge. Bertelsen et al. (2020) state that a dyke

emplaced as a viscous indenter may generate pure uplift generally interpreted with elliptical or

horizontal planar source.

4.1.3 Data inversion procedure

The pCDM model is incorporated in an unsupervised Bayesian inversion following Villié and

Beauducel et al. (2020a). In order to increase the signal/noise ratio, we invert GNSS trends

computed over sliding time window of several days with a 1-day time step. Misfits are calculated

using the L1 norm between observed and modeled GNSS trends. Considering the nine pCDM

parameters, an exhaustive grid exploration of the full model space would not be feasible computationally.

Therefore, we use a Monte Carlo Bayesian parallel algorithm with five iterations, each using

500,000 forward problems randomly chosen in the model space. At each iteration, if a single

significant maximum probability mode is identified in the the marginal distribution, a smaller

range of parameters with higher probability is selected to constrain the best models for the next

iteration. For each parameter, a posteriori uncertainties of the best model solution are obtained

with using the interval of variation keeping 68% (1 standard deviation) of the highest model

probabilities for all the iterations.

This procedure has been tested and validated by Beauducel et al. (2020a) for the characterization

of the deformation sources preceding the eruption of June 2014 that induced weak displacements,

i.e., lower than 1 cm. We show in Figure 4.4 the results of this study. Figure 4.4a shows

examples of best-models for three distinct 7-days time window. After the observation of a deep

deflating sill-like source, an upward migration of inflating vertical shaped sources towards the

main reservoir is observed, before the final propagation of the dyke towards the eruptive site

(Figure 4.4a and b). The model space probability is represented as a function of source location,

to display all solutions that are consistent with observations (Tarantola, 2006). Note that the

identification of a single volume zone characterized by higher probabilities confirms the existence

of a cluster of good models that is a necessary condition for selecting one best model.

Beauducel et al. (2020a) used 7-day windows and only the 10 stations located in a circle with

a radius of 2.5 km centered around the PdF summit (see Figure 4.1). This choice was made to

avoid the noise generated by more distant stations. In our study, we extend this unsupervised
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Figure 4.5: Magnitude of 3D vectors displacement computed in 10 days windows for the 18 used
GNSS stations during 2014-2022. White color stand for missing data.

well estimated. The data are weighted by their errors, so a strong displacement associated with

a strong error with respect to other stations in the network will not dominate the inversion. We

note that the error on the vertical component is greater than horizontal component errors but

is not necessarily well estimated systematically. We therefore decide to increase the error ratio

between the vertical and horizontal components and set it at 2.5. Thus, the vertical component

has less weight on the inversion than the more accurate horizontal components. All inversion

calculations over the period 2014-2022 were done directly using the WebObs software (Beauducel

et al. (2020b)) on a local OVPF-IPGP server.

4.2 Results.

We performed systematic inversions over the whole period 2014-2022, giving a total of 2954

solutions in 10 days windows with a 1-day time step. We defined three parameters in order to

characterize the model robustness and reject ”bad” solutions, i.e., when the inversion does not

converge toward a model that adequately explains the data. This scenario exists either when

the displacement signal is too weak, remaining below the detection threshold, or if no pressure

source is active within the considered time window.

For each time window, we computed the value of the misfit between observed and modeled

displacements and then normalized it by a network-averaged of the displacement values, thus

defining the normalized misfit �. Then, we used the posteriori uncertainties of the best model

solution for the coordinates of the source and the estimated volume change. We define the

parameter � as:

� =

r

d2E + d2N + d2Z
3

, (4.28)

where dE , dN and dZ are the posteriori uncertainties for horizontal (X,Y) and depth coordinates

of the source, respectively. And we finally normalize the error on the volume change �V by
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the total amount of volume change ∆V , estimated as a third proxy of model robustness. We

represent the normalized misfit as a function of � and
�V

∆V
in Figure 4.6a, and 4.6b, respectively.

Figure 4.6: Normalized misfit as a function of a) � and b)
�V

∆V
, respectively. Red lines stand

for the thresholds defined for keeping the most robust models.

We then define 3 criteria for keeping the most robust models:

1. � < �̄ + ��, where �̄ and �� stand for the average and the standard deviation, respectively,

of the normalized misfit �.

2. 0 < � < �̄ + 2��, where �̄ and �� stand for the average and the standard deviation,

respectively, of the spatial posteriori uncertainty �.

3. |
�V

∆V
| < 0.5.

After applying these criteria, we keep 2002 solutions from 2954 inversions (approximately

68% of all models). We also ran the 2954 inversions over the 2014-2022 time period using 20

and 30 days time windows for testing the influence of the window length. With 20 and 30 days

time windows length, we keep 62% and 58% of all models, respectively.

We show in Figure 4.7 the number of sources kept after filtering out the less robust models,

for the 3 configurations (10, 20 and 30 days time window). We observe two maxima in the source

concentration: one at 1.5 km above sea level (asl) and one at 7 km bsl. We observe about 2

times more superficial sources when using the 30 days window compared to the 10 days window.

On the contrary, the maximum at 7 km bsl is more pronounced with 10 days window.

Because our method uses a single source as forward problem, in case of multiple sources,

only the dominant source inducing the maximum displacements at the surface will be identified

by the inverse problem. As a consequence, the main source of deformation might hide other

simultaneous active sources of lower amplitude. This might explain the trade-off between time
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window length and number of sources resolved in the shallow and deep maxima density sources.

By integrating the displacement trends over 30-day windows, there is a better chance of capturing

the shallow reservoir inflation, or possibly losing the deep signal if it is associated with a process

significantly shorter than 1 month. On the contrary, the use of 10-day windows seems to better

resolve the deformation sources related to deep processes. As one of the objectives of this study

is to better characterize the whole PdF magmatic system, we show in the following only the

detailed results using the 10-day window.

Figure 4.8a represents the spatial distribution of the pressure sources obtained for the 10-

day window. Figure 4.8b and d show the lateral and vertical source density number revealing

a maximum of sources centered beneath the PdF summit, mostly concentrated in the shallow

and deep areas. Similar to Figure 4.7, the first maximum is located in the shallow part of the

plumbing system around 1.5 km asl with a clear dominance of inflating sources with respect

to deflating sources (Figure 4.8c). We also observe co-eruptive deflation phases during long

eruptions which will be discussed in more detail in the next chapter part 5.2. However, in the

period considered 2014-2022, the volcanic edifice has expanded more than compressed. A second

maximum is inferred in the deep system around 7 km bsl. In this part of the system, there is

no clear dominance of inflation sources over deflation sources. This could mean that there is no

significant accumulation of magma in the deep reservoir but the system remains globally open.

We then classify the different deformation sources according to the volume changes ratios

defined in the equations 4.25 and 4.26. We use in particular the parameter A:

1. if A < 0.1 the source shape is vertical (i.e. total volume change dominated by the horizontal

volume changes (dVX and dVY )). In this case, the source shape is either a dyke if B < 0.1

or B > 0.9 (i.e. one of the horizontal volume change dominates the other) or a pipe-like

source if 0.1 < B < 0.9.

2. if A > 0.9, the source is a horizontal sill (i.e. the total volume change dominated by the

vertical volume change dVZ .

3. for 0.1  A  0.9 we classify the source as an ellipsoid.

We show in Figure 4.9 the resulting classification of sources.

Figure 4.10 shows in a different way the spatial distribution of pressure sources and of their

shapes. We add in Figure 4.10d the dominance of each cluster identified in Figure 4.9 as a

function of the depth. For simplicity, the vertical shapes are grouped together in a single group

(dyke and pipe). We then calculate the normalized volume changes for each group:
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Figure 4.9: Dimensionless ratio A characterizing the source shape as function of depth. Purple
color stands for ellipsoidal shape, orange color for pipe-like sources, red color for dyke-like
sources, and blue color for sill-like sources. Numerated red ellipses highlight identified cluster
of sources. (1) stands for a shallow cluster of source mainly ellipsoidal with a global decrease
of A with decreasing depth in this shallow part indicated with the blue arrow. Horizontal black
line at depth 0 km stands for the sea level. (2) represents a cluster of pipe-like and dyke-like
vertical sources with a maximum number observed at 7 km depth. (3) represents a deep cluster
of sill-like sources. The horizontal black line at 8.5 km depth indicates the transition at which
sill-like sources start to dominate the vertical pipe/dyke sources (see Figure 4.10d). Dashed red
ellipse indicate ellipsoidal sources scattered in the deep system.

1. a shallow cluster dominated by ellipsoidal source. The maximum of the ∆V ellipse function

is located at 1 km asl, with a shape dominated by prolate ellipse (0.1 < A < 0.3). Above

1.5 km asl, the system seems dominated by sill-like and pipe/dyke-like sources. Note that

here the pressure sources are often activated for time windows encompassing co-eruptive

deformation and are, therefore, influenced by shallow dykes and sill propagation leaving

the main reservoir. Below sea level, at the bottom of the shallow system, we report a

certain number of horizontal sill-like sources around 1 km bsl. Going upward the A ratio

decreases passing through ellipse oblates, ellipses, ellipse prolate.

2. a cluster of dyke and pipe vertical sources in the central part of the magmatic system
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Figure 4.10: a) Projection of pressure sources in the Easting-Depth plane. Blue, orange, red
and purple colors correspond to sill-like, dyke, pipe-like and ellipsoid shape sources (see main
text for criteria classification). Marker sizes are scaled with respect to the total volume change
(∆V ). Limits of the rheological layers between volcanic edifice, crust and mantle are indicated.
Depths of the oceanic crust and underplating are from Fontaine et al. (2015) and Gallart J (1999)
b) and c) Source density as function of lateral position (Easting) and depth. d) Blue, orange
and purple curves highlight the dominance of of horizontal sill-like, vertical dyke/pipe-like and
ellipsoid sources, respectively. They represent the ratio between the cumulative volume change
of these sources, and the sum of cumulative volume change of the two other groups, given in
equations 4.31).

between 3 and 8 km bsl. This cluster probably reveals a pipe-like structure through

which magma is channeled from a deep storage zone to the shallow reservoir. The deep

storage zone could be located around 7 km bsl where a local maximum of source density

is observed. We note that this coincides well with the 6 km bsl starting depth of the deep

seismic crises of 1998 (Battaglia et al. (2005a)) and 2015 (Lengliné et al. (2016)). While

some ellipsoidal sources are also obtained at this level (Figure 4.9), the vertical sources

remain clearly dominant. This could be explained by no significant magma storage in

this reservoir during the period 2014-2022 as the system remained generally open. Thus

the dominant source resolved by the inversion would be the change in volume in the pipe

linked to the magma rise in established conduits.
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3. a cluster of sill-like horizontal sources in the deep part of the system. At 8 km depth,

a vertical-to-horizontal source shape transition is observed with the dominance of sill-

like horizontal sources observed up to 20 km depth, the bottom of our search grid. In

Figure 4.10c, we observe an increase of sill-like sources between 8 km and the crust-mantle

boundary. Then their number remains stable in a zone of magma underplating at depth of

10 to 15 km (Gallart J, 1999). Deformation sources beneath 10 km should be interpreted

with caution because of the GNSS network aperture (most stations are distributed within

the 10-km diameter circle centered around the PdF summit and the maximum inter-station

distance is 12.5 km, see Figure 4.1). However, the vertical-horizontal transition at 8 km

depth and the underlying increase in sill-like source until 10 km depth should remain within

our resolution limit.

We show in Figure 4.11 a comparison of the spatial distribution of the pressure sources

inferred from the GNSS data with the OVPF-IPGP earthquake catalog for the 2014-2022 period.

The earthquake catalog contains both seismicity in the central (above 10 km depth) and shallow

system detected with template-matching methods (Lengliné et al., 2016; Duputel et al., 2019)

and deep seismicity (below 10 km) detected and located manually.

A remarkable feature is that most pressure sources imaged below 7 km depth lie in an almost

aseismic zone. Earthquakes scattered at a depth between 11 km and 20 km are roughly aligned

with a N120o direction, corresponding to the main alignment of cinder cones in the area (Michon

et al., 2015) and likely occur under a zone of magma underplating at depth of 10 to 15 km below

seal level (Gallart J, 1999; Duputel et al., 2021). Between 20 and 30 km, earthquakes follow a

trend that is roughly orthogonal to the former N120o direction. The observed spatio-temporal

patterns might suggest a link between this deep seismic activity and the eruptive activity of

Piton de la Fournaise volcano (Massin et al., 2011; Duputel et al., 2021).

We then sub-divide the magmatic system into three parts: shallow part with depth between

PdF summit and 1 km bsl; central part with depth between 1 km bsl up to 10 km; deep part

with depth greater than 10 km bsl. We represent in Figure 4.12 the cumulative number of

earthquakes and cumulative volume change of inflating and deflating pressure sources in these

three parts of the magma system.

Overall, we observe in Figure 4.12a that the positive volumetric change (source inflation)

seems to be well correlated with the increase in the number of earthquakes in the shallow

system. Sources of deflation mainly seem to take place during certain eruptive phases, which we

will discuss in more detail in the next section 5.2.
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Figure 4.12: Time evolution of cumulative inflating and deflating volume change (red and
blue curves, respectively) and earthquakes number (black curve) in: a) shallow system with
depth above 1 km bsl, b) intermediate system (depth between 1 and 10 km bsl) and c) deep
system (depth below 10 km bsl). Grey and orange rectangles stand for eruptions and intrusions,
respectively.

by inflation sources compared to deflation sources. This could suggest that in this period of

time, all the magma that arrives in the deep reservoir around 7 km is not directly transferred to

the shallow one. Such behavior has been previously reported by Peltier et al. (2018) suggesting

that during this time period the shallow reservoir is not continuously filled but magma ascents

by discontinuous pulses. This behavior is again observed in the inter-eruption period between

the September-October 2018 and February-March 2019 eruptions.

Then, this tendency of dominance of central inflation stops and is associated with a dominance

of deflation sources in the deep system (depth > 10 km, Figure 4.12c). This could reflect an

increase in deep magma flow and a return to more continuous replenishment of the shallow

reservoir. This period is associated with an increase in the number of eruption in 2019 (although

shorter) and intrusions.
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The fact that most of the deep sources are located in an aseismic zone surrounded by patches

of deep seismicity may suggest that inflation/deflation of the deep system generates changes in

the stress field around the deep reservoir and induces deep seismicity. However, it is difficult to

observe a clear correlation in Figure 4.12c between increases in deep earthquakes and increases

in volumetric changes in deep system sources. Further analysis of these correlations should be

done in the future to better understand the relationship between these two observables.

4.3 Discussion

Despite the limitations of the Coupound Dislocation Model point described in part 4.1.2, the

inversion of the dense GNSS network over a long period of time allows us to obtain a large

pressure sources catalog and then make a statistical analysis of it. Although we have made a

number of simplifications to invert the data, we found three distinct clusters of pressure sources

which show different potency ratios and source depths. This suggests that our method can

identify different patterns in network data, even when the signal-to-noise ratio is quite low.

Shallow system

In the shallow part of the magmatic system the deformation sources are scattered from 1 km

bsl to 2 km asl. A maximum source density is located at 1.5 km asl where the shallower magma

storage zone has been previously inferred (Peltier et al., 2016). Using ambient seismic noise,

Brenguier et al. (2007) show a high S wave velocity zone from 0.7 to 1.6km asl below the terminal

cone interpreted as a preferential path for magma injections. We note that we obtain mainly

prolate ellipsoidal shape in this zone (Figure 4.9) that are mostly active close to the eruptive

and intrusive periods (Figure 4.12a). Threfore, this activity can correspond to the vertical rise

of the magma before the lateral propagation phases (Peltier et al., 2005). From a seismic point

of view, this shallow zone above sea level is associated with the activation of a ring-fault system

with upward migration observed before lateral magma propagation (Duputel et al., 2019).

A shallow aseismic zone is reported by Lengliné et al. (2016); Duputel et al. (2021) between

about 1 km bsl and 0.5 km asl where a shallow magmatic chamber might lies. In this area, from

1 km bsl to 0.5 asl we observe a dominance of source going from sill-like to ellipsoidal via oblate

ellipse. These sources are rather active in the inter-eruptive periods. Thus, our imagery of the

shallower part would be consistent with a generally ellipsoidal oblate source shape between 0.5

km - 1.5 km asl, activated when the 10-day window is dominated by a high rate deformation
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associated with the movement of rising magma leaving the sea level reservoir.

The overall spreading of our shallow pressure sources is consistent with a vision in which

the shallow system is composed of a main magma reservoir around the sea level above which an

interconnected network of small cooling magma pockets reside (Di Muro et al., 2014; Coppola

et al., 2017). The exact shape and location of these magma pockets that might consist a network

of dikes and sills scattered above sea level remains a matter of debate (Lénat and Bachèlery,

1990; Peltier et al., 2009; Di Muro et al., 2014; Michon et al., 2016).

We then observe a gap in the pressure source density between 1 km bsl and about 3 km bsl.

This zone is imaged as a deep high velocity plug by Mordret et al. (2015) based on the ambient

noise tomography and fits the seismicity observed during the March 1998 deep seismic crisis

(Battaglia et al. (2005a)). Note that some discontinuity is observed in the upward migration of

the deep April 2015 seismic crisis between about 1 and 2 km bsl (Lengliné et al., 2016; Duputel

et al., 2021).

Central system

We image mostly pipe/dyke like sources between 3 and 8 km bsl probably revealing a vertical

conduit connecting the shallow and deep systems. An interesting prospect could be to better

understand the link between the volumetric changes of this conduit and the associated seismicity

of the central system (1-10 km asl). Beauducel et al. (2020a) imaged in June 2014 a rise of an

inflating source from about 7 km asl to the sea level over about 10 days. This certainly reflects

a magma ascent, which reactivated the shallow part of the system and triggered the eruption of

June 21, 2014 and the return of a cycle of strong eruptive activity. Note that this migration of

magma did not generate seismicity in the central part. Ten months later a deep seismic crisis

occurred in the central part with an upward migration starting from about 6 km asl with a speed

of 0.35 km/day (Lengliné et al., 2016). We observe in Figures 4.12b and c that the deep system

(depth below 10 km bsl) seems to be activated in terms of pressure source a few days before

this seismic crisis. It will be interesting to look in more detail at the spatio-temporal patterns

of pressure sources to compare them with the deep seismic crisis.

The beginning of the 2015 seismic crisis was accompanied by an acceleration of the volcano

edifice inflation. Such transient observations are frequently observed in the GNSS time series.

Walwer et al. (2022) analyzed such episodic inflation cycles on 3 volcanoes including PdF where

alternation of rapid inflation with longer episodes of relatively low level of deformation were

observed between 2004 and 2006. They derived a physical model of two magma bodies connected
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by a conduit in which the viscosity of the fluid varies with temperature or magma crystallization.

A viscosity increase lowers the efficiency of hydraulic connection between the two magma bodies.

This may clog the system cancelling out the pressure gradient driving the magma flow. In a case

of a constant supply from below (in our case from the deep system with depth > 10 km bsl),

there is a pressure gradient build-up. As a consequence, the velocity of the viscosity-dependent

magma flow can exhibit a sudden pulse to reduce the pressure gradient and bring the system

closer to its equilibrium state. Walwer et al. (2022) state that such pressure oscillations driving

the observed inflation cycles resemble the relaxation oscillations of a simple oscillator involving

a nonlinear dissipative mechanism. Therefore, they suggest that the resulting sharp variations

in the magma transport rate might not need a time-dependant magma flux into the system. We

note that such a model can explain the initiation of valve behavior which was used in the model

of Farge et al. (2021) to simulate rapid pressure transients propagation. We refer to that model

in chapter 6 to interpret the observation of rapid vertical migration of the seismic tremor under

the Klyuchevskoy volcano (Journeau et al., 2022).

With our detailed study of GNSS displacements over the period 2014-2022, we clearly

highlight the presence of 2 reservoirs connected by a pipe, and the model of Walwer et al.

(2022) could provide an interesting framework to better understand the transport mechanism

inducing different seismicity/deformation signals.

As mentioned above in part 4.2, we observe a slight dominance of central system inflation

over deflation which seems to coincide with a discontinuous shallow reservoir replenishment in

pulse since 2016 (Peltier et al., 2018). After the eruption of February 2019, the dominance of

central inflation stops with notable changes in the behavior of the deep system under 10 km bsl

where a dominance of the deflation of the deep system is observed.

Deep system

Our results show a deep system consisting of a network of horizontal-sill like sources whose

density increases from 8 km bsl up to 10 km bsl with a constant density up to 20 km bsl (limit

of our spatial grid). As mentioned above, we are limited in our interpretation both by the limit

of the GNSS network aperture and by the simplicity of the assumptions. While the transition

from dominantly vertical to dominantly horizontal sources around 8 km bsl remains within our

resolution limit, we can not definitely conclude concerning the large vertical spreading of this

deep cluster (see Figure 4.9).

Because our deep sill pressure sources are located in an almost aseismic zone, this could
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therefore confirm the existence of a hot and likely partially molten storage zone composed of a

network of sills. Moreover, the identification of a high density of horizontal sill-like sources close

to the crust-mantle boundary at the PdF may add an additional constraint on the underplating

mechanisms. Underplating refers here to preferential ponding of melt in the shallowest mantle

below the crust due to a density barrier (Fontaine et al., 2015). At La Réunion, a seismic velocity

layer of 7.7 km.s-1 on average between the oceanic crust and the upper mantle was highlighted

and interpreted as a subcrustal underplating linked to the accumulation of magmatic intrusions

(Gallart J, 1999).

Finally, we note that the existence of inter-connected deep and shallow magmatic storage

zones (as suggested from PdF by our results of the GNSS inversion) has been reported for other

volcanoes in different context. In Italy, Nunziata et al. (2006) suggest presence of hot, partially

molten crustal material deeper than 8 km beneath Mt. Vesuvius volcano. In Hawaii, Lin et al.

(2014) reports seismic evidence for a crustal magma reservoir around 8-11 km depth beneath

the Upper East Rift Zone of Kilauea Volcano. Gómez-Vasconcelos (2020) state that deep-seated

reservoirs might be an ubiquitous feature of all volcanic systems in Iceland. Beneath Krafla

volcano, Sturkell et al. (2006) inferred a deep-seated reservoir roof at 20 km - contact between

the upper mantle and lower crust. At Grimsvotn volcano, Reverso et al. (2014) propose a model

with two connected magma reservoirs, with basal magma inflow, as a source of deformation.

Gómez-Vasconcelos (2020) note that the corresponding deeper reservoir is likely to be sill-like

with a lateral diameter of about 10 km with a poorly constrained depth between 10 km and

30 km. Gudmundsson et al. (2016) show that Bárdarbunga caldera collapse in 2014–2015 was

initiated through withdrawal of magma from a 12 km deep reservoir. At Changbaishan Volcano

(China/North Korea), Trasatti et al. (2021) recently inferred a deep deflating tabular source

at 14 km depth via InSAR data inversion. At Kamchatka volcanoes (Russia), Journeau et al.

(2022) performed a detailed study of seismic tremor revealing interconnections between a deep

storage zone at 30 km depth and several volcanoes of the Klyuchevskoy Volcanic Group (see

chapter 6 of this thesis).
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Chapter 5

Tracking pre-eruptive and co-eruptive

magma propagation from a joint

interpretation of seismic and geodetic

observations

The analysis from the previous chapter clearly shows that strongest deformation signals are

produces by the shallow sources mainly associated with the eruptions or their preparation

processes. Therefore, in the current chapter we focus on the analysis of deformations observed

during such periods. We also complement the geodetic observations with the results of seismology

and perform a comparative analysis between the timing of the different sources of seismicity and

deformation in order to have a better view of all the active processes characterizing the shallow

magmatic transport system. In particular, we focus on the following episodes and observations:

1. the 31.01.2017 seismic crisis and associated rapid deformations measured in kinematic

mode before a flank eruption,

2. slow co-eruptive episodes of weak deformation,

3. swarms of broadband VTs earthquakes activated on a ring-fault system above shallow

sea-level reservoir (Duputel et al., 2019) that precede all eruptions and intrusions,

4. activations of shallow LP events beneath the PdF summit (Aki and Ferrazzini, 2000;

Zecevic et al., 2013),
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5. swarms of high-frequency micro-seismicity generated by the dyke tip fracturing the host

rock during its lateral propagation.

More or less intense LP signals are observed preceding all flank eruptions in the 2014-2022

time period and we choose to analyze rapid deformation preceding the January-February 2017

eruption as it corresponds to the most intense of observed LP swarms. Concerning the co-

eruptive deformations, we have selected the periods for which we have previously analyzed the

corresponding seismic tremor and lava discharge rate in chapter 3. We provided an analysis

of the long and complex July-August 2017 eruption revealing that the eruptive site continued

to be recharged at different times. Using GNSS network data inversion, we characterize here

three successive co-eruptive phases during which periods of deflation and inflation alternate.

Such a comparison between dynamic changes inferred by the tremor analysis and co-eruptive

deformation sources constitutes an important step in a better characterization of the eruptive

dynamics.

Finally, we isolate the end of eruptions periods of August-October 2015, February-March

2019, and December 2021-January 2022 for which ”paroxymal effusive” phases were detected.

These phases are characterized by an absence of gas-piston, a final increase of seismic tremor

amplitude and lava discharge rate, as well as the volcanic edifice contraction. We therefore

provide in this chapter a characterization of the associated deformation sources and conclusive

remarks about these episodes.
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5.1 Tracking shallow magma propagation toward eruptive site from

kinematic GNSS and seismic data

5.1.1 Application to the 31.01.2017 intrusion feeding the January-February 2017 eruption

In this section, we seek to better characterize the dynamics of the magma propagation from the

shallow reservoir to the eruptive site. We take the example of the January 31, 2017 magma

injection, which led to an eruption that lasted until February 27 on the southern flank. We show

in the Figure 5.1a the displacements measured during the GNSS campaigns after the eruption

(purple color) and at the continuous GNSS (cGNSS) stations (cyan color). The position of the

GNSS campaign sites were measured between September 23-30, 2016 and February 16-21, 2017.

Measured displacements mainly reflect the pattern generated by the magma propagation toward

the eruptive site before the January 31, 2017 eruption. Indeed, the inter-eruptive and co-eruptive

deformation signals (often less than a few cm) are negligible compared to those induced by the

shallow magma transport to the surface. The cyan arrows show the total displacement of the

cGNSS stations over 24 hours during 31.07.2017.

Figures 5.1b and c show the temporal evolution of the East and North displacements of

the SNEG (summit) and FOAG (South flank) stations. Period (1) shows a strong northward

displacement of the SNEG station ending approximately when the FOAG station begins to

move southeast (period (2)). This probably indicated the departure of magma from the shallow

reservoir. We then observe a change in the period (3) with a North-East displacement of the

FOAG station. This probably reveals that the dyke tip arrives at its latitude and migrates further

South. We note that the first eruptive fissure opens at this latitude about 100 minutes after this

change of position. We also observe that the FOAG station is still moving a few centimeters to

the North-East in the hour following the start of the eruption, potentially indicating that the

dyke continues to migrate south during this period.

For the GNSS data processing in kinematic mode with a solution per measurement period

(every 1 or 30 seconds depending on the stations) in differential mode, we used TRACK, a

GAMIT software module. In our case, we use the GITG station (see map Figure 4.1) as a

reference station, as it is unaffected by the shallow magma transport inducing short wavelength

deformation signals. We apply on these data the same automatic and unsupervised GNSS

inversion method using the pCDM analytical equations.

Figure 5.2 shows 2D images representing the temporal evolution of the GNSS network

displacements on 31.01.2017. We represent the magnitude of the 3D vector displacement ||D||
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(see equation 4.27) for all stations within 30 minutes sliding windows (5 minute time step).

GNSS stations are ordered with respect to their distance from the summit in Figure 5.2a and

to their elevation in Figure 5.2b.

Figure 5.2: Time evolution of the magnitude of the 3D displacement vector (East, North, Up)
for all the stations of the network calculated in sliding windows of 30 minutes (with a 5 minute
time step). The y-axis represents the position of the stations in the network. In a), stations are
ordered according to their latitude (computed as a distance with respect to the summit, positive
and negative values meaning that station are North and South to the summit, respectively. Red
horizontal solid line corresponds to the summit position and horizontal red dashed lines stand
for the position of SNEG and DSRG summit stations. In b), stations are ordered with respect
to their altitude and the horizontal red dashed line stand for the position of the summit DERG
station.

We first observe the appearance of a well-marked summit deformation signal on the stations

closest to the summit and then a migration towards the South with the appearance of the

deformation signal on the FOAG station to the South (Figure 5.2a). Interestingly, we observe

in Figure 5.2b weak signals of displacement (a few cm in 30 minutes) at stations of low altitude

located in the East flank (HDLG, TRCG, GBNG, GBDG) which appear when the signal from

the FOAG station (southern flank, Figure 5.1a) begins to decrease. Note that these signals cease
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shortly before the eruption. In order to more accurately track the position of the pressure source

over time, we invert the GNSS trends in these 30-minute windows with a 5-minute time step.

Inferred source position are showed in Figure 5.3c, d and e.

Figure 5.3: a) Seismic network covariance matrix spectral width computed on 120-s overlapping
window. b) Magnitude of the 3D displacement vector (East, North, Up) for all GNSS stations
computed in 30 minutes window. c), d) and e) East position, North position and depth of VTs
(blue circles), automatic CovSeisNet hypocenters (green points), LP (magenta crosses, located
with CovSeisNet), and pressure sources (orange markers). Red horizontal lines in c) and d)
stand for the East and North position of the eruptive fissure. Vertical red lines delimit three
period (1), (2) and (3) described in the main text.
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We are also looking at the seismicity associated with this magma injection. We apply the

CovSeisNet method described in chapter 2 to calculate the spectral width of the covariance

matrix (Figure 5.3a). We represent the equivalent of Figure 5.2a in panel (b) of Figure 5.3 to

more easily compare the seismic and deformation signals. Based on this comparison, we identify

3 phases:

1. the intense seismic crisis with activation of broadband VTs and a few minutes later a strong

displacement of the summit SNEG and DSRG GNSS stations suggesting the starting of

the magma propagation from the shallow reservoir (Figure 4.1 for the station map);

2. a decrease in seismic crisis intensity with a halt in the excitement of broadband VTs. We

start to detect deformation signals for the DSRG summit station southeast of Dolomieu

and then the FOAG station on the southern flank, close to the future eruptive site. This

suggests that the magma begins its lateral propagation towards the southern flank. In

terms of seismicity, this is accompanied by a high frequency (HF) micro-seismicity swarm

(also observed during other episode of the lateral magma migration 10.14.2010 before the

October 2010 eruption (De Barros et al., 2013; Journeau et al., 2020)). A long-period (LP)

seismicity swarm is also observed (similar to other episodes of lateral magma propagation

at the PdF in 1998 , 2010, and 2016 (Aki and Ferrazzini, 2000; Zecevic et al., 2013;

Smittarello et al., 2019)),

3. the deformation signals become weaker, the LP swarm fades but the HF swarm remains

active.

With using CovSeisNet, we also extract hypocenter coordinate in 1000s windows overlapping

at 50% in a frequency band 0.5-10 Hz (as explained in chapter 2). We also perform a second

automatic source location by filtering signals in the 0.5 - 2 Hz band to locate the LP sources

acting simultaneously with the HF events in phase (2). We represent VT earthquakes detected

by template matching and relocated by the double difference method (Lengliné et al., 2016;

Duputel et al., 2019). All these locations are shown in Figures 5.3c, d, and e with orange, green,

purple and blue markers for pressure sources, automatic seismicity location (0.5 - 10 Hz), LPs

and VTs respectively.

We show in Figure 5.4 a detailed zoom of the spatio-temporal evolution of the sources of

seismicity and deformation associated with the shallow magma transport preceding the eruption

of January 31, 2017. Figures 5.4a) and b) show the spatial distribution of all the sources between

11:00 a.m. and 3:40 p.m. (time of the start of the eruption), projected on the East-North and
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North-Depth planes, respectively. The red shape surrounds the active sources associated with

the lateral propagation of magma towards the eruptive site. We note that this configuration is

consistent with the shape of the curved dyke modeled by Dumont et al. (2022) (see Figure 5.5).

Figure 5.4: Zoom of seismic and deformation source position during lateral shallow magma
migration on 31.01.2017. a) and b) show a map and a depth view of the active sources from
11:00 to 15:40. c) and d) show North position and source depth as a function of time from
10:30 to 16:00. Same color-code as Figure 5.3. Notice that the time of each source refers to the
central time window in which the inversion is done. Red horizontal line in c) stand for the North
position of the first eruptive fissure. (i), (ii), (iii), (iv) and (v) refer to different periods leading
to the eruption and described in the main text.

The detailed analysis of the seismicity and deformation sources allows us to constrain the

dynamics of the final propagation of the magma from the shallow reservoir to the surface. We

distinguish several phases:

1. the intense seismic crisis composed of broadband VTs (Figure 5.3a) begins at 11:24 UTC

and is located on the southern branch of the annular structure imaged by Duputel et al.

(2019). It probably reflects the formation of a localized zone of stress concentration above

the shallow magma reservoir. It lasts about 30 minutes and migrates from East to West
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concomitant with the onset of the deformation. It probably reflects a phase of vertical

propagation of the dyke from the magmatic reservoir roof as it is typically observed before

PdF eruptions (Peltier et al., 2005).

3. At 11:54 UTC, we observe a decrease in seismicity intensity, an appearance of HF and

LP swarms and local deformation signal on the FOAG station (southern flank), coinciding

with the start of the magma lateral propagation which lasts 115 minutes. The LP swarm

is located under the PdF summit, between 1.2 and 2.2 km asl. It ends when the sources of

HF seismicity and deformation arrive at the latitude of the future eruptive site. 55 % of

deformation sources during lateral propagation have sill-like shape against 40 % ellipsoidal

and 5% pipe-like. At the end of this phase, FOAG station deformation signal weakens and

we no longer obtain stable deformation sources via the GNSS data inversion.

4. During this 90 minutes phase, from 13:49 UTC we only observe HF seismicity, which has

already migrated very superficially and close to the future eruptive site.

5. At 15:20 we start to observe the “pre-eruptive” tremor with emergence of a coherent

continuous signal, which progressively enriched in low-frequency reaching a minimal value

of 0.6 Hz 23 min later. This approximately corresponds to the eruption starting time

declared by OVPF-IPGP based on tremor amplitude observations. Notice that we do not

have image of the eruptive site at the eruption beginning to confirm the exact timing of

lava emission. However, based on our findings described in chapter 3, we can assume that

the beginning of the eruption corresponds to this moment when the minimum frequency

is reached at 15:43 UTC,

6. Eruption starts and will last 27 days.

We show in Figure 5.6a the time evolution of projected seismic and deformation sources

on a North-South profile (zero corresponds to the PdF summit). Figure 5.6b represent the

volumetric change evolution of the deformation sources. We also show in Figure 5.6a with grey

line a simplified prediction of the dyke length evolution in time. This prediction is based on

a model of a dyke connected to a circular magma chamber. Depressurization of the magma

chamber induces a decrease in the dyke propagation velocity using a logarithmic law, such as:

d(t) = ḋ⌧ log(1 +
t

⌧
), (5.1)

where d is the dyke length, t is the time, ḋ and ⌧ are characteristic growth rate and timescale,
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respectively. We choose here a speed of 0.8 m/s that we estimate over t = 30 min (the first

30 minutes of the lateral propagation). Note that this velocity falls within the range of values

typically observed for magma lateral propagation at the PdF as reported by Peltier et al. (2005)

who also observe the progressive lateral velocity decrease.

Figure 5.6: a) Position of pressure and seismic sources projected along a North-South profile
whose origin is PdF summit, as a function of time. Same color-code as Figure 5.3 and 5.4
(blue: VTs, green: automatic CovSeisNet location with HF swarm and co-eruptive tremor,
orange: pressure sources). Horizontal red dashed lines stand for the position of eruptive fissures.
Vertical red dashed line corresponds to the eruption start time. The grey curve correspond to
the equation 5.1. b) Red points indicate the volume change of each pressure source inferred via
the GNSS data inversion and red curve is smoothed with a 30-min window. Black curve is the
cumulative volumetric change as a function of time. Vertical solid black line stand for the lateral
magma propagation onset.
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5.1.2 Shallow magma transport mechanisms

First, we note that the duration of the magma vertical ascent from the shallow reservoir (seismic

crisis of 30 minutes with about 20 minutes of vertical migration) is consistent with the phases

of vertical propagation observed for other PdF eruptions ranging from 10 to 50 minutes (Peltier

et al., 2005; Roult et al., 2012). However, a corresponding migration of the pressure source is not

observed. When the seismicity begins to migrate upwards, the pressure source is already high in

the edifice and its position remains relatively stable. As suggested in other studies (Lénat and

Bachèlery, 1990; Di Muro et al., 2014; Peltier et al., 2016; Coppola et al., 2017), it is possible

that the superficial part of the plumbing system consists of a network of interconnected and

scattered magma pockets. As seen in Figure 5.6b, the corresponding shallow source volume

change increase over time in this first phase of upward seismic migration. Thus, perhaps a

transfer of fluid from the main reservoir located under the VT seismicity cluster to one of these

superficial pockets around 1.5 km asl occurs once a certain overpressure threshold is reached.

This could explain the increase in volumetric change of the corresponding shallow source over

time while its position remains stable. The vertical migration of seismicity would be a response

of this transfer modifying the stress field and inducing the rupture of the fault on its more

superficial eastward dipping part.

We also note that the position of this shallow source (about 500 meters above the maximum

elevation of the pre-eruptive VT seismicity cluster) corresponds to the depth of the maximum

source density of ellipsoidal sources inferred by the mechanical tomography (Figure 4.10, chapter

4). These shallow sources are mainly activated during the eruptive periods.

Note that without gravity measurement, we cannot estimate the density of the fluid involved

and determine its origin (magma or hydrothermal fluid). Several studies suggest the presence of

a shallow hydrothermal system under the PdF summit (Lénat et al., 2000; Gouhier and Coppola,

2011; Peltier et al., 2012) that can be re-activated by the rising magma (Lénat et al., 2012).

Mauri et al. (2018) identify a significant link between the hydrothermal system and magmatic

activity. Therefore, the rising fluid and the upward heat flux might contribute to the shallow

inflation source inferred from the GNSS inversion.

The magma then began a lateral propagation towards the southern flank marking the end

of the previous phase with a drop in intensity of seismicity and a cessation of the shallow source

inflation. This lateral propagation is controlled by different parameters. First, the volcano

edifice weight can create a compressive stress field preventing the ascent of the magma towards

the summit and favoring a radial orientation toward a flank (Pinel and Jaupart, 2004). The
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existence of preferential intrusion paths play also a key role with pre-existing fracturing guiding

the injection towards the rift zones (Peltier et al., 2005; Michon et al., 2015).

The lateral magma propagation is associated with a shallow swarm of LP seismicity below

the summit. This swarm is little more centered and higher in the volcanic edifice than the

previous shallow deformation source. The LP seismicity (except co-eruptive seismic tremor) is

rarely observed at the PdF. Aki and Ferrazzini (2000) detected only 800 LPs in a 11 year time

period containing 28 eruptions and Zecevic et al. (2013) only 15 LP events in one year with 5

eruptions. These LPs are only observed in the pre-eruptive phases preceding the flank eruption

(as it is the case for this swarm of 01.31.2017) towards the end of the seismic crisis when the

number of VTs begins to decrease.

Zecevic et al. (2013) have formulated several hypotheses concerning their occurrence involving

shallow pressure fluctuations. Considering a pressure increase within hydrothermal system, when

pressure reaches a critical threshold, fluid is rapidly discharged from hydrothermal crack thereby

triggering resonance and generating LP events. We note that in our case this threshold could

correspond to the moment when volumetric change stop to increase in Figure 5.6b.

Another hypothesis involves summit deflation when pressure is release during lateral dyke

propagation toward the flank. This may result in horizontal crack closing ejecting hydrothermal

fluid and generating LP event. We note that such depressurization of a circular magma chamber

connected to a laterally growing dyke is predicted by Grossman-Ponemon et al. (2020). In this

configuration, the dyke growth follows a logarithmic law defined in equation 5.1.

We show the time evolution of the dyke modeled by this equation by the gray curve in

Figure 5.6 which appears to be more or less in agreement with observations from pressure source

and micro-seismicity tracking. Thus, with this model, the progressive depressurization of the

summit reservoir would cause a decrease in the lateral propagation speed of the dyke over time.

This slowdown in propagation when the dyke arrives close to the position of the future eruptive

fissure could contribute to the delay of approximately 1h30 between this arrival and the start of

the eruption.

Moreover, this would also explain the fact that we observe the LP swarm and a strong

local deformation signal on the southern flank only in the first part of the lateral propagation,

i.e., when the over-pressure is still high. Thus, once the pressure has dropped significantly,

the excitation of the LPs would stop and the propagation of the dyke becomes too slow to

significantly deform the southern flank (below the limit of the detection threshold associated to

the network, less dense in the volcano flanks than at its summit).
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Lengliné et al. (2021) show that the seismicity associated with the lateral intrusion leading

to the 2018 Kilauea eruption matches a logarithmic dyke growth following Grossman-Ponemon

et al. (2020). They also found that the resulting pressure decay is in good agreement with tilt

signals revealing that most of the observed deflation is associated with the dyke intrusion. It

might be interesting to see if weak PdF tilt signals can also highlight reservoir depressurization

explaining the lateral propagation properties.

However, we note that we have limits in our approach. The automatic micro-seismicity

location with CovSeisNet was made in a 0.5-10 Hz frequency band in windows of 1000s. It will

be interesting to carry out new tests to see if this micro-seismicity can be tracked more precisely

by adjusting the frequency band. We note that De Barros et al. (2013) sees energy linked to the

HF swarm up to 40 Hz for the case of the propagation of magma towards the southern flank

on 14.10.2010. It may also be important to increase the temporal resolution of the windows

and to perform the back-projection process described in chapter 2 with the complete 3D S-wave

velocity model of Mordret et al. (2015) (here we use the 1D average of the S-wave model).

Regarding the tracking of deformation sources, we approach the limit of the far-field approximation.

One way to improve the results could be to use the full form of the CDM model by adding a 10th

parameter in the Bayesian inversion to estimate the source size. Tests done by Nikkhoo et al.

(2016) show that the CDM shape performs better in the near field than using pCDM version with

the point-source approximation. We also have a resolution limit based on the intrinsic GNSS

method error. Indeed, when the intrusion starts to move too far from the denser GNSS network

(basically outside the inner circle in Figure 4.1), the induced displacement signals for most

stations become more or less equal to the method accuracy. Therefore, the GNSS records start

to become dominated by random noise and we can no longer estimate precisely the associated

deformation sources.

It is then important to understand why the lateral magma propagation stops and what

mechanisms enable the final magma vertical ascent and the corresponding eruption triggering.

As discussed in Lengliné et al. (2021), magma might not propagate laterally anymore when dyke

overpressure becomes too small. They also note that the minimum compressive stress above the

dyke decreases during lateral magma propagation with the decrease of surface elevation above

the dyke. At some point it might be low enough so that dyke can start its vertical ascent.

Smittarello et al. (2019) provided a detailed discussion of this final vertical phase for the May

2016 eruption also located on the southern flank. They reported two possible scenarios, namely

the segregation of a gas phase and the sliding of the eastern flank. Based on the analysis of the
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“pre-eruptive” tremor, we have an evidence of such segregation of a gaseous phase which would

take place about twenty minutes before the onset of the eruption. This “pre-eruptive” tremor

is activated more than 1 hour after the arrival of the intrusion close to the future eruptive site.

This can reveal some timescale needed for an efficient gas segregation to occur.

Smittarello et al. (2019) note that the intrusion of magma in the southern flank could favor

an eastward movement of the eastern flank (Brenguier et al., 2012; Peltier et al., 2015). Such

an eastward transient slip can modifiy the stress field triggering the magma ascent. It could

also favor the exsolution of the gaseous phase leading to the vertical migration of magma under

the eruptive site. Note that in our case this eastward transient slip could be responsible for the

weak displacement signals observed on the eastern low altitude GNSS stations in Figure 5.2b.

5.2 Co-eruptive deformation analysis

In this section we focus on characterizing the deformation sources active throughout the July-

August 2017 eruption and those at the end of the August-October 2015, February-March 2019

and December 2021-January 2022 eruptions, associated with the ”effusive paroxysm” discussed

in chapter 3.

5.2.1 Deformation sources associated to the July-August 2017 eruption

We show in Figure 5.7 the temporal evolution of baseline changes between different GNSS station

pairs (see Figure 5.7a). We see 3 different phases. (1) During the 1st week of the eruption, the

edifice is contracting during (baseline reduction). (2) Then, a phase of inflation of about 20 days

(baselane increase). (3) The last phase of deflation during 10 days preceding the final phase

of the eruption with the appearance of the gas-piston and the migration of magma in depth

approximately 1 km further south of the eruptive site (see chapter 3).

We show in Figure 5.8 the GNSS displacements corresponding to these 3 co-eruptive periods

as well as the pCDM source explaining the deformation pattern. For the spatial representation

of the source, the semi-axes of the ellipse dx, dy and dz with unitary volume of the source are

obtained such that:
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Figure 5.7: a) Map showing the baselines between GNSS station pair b) BORG-DERG (blue
curve), c) BORG-DSRG (red curve), d) BORG-SNEG (green curve), e) DSRG-SNEG (light
blue curve), f) FOAG-FJAG (purple curve) and g) PRAG-FREG (orange curve). Blue and red
rectangles highlight periods with deflation and inflation of the volcano edifice, respectively.

and are normalized by max(dx, dy, dz).

The two phases of deflation (14.07.2017 - 20.07.2017 and 11.08.2017 - 20.07.2017) are better

180



5.2. CO-ERUPTIVE DEFORMATION ANALYSIS

Figure 5.8: Vector representation of the GNSS displacements during the 3 co-eruptive periods
of the July-August 2017 eruption and position of the pCDM source inferred by the inversion of
these data: a) from 14.07.2017 to 20.07.2017 (deflation), b) 20.07.2017 to 11.08.2017 (inflation)
and c) 11.08.2017 to 20.08.2017. The green lines centered on the deformation source correspond
to its position uncertainties. Blue and red ellipse stand for deflating and inflating pressure
sources, respectively, and red lines on the map views for the south flank eruptive fissures.

explained by a sill-like source offset with respect to the PdF summit. It is located on the South

Dolomieu side (note that eruptive fissure opened on the southern flank), at 0.44 ± 0.5 km and 1 ±

1.2 km above and bsl, respectively. The associated volume change for these two phases are -0.19

± 0.045 and -0.4 ± 0.055 Mm3, respectively, and probably reflect a draining effect of the shallow

magmatic system. The position and sill-like shape obtained via the GNSS inversion suggest the

influence of multiple sources, i.e., the shallow reservoir connected to a planar structure in which

the magma is transported to the eruptive site. The period of co-eruptive inflation is explained

by an ellipse more centered under the PdF summit and shallower than deflation sill sources,

at 1.5 ± 1.3 asl with a volume change of 0.11 ± 0.01 Mm3. Model parameters and misfit are

reported in Table 5.1 for all the analyzed phases.

5.2.2 Deformation sources associated to “effusive paroxysm” end-of-eruption

These end-of-eruption ”effusive paroxysm” are characterized by a final TADR burst with seismic

tremor amplitude increase and baseline decrease (deflation) between the near-summit GNSS

stations. This deflation signal decrease suggests a contraction of the volcano summit that we

aim to characterize in more details using GNSS network data inversion.

We show in Figure 5.9 the displacements of the GNSS stations corresponding to these 3 end-

of-eruption periods as well as the associated pCDM sources. This confirms a consistent deflation
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Table 5.1. List of pCDM parameters for 6 co-eruptive periods during the August-October 2015,
July-August 2017, February-March 2019 and December 2021-January 2022 eruptions.

Eruption lon (°) ±dE (km) lat (°) ±dN (km) d ±dZ (km) ∆V ± δV (Mm3) A
B shape misfit (mm)

13.10 - 17.10, 2015 55.7138 ± 0.15 -21.2446 ± 0.21 -1.3 ± 1.35 -0.17 ± 0.02 0.16
0.63 ellipsoid 4.9

14.07 - 20.07, 2017 55.7157 ± 0.1 -21.2503 ± 0.7 -0.44 ± 0.5 -0.19 ± 0.045 0.9
0.13 sill 4.7

20.07 - 11.08, 2017 55.7173 ± 0.15 -21.2466 ± 0.4 -1.53 ± 1.3 0.11 ± 0.01 0.11
0.77 ellipsoid 4.3

11.08 - 20.08, 2017 55.7228 ± 0.65 -21.2564 ± 1.25 1 ± 1.2 -0.4 ± 0.055 0.92
0.95 sill 4.3

07.03 - 12.03, 2019 55.7146 ± 0.22 -21.2456 ± 0.39 -1.391 ± 1.2 -0.27 ± 0.045 0.2
0.77 ellipsoid 7.5

10.01 - 18.01, 2022 55.7166 ± 0.12 -21.2461 ± 0.48 -1.5 ± 1.2 -0.29 ± 0.025 0.13
0.51 ellipsoid 7.4 height

pattern seen by all summit GNSS stations explained by a deflating ellipse centered under the

top of the PdF around 1.4 km asl (see Table 5.1 for the pCDM parameters).

The source explaining these deflation periods are more ellipsoidal and more centered under

the PdF summit than the sill-like sources of deflation inferred for the July-August 2017 eruption.

This may favor a scenario in which following a deep fluid replenishment, the shallow reservoir

drains to feed the eruptive fissure, explaining the apparition of hotter and less differentiated lava

during the late phase of these eruptions.

Figure 5.9: Vector representation of the displacements of the GNSS stations during the last
phase of the August-October 2015, February-March 2019 and December 2021 - January 2022
eruptions and position of the pCDM source inferred via the inversion of the data: a) from
13.10.2015 to 17.10.2015 (deflation), b) 07.03.2019 to 12.03.2019 (deflation) and c) 10.01.2022
to 18.01.2022. The green lines centered on the deformation source correspond to its position
uncertainties. Blue ellipses stand for the deflation pCDM sources, and red lines for the eruptive
fissures.
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5.2.3 Linking eruptive dynamics and co-eruptive deformation

The co-eruptive periods associated with long eruptions are characterized by weak deformation

signals of the order of a few millimeters. Thereby they required sensitive methods for their

detection and source characterization. In order to properly capture the observed signals and

model their source, we use window sizes appropriate to the duration of the signals observed on

the baselines (not systematically 10 days as before). These signals are informative about the

co-eruptive magma transport when a hydraulic connection is probably open between the summit

reservoir and the eruptive site. Indeed, in such a configuration the magma transport induces

little or no VT seismicity.

Seismic tremor also represents a potential source of information about shallow magma

transport mechanisms. Its comparison with the weak signals of deformation and associated

sources thus represents an important potential step in the understanding of its properties changes

and related eruptive dynamics.

We first observe a volcanic edifice deflation signal in the first phase of the analyzed long-

duration eruptions, which lasts 6 days in average. We note that at the end of this deflation, the

lava discharge rate has finished its initial phase of decrease and remains stable (see chapter 3).

Coppola et al. (2017) also reports similarities between the duration of the initial phases of

the edifice contraction and the decrease of lava discharge rate for the 2014-2015 eruptions. Thus

the volcano edifice contraction could be simply linked to the emptying of the shallow reservoir

feeding the eruptive site, with an outgoing flow greater than the incoming flow.

The modeling of this initial phase for the July-August 2017 (14.07.2017 - 20.07.2017) reveals

that the source is not centered under the summit of the PdF but is located on the South of

the Dolomieu, and presents a form of horizontal sill (Figure 5.8a). Thus, for this eruption, it is

possible that the signal is also influenced by the closure of a sill connected to the summit reservoir

which feeds the eruption. Smittarello et al. (2019) indicates that the InSAR deformation pattern

associated with the magma propagation before this eruption is similar to that of May 2016. The

modeling of InSAR data for May 2016 reveals that the magma was transported by a sill towards

the eruptive site before the final ascent of a dyke. It will be interesting to model all the initial

deflation phases with the GNSS data during eruptions in the period 2014-2022 to see if a similar

behavior is observed.

Then the reverse behavior is observed following the initial deflation phase. An inflation signal

is observed (lasting 25 days on average for the 2014-2022 long eruption). At this moment the

TADR is already weak and the flow entering the shallow reservoir from below probably becomes
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larger than the flow leaving and feeding the eruption. The corresponding inflation signal for

the July-August 2017 (20.07.2017 - 11.08.2017) is best explained by a shallow ellipsoidal source

(Figure 5.8b.)

In most cases the eruption stops following the end of this inflation phase, displaying low

TADR values and a slow seismic tremor amplitude decay lasting few hours to days. However,

for a few exceptions, the end of the eruption is again characterized by a final edifice contraction

and an increase in TADR at the eruptive site named as ”effusive paroxysm” phase by Coppola

et al. (2017).

The July-August 2017 end-of-eruption also presents a phase of final deflation but without

a final increase in the TADR, probably because the magma leaving the shallow reservoir did

not directly fed the eruptive site but continued its migration towards the south, as explained in

chapter 3. Regarding this last deflation phase, the signal is best explained by the closure of a sill

(Figure 5.8c) located of the southern flank, where the eruption and the final magma propagation

took place.

We present in Figures 5.9a,b, and c the models explaining the final edifice contraction

associated with TADR increase. These sources are better centered under the PdF summit and

are characterized by ellipsoidal shapes. These observations favor a scenario where the hydraulic

connection between reservoir and eruptive site remains open and deflation is due to the last

pulse of magma leaving the reservoir to feed the last ”effusive paroxysm” phase (Coppola et al.

(2017)).
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Chapter 6

Seismic tremor reveals active

trans-crustal magmatic system beneath

Kamchatka volcanoes

In this chapter, we apply the methodologies introduced in Chapter 2 to the KISS temporary

seismic network operating between August 2015 and July 2016 in the Klyuchevskoy Volcanic

Group region. This area includes 3 very active volcanoes, the Klyuchevskoy, Bezymyanny and

Tolbachik. This period of time includes a phase of preparation of the magmatic system for

the eruption of approximately 8 months then a co-eruptive phase of 4 months which began on

April 3, 2016 with the eruption of Klyuchevskoy. We focus in this study on the analysis of

long-period seismicity (continuous tremor and deep long-period events located around 30 km

deep). In the first 3-4 months the tremor is mainly active in the deep part of the system around

30 km depth. We then identify DLP (deep long-period) swarms under Klyuchevskoy followed by

system-wide destabilization. Rapid vertical migrations of the sources of the tremor are observed

at several km/hr under Klyuchevskoy both upward and downward and the whole system is

then activated from the depths to the superficial system. Such migrations can be explained

by pressure transients. It is noted that this period of strong seismic activity does not lead

immediately to an eruption. An increase in the number of tremor under the Tolbachik volcano

suggests that a potential transfer of overpressure is from the main system under Klyuchevskoy

to the Tolbahcik system. About 1 month and a half later a new DLP swarm is detected again

followed by a destabilization of the system before the triggering of the eruption a few weeks

later.
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The large extent of the spatial distribution of tremor sources favors a conceptual vision of a

large transcrustal magmatic system and this study makes it possible to pose new constraints on

the mechanisms of deep transport of magma and destabilization of such a system leading to a

unrest period.

This chapter was published in Journeau et al. (2022), Science Advances: Seismic tremor

reveals active trans-crustal magmatic system beneath Kamchatka volcanoes -

https://www.science.org/doi/10.1126/sciadv.abj1571. To facilitate the reading we add the figures

of Supplementary Materials in the body chapter. We also removed paragraphs from Material

and Methods redundant with Chapter 2.

The occurrence and the style of volcanic eruptions are largely

controlled by the ways in which magma is stored and transported

from the mantle to the surface through the crust. Nevertheless,

our understanding of the deep roots of volcano-magmatic systems

remains very limited. Here we use the sources of seismo-volcanic

tremor to delineate the active part of the magmatic system beneath

the Klyuchevskoy Volcanic Group in Kamchatka, Russia. The

tremor sources are distributed in a wide spatial region over the

whole range of crustal depths connecting different volcanoes of the

group. The tremor activity is characterized by rapid vertical and

lateral migrations explained by fast pressure transients and dynamic

permeability. Our results support the conceptual model of extended

and highly dynamic trans-crustal magmatic systems.
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6.1 Introduction

While most of volcanoes are fed by basaltic magmas originated in the upper mantle, the

style and frequency of eruptions and composition of erupted rocks vary very strongly between

different volcanic systems. This variability is due to the transport of magma from its generating

region in the mantle toward the surface. This transport is particularly complex across a thick

and relatively light continental crust where significant volumes of magma can be stored at

intermediate depths and exhibit chemical transformations via crystallization, degassing, differentiation,

and interaction with surrounding rocks. However, our knowledge about the deep structure

of the plumbing systems of active volcanoes remains limited and in many publications their

representation remains at conceptual level. A traditional concept is that magma storage occurs

mainly in relatively shallow and long-lived reservoirs. Geological evidence accumulated during

the last three decades, however, spawned the image of trans-crustal systems where mixtures of

melt, crystals, and volatiles are heterogeneously distributed with intermittent vertical connectivity

(Cashman et al., 2017; Holness et al., 2019). The interaction between shallow reservoirs and

deeper storage might affect the size and evolution of eruptions (Colucci and Papale, 2021). How

such elaborate systems get built over time and how they contribute to individual eruptive events

remains poorly understood.

Seismic (Lees, 2007) and sometimes electromagnetic (Hill et al., 2009) imaging are widely

used to study the structure of volcanic systems and understand their dynamics. These approaches

are mostly successful either in imaging shallow magma chambers in the upper crust or large-

scale magma and melt containing regions in the uppermost mantle. Volcano-related structures

within the mid-lower crust remain a difficult target for geophysical imaging and could only be

reported beneath some of the largest or well instrumented volcanic systems (Jaxybulatov et al.,

2014; Huang et al., 2015; Kiser et al., 2016; Koulakov et al., 2017; Flinders and Shen, 2017;

Janiszewski et al., 2020). This difficulty may reflect the distributed nature of magma storage

in the mid-lower crust, resulting in much weaker contrasts in media properties compared with

localized magma chambers. Here we suggest that the deep parts of active volcano plumbing

systems can be delineated based on their seismic activity and apply this idea to one of the

World’s largest volcanic groups located in Kamchatka, Russia.

Different physical processes occurring in volcanic systems can generate seismic signals (McNutt

and Roman, 2015). First, volcanic seismicity can originate from faulting within the volcanic

edifice and the underlying crust that generate so-called volcano-tectonic (VT) earthquakes
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(Roman and Cashman, 2006). This type of seismicity mostly occurs in the upper crust and

often delineates volcano-tectonic structures (rift zone, crustal detachment, etc) existing in the

vicinity of volcanoes rather than magma/melt containing regions (Matoza et al., 2013; Duputel

et al., 2019). Also, rheological conditions leading to the brittle faulting are not often realized

in the on average ductile mid-lower crust resulting in much fewer VT earthquakes occurring at

depths below 10-15 km.

One of our main interest here is to study the deep roots of the magmatic system. Therefore,

we focus on seismic waves generated by pressure perturbations within volcano plumbing systems.

Resulting signals can be very variable including relatively impulsive events and long-duration

tremors. Their distinctive feature is the depletion in high frequencies in comparison with VT

earthquakes. Therefore, they form a large class known as volcanic long-period (LP) seismicity

(Chouet, 1996; Chouet and Matoza, 2013). While other mechanisms have been hypothesized to

generate very shallow volcanic LP earthquakes (Bean et al., 2013; Iverson et al., 2006), we will

not consider them here because of our focus on the plumbing system beneath the upper crust.

Therefore, our main working hypothesis is that if we detect an LP seismo-volcanic event

and locate its source, this points to an activated part of the plumbing system. Therefore, by

building a representative catalog of locations of LP sources, we can delineate the extent of the

active plumbing system. Additionally, this approach can be used to study the internal dynamics

of the volcanic system over time. While LP seismicity sometimes takes form of short impulsive

signals (LP earthquakes), most often long-duration tremors are observed. LP seismicity is often

observed close to the surface, however, it has also been reported to originate below the upper

crust (Aki and Koyanagi, 1981; Nichols et al., 2011; Shapiro et al., 2017; Hensch et al., 2019;

Wech et al., 2020). This deep long-period (DLP) seismicity might be suitable for illuminating

the deep roots of plumbing systems.

We study the Klyuchevskoy Volcanic Group (KVG) located in the Russian Kamchatka

peninsula. This is one of the World’s largest and most active clusters of subduction volcanoes.

During recent decades, three volcanoes erupted: Klyuchevskoy, Bezymianny and Tolbachik

(Figure 6.1a). Seismic tomography (Koulakov et al., 2017, 2020) highlights the existence of

a ⇠30 km deep magmatic reservoir that is possibly connected to active volcanoes through a

rifting zone developed after a recent subduction reconfiguration (Green et al., 2020; Koulakov

et al., 2020). This large scale faulting structure can channel fluids and transfer pressure resulting

in LP seismicity observed beneath the KVG at a broad range of depths (Shapiro et al., 2017;

Frank et al., 2018).
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Figure 6.1: Spatial density of the tremor sources delineating the active trans-crustal plumbing
system beneath the KVG. (a) Map of the studied region. The inset shows the location of
Kamchatka peninsula. Seismic stations are shown with white and black inverted triangles for
permanent and temporary networks, respectively. Dashed black rectangle indicates limits of the
area used in the grid search. Red dashed line shows a profile for the cross-section shown in (c).
(b) Sum along vertical lines projected on the horizontal plane. (c) Sum along horizontal lines
with fixed depths and along-fault distances projected on a vertical plane corresponding to the
profile shown in (b). (d) Similar to (c) but projection on a perpendicular profile shown in (b).
Tremor hypocenters are shown with open circles. Light magenta crosses in (b), (c) and (d) show
the DLP swarms that occurred on 23.11.2015, 26.11.2015 and 25.02.2016.

KVG LP seismicity is dominated by tremors that are difficult to analyze with standard

methods and require using data from seismic networks. Therefore, we used an approach based

on the network covariance matrix (a Fourier domain equivalent of an ensemble of inter-station

cross-correlations) to detect coherent seismic signals and locate their sources (Seydoux et al.,

2016a; Soubestre et al., 2019; Journeau et al., 2020). The parameters of the analysis were tuned

to better detect deep sources of LP tremors. Therefore, we analyzed frequencies between 0.5 and

189



CHAPTER 6. SEISMIC TREMOR REVEALS ACTIVE TRANS-CRUSTAL MAGMATIC
SYSTEM BENEATH KAMCHATKA VOLCANOES

5 Hz and selected rather long time windows (20 minutes). Despite this, the method sometimes

detected relatively strong impulsive events some of which could not be associated with LP

activity, such as the low-frequency part of radiation of VT earthquakes (Journeau et al., 2020).

Therefore, we use a simple classification scheme to identify such impulsive sources and to verify

their possible bias in the final results.

We applied our method to 45 stations in the vicinity of the KVG (Figure 6.1a). We selected 13

stations from the permanent network run by the Kamchatka Branch of the Russian Geophysical

Survey (KBGS) and 32 stations from a temporary network installed between August 2015

and July 2016 in the framework of the “Klyuchevskoy Investigation - Seismic Structure of an

Extraordinary Volcanic System” experiment, KISS (Shapiro and Saltykov, 2017). The use of

this dense seismic network allowed us to obtain a catalog of LP tremors with a 3-D spatial and

temporal resolution that has not been previously achieved in the KVG.

6.2 Results

We analyzed 44,020 20 minute-long windows overlapping at 50% and computed three network-

based characteristic functions (Figure 6.2 and 6.3) that have been used to detect and classify

coherent signals (Figure 6.4 and 6.5). Processes and criteria selection are summarized in the

flowchart (Figure 6.6). As a result, we selected 13,027 windows identified as tremors or swarms

of LP earthquakes. For every window, we backprojected the cross-correlations in a 1-D model

(Green et al., 2020) (Figure 6.7) to estimate a 3-D spatial likelihood function of the source

location (Figure 6.8).

6.2.1 Spatial density of tremor sources delineating the active trans-crustal plumbing

system beneath the KVG

To characterize the overall spatial distribution of the seismic sources corresponding to active

parts of the plumbing system, we stacked all these likelihood functions. The result shown in

(Figure 6.1b-d) demonstrates that the highest source density is observed beneath the main part

of the KVG including Klyuchevskoy, Bezymianny and Ushkovsky. Also, some notable amount

of sources are located beneath Tolbachik and Udina. This suggests that the active plumbing

system extends approximately 50 km from south-west of Tolbachik volcano to north-east of

Klyuchevskoy volcano, i.e., along the rift structure (Green et al., 2020; Koulakov et al., 2020).

The vertical cross-section shown in (Figure 6.1c) suggests that the active plumbing system
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Figure 6.2: Characterization of recorded wavefield and detection of seismovolcanic signals from
three network-based methods. (a) Covariance matrix spectral width �(f) computed for every
frequency in 1200 s long overlapping windows. The two horizontal dashed black lines stand for
the lower and upper limits of the covariance matrix spectral width averaging. (b) Averaged
spectral width �̃ in the frequency band 0.5-5 Hz. (c) Temporal tremor stability ts(t) computed
as a network average of tsn and estimated in 1200 s long overlapping windows. (d) Network
response function (NRF) computed in 1200 s long overlapping windows.

extends through the whole crust with a“tea-pot”shape where the Moho-level magmatic reservoir

is connected to the Klyuchevskoy volcano via a main conduit and to the Tolbachik volcano and

recently active Udina volcano (Koulakov et al., 2019) via a branch deviating at ⇠ 25-30 km

depth (i.e., near the crust-mantle boundary).

The analysis of location uncertainties (Figure 6.9 and 6.10) shows that the errors increase

with depth and that they are larger in the vertical directions than horizontally (which is due

to the method based solely on S-waves). Also, a comparison with some known LP earthquakes

(Fig. S9) indicates that depths might be systematically overestimated. With taking into account

these uncertainties, the overall SW-NE ⇠ 50km horizontal extend of the tremor source area is

well above the location error. At the same time, we cannot exclude that the apparent widening

of the “main conduit” beneath Klyuchevskoy with depth might be due to the increase of the

errors.

In the vertical direction, this “main conduit” is clearly separated in two groups. First, many
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Table 6.1. Source parameters of 45 DLP earthquake used for the error estimation and selection
of the sub-window length.

Date Hour Longitude Latitude Depth Detected

09-08-2015 01:19 160.602 56.071 28.3 yes
09-08-2015 23:24 160;628 56.077 27.4 no
10-08-2015 09:01 160.553 56.062 21.8 yes
11-08-2015 06:41 160.587 56.096 28.8 yes
11-08-2015 11:19 160.601 56.071 28.0 yes
11-08-2015 18:00 160.564 56.108 28.7 yes
12-08-2015 06:18 160.594 56.065 29.0 yes
12-08-2015 11:59 160.618 56.067 29.0 yes
12-08-2015 15:43 160.602 56.073 29.8 yes
12-08-2015 20:05 160.597 56.066 27.8 yes
13-08-2015 01:06 160.573 56.070 29.2 yes
13-08-2015 06:16 160.599 56.086 28.9 yes
16-08-2015 13:31 160.609 56.085 29.1 yes
19-08-2015 20:42 160.606 56.074 33.2 yes
20-08-2015 12:23 160.616 56.084 26.1 yes
21-08-2015 04:31 160.598 56.064 30.1 no
21-08-2015 06:47 160.596 56.069 28.4 yes
21-08-2015 10:53 160.590 56.089 28.6 yes
25-08-2015 10:36 160.582 56.083 27.2 yes
26-08-2015 09:08 160.634 56.078 31.1 yes
31-08-2015 00:19 160.642 56.074 28.1 yes
02-09-2015 02:09 160.634 56.051 29.5 yes
03-09-2015 09:52 160.658 56.082 29.6 yes
04-09-2015 16:25 160.595 56.100 27.0 yes
04-09-2015 22:07 160.633 56.067 25.3 no
05-09-2015 03:22 160.543 56.097 27.0 yes
06-09-2015 01:01 160.631 56.065 30.1 no
10-09-2015 23:28 160.652 56.062 27.5 yes
11-09-2015 10:40 160.633 56.082 28.1 yes
14-09-2015 14:47 160.625 56.072 27.5 yes
23-09-2015 15:49 160.639 56.069 25.9 yes
29-09-2015 07:15 160.623 56.078 28.4 yes
02-10-2015 14:30 160.594 56.072 29.8 no
02-10-2015 17:44 160.586 56.070 31.2 no
05-10-2015 22:13 160.570 56.102 29.3 no
23-11-2015 03:18 160.608 56.084 27.6 yes
23-11-2015 05:31 160.596 56.074 31.9 yes
23-11-2015 06:09 160.618 56.083 29.4 yes
23-11-2015 07:33 160.613 56.089 31.2 yes
26-11-2015 06:28 160.610 56.078 29.2 yes
27-11-2015 09:36 160.642 56.082 22.5 yes
27-11-2015 19:28 160.616 56.087 29.3 yes
11-01-2016 07:25 160.598 56.076 26.8 yes
21-05-2016 11:40 160.619 56.088 29.4 yes
27-05-2016 05:40 160.632 56.091 29.6 no
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Figure 6.3: Classification of seismovolcanic signals based on network features derived from
wavefield properties. (a) and (b) Comparison of spectral width with NRF showing noise windows
and sources classification respectively. (c) and (d) Comparison of temporal tremor stability with
NRF showing noise windows and sources classification respectively. (e) and (f) Comparison of
spectral width with temporal tremor stability showing noise windows and sources classification
respectively. Tremor, intermediate, and earthquake classification are indicated with red, light
magenta, and blue dots, respectively.

very shallow tremor sources are detected above 8 km. The second large group of sources extends

through depths between 10 and 50 km with density maximizing around 30-35 km (i.e., near

the crust-mantle boundary), where the DLP earthquake activity has been previously reported

(Shapiro et al., 2017). The penetration of this area toward depths significantly larger than 35

km is most certainly caused by the location errors and bias. At the same time, its overall vertical

extent over more than 20 km and existence of tremor sources above the previously known DLP

activity cannot be explained only by vertical location errors which systematically decrease from

⇠ 10 to ⇠ 5 km between depths of 35 and 10 km.
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Figure 6.4: Examples of 3600 s vertical-component seismograms showing waveforms for: (a)
deep long-period swarm (intermediate detection) the 23.11.2015 at SV13 station, (b) deep
pre-eruptive seismovolcanic tremor the 08.12.2015 at SV13 station, (c) Tolbachik tremor-like
signal the 05.02.2016 at SV6 station, (d) deep long-period swarm (intermediate detection) the
25.02.2016 at SV13 station, (e) shallow co-eruptive seismovolcanic tremor the 24.04.2016 at
SV13 station and (f) impulsive events during the co-eruptive shallow seismovolcanic tremor
(intermediate detection) the 24.04.2016 at SV13 station.

The “gap” in detected LP sources around 10 km depth may be either caused by the influence

of the 1-D velocity model on tremor source locations or due to some real difference of rheological

properties such as accumulation of magma or saturation in gas as suggested by previously imaged

seismic structures at these depths (Koulakov et al., 2017).

We also verified that the imaged distribution of source density does not significantly depends

on the selection of detected signals. Figure 6.11 shows the distribution in which the sources

classified as “earthquakes” (i.e. impulsive individual events) were added. The only notable

difference is the appearance of very shallow events north-west of Ushkovsky volcano that might

be related to the presence of actively moving glaciers in this region (Muraviev et al., 2012). At

the same time, the imaged active plumbing system in the mid-lower crust remain essentially

unchanged.
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Figure 6.5: Catalog of detected and classified seismovolcanic signals. (a) Spectral width, (b)
temporal tremor stability, (c) NRF, (d) depth, (e) distance along fault and (f) distance across
fault of the source events. Tremor, intermediate, and earthquake detections are indicated with
red, light magenta, and blue dots, respectively. Orange, green, cyan and magenta horizontal
dashed lines stand respectively for position of Klyuchevskoy , Tolbachik, Ushkovsky and Udina
volcanoes.
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Figure 6.6: Flowchart figure summarizing the different processes and criteria selection applied
during the analysis.

6.2.2 Spatio-temporal patterns of KVG tremors

The space-time distribution of the tremor hypocenters (Figure 6.12) is not fully random and is

mainly composed of short bursts. During many bursts, the plumbing system is activated at a
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Figure 6.7: 1D S-wave velocity model from (26 ) used to compute the Network response function 
and to locate the different seismovolcanic tremor sources. Black line stands for the original 
velocity model and red line for the modified velocity model between -5 and 5 km.

large range of depths spanning the whole crust.

   A detailed view reveals migration-like patterns when the activity moves very rapidly from 

depth toward the surface (Figure c-d). We visually identified different upward migration 

episodes and approximately represented them with simple linear trends (yellow dashed lines in 

Figure ). The resulting migration velocities were approximately estimated between 3 

and 10 km/hour.
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Figure 6.8: Examples of spatial likelihood functions computed in 20-min time windows for: (a)
a DLP event on 26.11.2015 at 08:40 - 09:00, (b) Klyuchevskoy shallow tremor on 05.12.2015 at
03:00 - 03:20, (c) Tolbachik tremor on 14.01.2016 at 05:20 - 05:40 and (d) a noise window on
04.12.2015 at 09:10 - 09:30.

Sometimes, weaker patterns with smaller number of sources and larger errors might indicate

downward migrations. We represent such possible episodes with gray dashed lines in Figure 6.12

c-d and show that the estimated velocities are in the range of those found for vertical upward

migrations.
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Figure 6.9: 2D histogram showing (a) lateral and (b) vertical errors estimated from the spatial
extent of likelihood function at a 98% level. Gray lines show average error as function of
depth. Blue points stand for the difference between sources location obtained from our automatic
location method and from classic manual location method for 37 DLP earthquakes (Table 6.1).
Horizontal red dashed lines mark the upper and lower limits of a “DLP” depth range used to
estimate < "98% >. < "DLP > corresponds to the average of the difference obtained between
our automatic locations and the manual locations for the 37 DLP earthquakes.

While, most of the time, the tremor activity occurs approximately beneath the Klyuchevskoy

volcano, during a few episodes it migrates laterally toward Tolbachik (Figure 6.12b). Sources

classified as earthquakes (shown as blue circles in Figure 6.5) mostly correspond to additional

episodes of DLP earthquakes and also to the previously mentioned shallow earthquakes in the

vicinity of Ushkovsky. Most importantly, the sources of this type do not affect the observed

tremor migration patterns.

6.3 Discussion

The obtained spatial distribution of the LP sources allows us to image an extended trans-crustal

plumbing system beneath the KVG and the temporal evolution provides useful information on

the processes of destabilization and activation of the volcanic system prior to eruptions. The
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Figure 6.10: Hypocenters of the 37 DLP earthquakes obtained from our automatic CovSeisNet
location method (blue crosses) and from classic manual location method (blue squares). Pair of
hypocenters are linked by black lines.

regional tectonic stresses dominated by the E-W extension (Koulakov et al., 2020; Kozhurin and

Zelenin, 2017) facilitate the vertically-efficient magmatic system. From August to November

2015, no significant volcanic activity was reported in the KVG and the majority of tremors were

observed at depth, while the shallow part of the system remained relatively quiet. On November

23 and 26, two particularly strong DLP swarms occurred (indicated with magenta crosses in

Figure 6.12a-b). A recent study (Melnik et al., 2020) has demonstrated that this type of seismic
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Figure 6.11: Same as Fig. 1b, c, d, with stacking tremor together with intermediate
classifications [(a), (c) and (e)] and stacking tremor together with intermediate and earthquakes
classifications [(b), (d) and (f)]. Additional earthquakes source locations are shown with blue
circles in (b), (d) and (f).

activity may be due to deep degassing caused by an influx of fresh basaltic magma from the

mantle. This, in turn, may act to destabilize the whole plumbing system. In the beginning of

December 2015, the DLP swarms were indeed followed by tremor activity over the whole range
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Figure 6.12: Spatio-temporal patterns of the KVG tremors. (a) Tremor depth as function of
time. Daily activity level determined by the KBGS for 3 main volcanoes (KLU: Klyuchevskoy,
BEZ: Bezymianny and TOL: Tolbachik) are indicated at the top of the panel with colored
circles. Orange color code corresponds to ongoing eruption. (b) Along fault distance as function
of time. Orange and green dashed lines indicate positions of Klyuchevskoy and Tolbachik
volcanoes respectively. Green points correspond to Tolbachik tremor source location for which
the difference in temporal tremor stability between Tolbachik and Klyuchevskoy is greater than
0.05. Light magenta crosses in (a) and (b) show the DLP swarms occurred on 23.11.2015,
26.11.2015 and 25.02.2016. (c) and (d) Detailed view on depth-time tremor patterns during
periods indicated with orange rectangles in (a). Source positions are represented with open circles
plotted on top of spatial likelihood function smoothed in time. Yellow and gray dashed lines
represent visually identified upward and downward migration episodes respectively. Respective
speed estimations are written in gray rectangles.

of crustal depths and numerous upward (and possibly downward) migrations Figure 6.12c-d

between the Moho and the surface. Simultaneously, the shallow part of the plumbing system

beneath Klyuchevskoy became very active, as shown by the increase in number of detected

tremors and the shifting to yellow daily activity level (Figure 6.12a). While this first activation

episode did not end with an eruption, it continued until mid-February 2016 when the activity

partially migrated toward Tolbachik. Then, after a short quiescence, another DLP swarm likely

marking the injection of a fresh magma pulse occurred on February 25, 2016 followed by a new

destabilization phase that led to an eruption in April.

These results reveal some key characteristics of the KVG plumbing system and help us to

understand how it evolves prior to eruptions. First, we obtained a nearly continuous spatial
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distribution of tremor sources over a large depth range (Figure 6.1b-d). Second, the spatio-

temporal patterns of tremor sources constrain the physical mechanisms controlling the evolution

of the activity. Rapid migrations (Figure 6.12c-d) cannot be explained by magma upwellings

through dikes because the observed migration speeds (up to 10 km/hour) are faster than those

associated with dyke propagation or other volcanic fluid migrations that have been reported

of the order of 0.1 km/hour or smaller (Battaglia et al., 2005b; White et al., 2011; Shelly and

Hill, 2011). Possible downward migrations indicated by some source patterns also could not be

explained by the dyke propagation.

At the same time, these fast speeds are compatible with the very short delays between DLP

swarms and the onsets of shallow activity that were observed during the build-up of the 1991

Mount Pinatubo eruption (White, 1996). These migrations look rather like random diffusions

that may be related to the physics of pressure transients in a fluid-saturated permeable medium.

The implication, then, is that the KVG lies above a magma-filled network, which is in agreement

with the conceptual model of extended trans-crustal plumbing systems (Cashman et al., 2017).

Pressure diffusion in a hydraulically connected magmatic conduit has been previously evoked

by Shapiro et al. (2017) to explain the link between DLP and shallow LP earthquakes observed at

the KVG when the activity migrated over ⇠ 30 km from the Moho level up to the crust during a

few months. This corresponds to an average migration rate of ⇠ 1 km/day or an average conduit

diffusivity of⇠ 100m2s�1. With our new high-resolution tremor source catalog, we observe much

faster migration episodes (up to 10 km/hour, Figure 6.12c-d). Such rapid migrations can arise

on top of slower diffusion processes as “pressure waves” in a system with pressure-dependent

permeability (Rice, 1992). This leads to a nonlinear diffusion equation that, for example, has

been solved to model rapid migrations of tectonic tremors in a subduction zone (Cruz-Atienza

et al., 2018).

Trans-crustal volcano-plumbing systems are formed over long periods of time by multiple

episodes of magmatic intrusions and re-mobilizations (Annen et al., 2006; Sparks et al., 2019),

resulting in a strong compositional and mechanical heterogeneity. Thus, transport properties

are likely to be highly variable in both space and time. In such systems, magma conduits likely

contain many barriers that impede magma motion and lead to the build up of large pressure

gradients. Such barriers act as valves, i.e., open and close under certain thresholds (Honda and

Yomogida, 1993; Shapiro et al., 2018; Barth et al., 2019), resulting in rapid decompression events

that are known as sources of LP seismic radiation (Benson et al., 2008; Shapiro et al., 2018). In

crystal-laden trans-crustal plumbing systems (Cashman et al., 2017), rapid changes of transport
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properties can occur due to sintering mechanisms reducing permeability in fluid pathways. As a

result, low-permeability barriers can emerge. Solid-state sintering causes significant reductions

in porosity and permeability over days to months (Ryan et al., 2020). While the precipitation

of mineral phases can induce sealing with a timescale ranging from hours to years (Horwell

et al., 2013; Mavrogenes et al., 2018), viscous sintering can reduce the connected porosity within

seconds to hours (Vasseur et al., 2013). Intermittent flow can also arise when a magma with

strongly temperature-dependent viscosity is transported through a network of reservoirs and

conduits (Whitehead and Helfrich, 1991; Walwer et al., 2022).

In a conduit with multiple low permeability barriers, the overall permeability is proportional

to the number of open vs. closed valves (Shapiro et al., 2018), which on average increases

with overall pressure gradient across the system. A recent study of dynamics of such a system

(Farge et al., 2021) has shown that closely located valves can interact, which results in cascades

forming very rapidly migrating pressure transients (analogous to nonlinear “pressure waves”)

able to propagate in both upward and downward directions, similar to what we observe for

the KVG tremors (Figure 6.12c-d). The modeling shows that in a conduit with background

diffusivity of ⇠ 100 m2s�1 (as previously inferred for the KVG (Shapiro et al., 2017)) rapid

migration velocities can reach ⇠ 10 km/hour (Farge et al., 2021), which is again close to the

observations presented here.

We conclude, therefore, that the large trans-crustal KVG plumbing system remains in a

hydraulically open state and is subject to very frequent fast fluid pressure transients emerging

from a local valving behavior (Farge et al., 2021). Because pressure controls most key volcanic

processes such as fluid flow rates, mineralogical reactions and degassing, its fast migrations

provide a very efficient mechanism of destabilization/activation of the system prior to eruptions.

Several important implications for the structure and behavior of the KVG magma supply

system can be drawn from the data of this paper. One is that this system stretches across the

whole crust, and that Klyuchevskoy is fed by dominantly vertical flow over the whole depth

range. Another implication is that the supply system extends horizontally over a large distance

encompassing both Tolbachik and Klyuchevskoy. Strong activity bursts propagate horizontally

away from Klyuchevskoy but do not necessarily lead to a Tolbachik eruption.

While Tolbachik remained mostly inactive during the campaign operation period, our detailed

tremor analysis suggests the existence of a secondary conduit that connects this volcano to the

main plumbing system beneath Klyuchevskoy. This secondary conduit may play an important

role during the large eruptions of Tolbachik (the last one in 2012-2013) when its average

204



6.4. MATERIALS AND METHODS

permeability rises allowing a discharge of significant part of fluid pressure from the main KVG

channel. Such large-scale pressure migration may explain the perturbation of “regular” cycles of

activity of Klyuchevskoy and Bezymianny volcanoes revealed based on analysis of seismological

and satellite data (Coppola et al., 2021).

Tremor activity beneath the old Tolbachik (⇠300 kyrs) is much weaker and scattered than

beneath the much younger Klyuchevskoy (8 kyrs, (Churikova et al., 2015)). Two factors may

be at play. One is that the older Tolbachik rests over a mature network of magma pathways

that are mostly open, whereas the much younger Klyuchevskoy depends on a supply system

that is still under construction. Another factor is that the deep magma source has migrated

laterally away from Tolbachik, such that the largest amount of magma is now generated beneath

Klyuchevskoy. In this case, contrasting levels of tremor activity may be attributed to differences

of magma supply rate. In both cases, however, it is clear that the magmatic system extends

over large distances horizontally and vertically.

Our findings show that analysis of tremors based on seismic networks with appropriate

coverage and density can be used to delineate the active parts of volcano-plumbing systems

including those in the mid-lower crust and to follow their hydro-dynamic evolution in time.

Results of this approach with the KISS data reveal a large trans-crustal plumbing system beneath

the KVG that connects the main active volcanoes of this group whose interactions (Coppola

et al., 2021) can, therefore, be explained by pressure transients at different time scales. Similar

approach could be applied to other large volcanic complexes (or to different types of hydraulically

controlled natural systems (Nanni et al., 2021)), either to those with very sustained seismic

activity or when long time series of seismic network data are available.

6.4 Materials and Methods

6.4.1 Data preparation

We use the data of 45 seismic stations shown in Figure 6.1 from August 2015 to June 2016.

The preparation and pre-processing of the data is done with the CovSeisNet software. First,

seismograms are aligned in time and stored in 24 hour-long segments. After down-sampling them

at 25 samples per second, we apply demeaning, linear detrending and bandpass filtering between

0.1 and 10 Hz. Instrument responses are considered being stable in time and not corrected for.
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6.4.2 Network-based characteristic functions

We use three network-based characteristic functions described below to detect signals corresponding

to LP tremors and earthquakes. The two first functions are sensitive to the coherence of the

long-duration signals, i.e., mostly to tremors. The third function has been designed to be more

sensitive to the presence of impulsive signals such as individual earthquakes and swarms.

Covariance matrix spectral width

For this characteristic function, we pre-processed the time series according to Bensen et al.

(2007) with the application of a spectral whitening followed by a temporal normalization where

the whitened signal is divided by a 0.25 s long running average of its absolute value. The

covariance matrix spectral width definition is given in the chapter 2. We perform calculation

on consecutive averaging windows over the entire time period of our dataset using M = 48 and

�t = 50 s. We thus obtain estimation of frequency dependent covariance matrices and their

spectral width in 20 minute-long windows that overlap with a 50 % factor.

The time evolution of the spectral width function �(f) is shown in Figure 6.2a. Finally, we

average it between 0.5 and 5 Hz in order to obtain a simple 1D function �̃(t) characterizing the

level of wavefield coherence across the network as shown in Figure 6.2b.

Temporal stability of tremors estimated from single-station inter-components cross-correlations

The obtention of inter-component cross-correlation correlation coefficient functions are described

in chapter 2. Here we filter the waveforms in the dominant tremor spectral band 0.5-5 Hz and

pre-process them in a similar way as for computation of the covariance matrix spectral width.

Then, after computing inter-components cross-correlations CCi,j (i, j = E,N,Z) in moving

windows of length∆t and shifted by∆t/2, we compute the correlation coefficients between cross-

correlation waveforms from consecutive time windows and take the mean value of 5 consecutive

computations. Using moving windows of length ∆t = 200s, the obtained functions cc5i,j provides

us with an estimation of the stability of the cross-correlation waveforms over 600s that, in

turn, is related to the existence of a stable seismovolcanic tremor source. Using the three pair

components at a single station we therefore end up with three cc5i,j functions per station. We

can then average these functions to obtain a single function per station tsn(t) (n is the stations

index). By averaging these function over the whole network we obtain a third network-based

characteristic function ts(t) that we call as temporal tremor stability shown in Figure 6.2c.
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Comparing values of tsn at different stations can be useful in a region where different

volcanoes can be active. Following this idea, we define the difference in temporal tremor stability

as difference between the averages of tsn for stations IR1, IR2 and SV6 close to Tolbachik

volcano and for stations IR11, IR18 and SV13 close to Klyuchevskoy (Figure 6.1a). We indicate

with green points in Figure 6.12b the sources for which this difference is greater than 0.05

that systematically correspond to locations close to Tolbachik, confirming the activation of the

plumbing system beneath this volcano.

Network response function

This characteristic function is designed to be more sensitive to the presence of impulsive

signals such as individual earthquakes and swarms. Therefore, for its computation we apply

a temporal normalization that does not fully suppress the amplitude information. Instead of

applying the running absolute mean normalization, we divide the traces (once spectral whitening

is applied) by their mean absolute deviation (Soubestre et al., 2018).

We then compute the covariance matrix and its Inverse Fourier transform that results in an

ensemble of inter-stations temporal cross-correlations between all pairs of available stations (we

use the dominant tremor spectral band: 0.5-5 Hz.) Their smoothed envelopes is then computed

by convolving the amplitude of the analytic signal derived from Hilbert transform with a 1.5 s

long Gaussian window, an optimal value suggested in Journeau et al. (2020).

We assume that tremors are dominated by S-waves and compute the likelihood of their source

positions with a grid-search approach (Droznin et al., 2015; Soubestre et al., 2019). For every

tested source position in a 3D spatial grid, we compute travel times for all stations using a 1D

S-wave velocity model slightly modified from Green et al. (2020) as shown in Figure 6.7.

Then, for every grid point r, cross-correlation envelops Si,j are shifted by the time differences

needed for the wave to travel from the tested source to the two stations i and j and we finally

compute the spatial likelihood function R(r) by stacking at zero lag time the value of the shifted

envelopes for all stations pairs as:

R(r) =
N
X

i=1

N
X

j=i+1

Si,j [ti(r)� tj(r)] (6.1)

where N is the number of stations and ti(r) is the travel time between the tested source and

the station i. The 3D grid covers the region shown in Fig. 1 with a 650 m x 650 m horizontal

resolution and a 500 m vertical resolution down to 50 km depth.

207



CHAPTER 6. SEISMIC TREMOR REVEALS ACTIVE TRANS-CRUSTAL MAGMATIC
SYSTEM BENEATH KAMCHATKA VOLCANOES

We then evaluate the level of focusing of this spatial likelihood function to design another

characteristic network-based function. For this, we first normalize R(r) by its sum over all grid

points:

R̄(r) =
R(r)

P

rR(r)
(6.2)

and then add a temporal normalization by the maximum over the total time period:

R̃(r) =
R̄(r)

maxt(R̄(r))
. (6.3)

The maximum value of R̃(r) is directly dependent of the level of focusing of the spatial likelihood

function and is expected to be high for well localized sources and low when a random incoherent

wavefield is recorded. We therefore define the “network response function”NRF (t) as maximum

of R̃(r) computed in every of 20 minutes-long 50 % overlapping windows. Its evolution is shown

in Figure 6.2d.

6.4.3 Source location

Hypocenters of LP sources are estimated as positions of the maximum of the spatial likelihood

functions described in the previous section. For better isolating the dominant source, we apply

a spatial filtering (Seydoux et al., 2017; Soubestre et al., 2018). Namely, we compute a modified

spatial likelihood function R̃1(r) that is estimated in the dominating tremor frequency band (0.5-

5 Hz) from cross-correlations obtained via an inverse Fourier transform of the filtered covariance

matrix computed from the complex outer product of the first eigenvector v1(f) with itself:

C1(f) = v1(f)v
†
1(f). (6.4)

Such filtering is aimed at de-noising the spatial likelihood function to enhance the dominant

sources. Examples of located sources are shown in Figure 6.8. Positions of their maxima give

us estimations of source hypocenters for corresponding windows.

6.4.4 Signal detection and classification

Based on methods described above, for every 44,020 20-min analyzed window we compute

three spatial coordinates of the hypocenter and the values of the three network-based characteristic

functions. We then use them simultaneously to select windows with “detected” signals and to

approximately classify them into different groups such as LP tremors, individual earthquakes

and swarms.
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First, we removed all windows for which the hypocenter was located on the limit of the 3D

grid in order to reject possible detections associated with teleseismic and regional (non volcanic)

earthquakes. Based on this criterion, from a total number of 44,020 windows we retained 14,179.

Then, based on a visual inspection of the three computed network-based functions

(Figure 6.3 and 6.5 ), we established respective threshold values separating “detections” from

noise (windows with all three functions not passing the thresholds): 0.8 for the spectral width,

0.17 for the temporal tremor stability, and 0.45 for the NRF. Based on these thresholds, the

number of detections was reduced to 13,709.

Figure 6.3b,d,f shows the 2D diagrams comparing pairs of network-based characteristic

functions for the 13,709 retained detections. Similar to results of Journeau et al. (2020), the

largest concentration of points (more than 85 %) is in the area with relatively small spectral

width and small NRF which corresponds to tremors. Another “branch” with large NRF and

large spectral width corresponds to earthquakes. The separation between these two branches

is less clear than at the Piton de la Fournaise volcano (Journeau et al., 2020), which is due

to the much more sustained and variable seismic activity in the KVG. We define lines (1),

(2), (3) and (4) in order to classify the retained detections in three main groups: tremors,

earthquakes and “intermediate”. Line expressions are: (1) �̃tremor = �5 ⇥ (NRF˘0.3) + 1.8 ;

(2) �̃earthquake = �0.63 ⇥ (NRF˘0.05) + 1.1 ; (3) tstremor = 1.5 ⇥ (NRF � 0.33) � 0.1 and (4)

tsearthquake = �0.03⇥ (NRF˘0.05) + 0.164.

A visual inspection of respective signals (Figure 6.4) shows that intermediate detections

mostly correspond to swarms of long-period earthquakes. Therefore, for our final analysis we

selected 12,384 “tremor” windows and 643 “intermediate” windows whose temporal evolution is

shown in Figure 6.5. We also checked how excluding earthquake detections from the analysis

could affect our results and inferences, as shown in Figure 6.5 and 6.11 and concluded that this

criteria selection was not critical.

6.4.5 Spatial density of tremor sources

We stack R̃1(r) for all selected time windows in order to obtain a spatial density function

representing spatial distribution of seismovolcanic sources. To avoid contaminations from location

artifacts, we focus on most probable source positions and we keep for stacking only points for

which R̃1(r) > 0.98⇥maxR̃1(r). The results of this procedure are shown in Figure 6.1.

We also use the spatial likelihood function to visualize the uncertainties associated with

tremor migration episodes shown in Figure 6.12c,d. For every source, we keep the values of the
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likelihood exceeding 98%. Then, we smooth the retained values in time in 2-hours long windows.

Finally, the source density function is re-normalized between 0 and 1 in every time window to

better highlight the migration patterns.

6.4.6 Covariance matrix parameters choice

Two main parameters controlling the computation of the covariance matrix are the number of

subwindows M and their length �t. M = 48 was selected to slightly exceed the number of

stations used in the computation (45 stations in our case) in order to ensure the covariance

matrix estimation to be statistically robust.

The length �t should be long enough so that the wave has time to propagate through the

entire seismic network. The largest inter-station distance in our network is close to 100 km and

the slowest seismic velocity in the media is ⇠2 km/sec (Green et al., 2020). This implies that

�t should not be significantly smaller than 50s.

We then test a range of �t spanning from 40 to 70 sec to find a parameter that optimizes

detection of sources in the mid and lower crust (> 15 km). Longer windows would prone

detecting very long duration sources like shallow tremors rather that shorter and more impulsive

events more present at depth. We show in Figure 6.13 the influence of the length of subwindow

�t on the result of tremor source location in December 2015, where �t is progressively increased

from 40s to 70s with a 5s step. It can be seen that with �t < 50s only a very few shallow sources

are detected and that deep sources start to be missed with �t > 55s.

As another test, we decided to compare our detections with some well known sources of

LP seismic radiation in the KVG, ie., with the DLP earthquakes (Shapiro et al., 2017). We

selected 45 sufficiently strong (M�1.3) DLP earthquakes that occurred during the campaign

period and were correctly located by the Kamchatka Branch of the Russian Geophysical Survey

(we established a simple threshold of minimum of 25 stations used for the location). The selected

events are listed in Table 6.1. We show in Figure 6.14 the resulting percentage of detection for

shallow and deep LP sources during December 2015 as well as the percentage of DLP detection

in Table 6.1. The detection of deep sources clearly maximizes with �t = 50s and, therefore, we

chose this subwindow length for our analysis.

6.4.7 Uncertainties of source location

Uncertainties of the source location can be estimated from the modified spatial likelihood

function R̃1(r) computed from the dominant eigenvector of the covariance matrix (equation 6.4).
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Figure 6.13: Depth evolution and 2D distribution map of tremor sources location during
December 2015 for parameters M = 48 and different sub-window lengths: (a) 40s, (b) 45s,
(c) 50s, (d) 55s, (e) 60s, (f) 65s and (g) 70s. Triangles show locations for 3 main volcanoes
(Klyuchevskoy, Bezymyanny and Tolbachik) with similar colors than Figure 6.1.

For every detected source, we measure the size of the area where this likelihood exceeds 98%

laterally and vertically to estimate its respective location errors. We then compute histograms

of these errors in different depth ranges from all detected sources and obtain 2D distributions

shown in Figure 6.9 and use their mean values at every depth to estimate average errors. As

a result, we estimate that while both horizontal and vertical errors are about 4 km near the

surface, the latter increase more rapidly with depth reaching its maximum value of ⇠ 14 km

beneath the crust-mantle boundary (the apparent decrease of this error beneath 40 km is an

artifact of the limited depth range used in the location procedure). As an independent test, we

compare hypocenters for 37 detected DLP earthquakes (Table 6.1) obtained with our method

and based on standard approach minimizing S and P travel time residuals (Figure 6.10). We

represent the difference of location obtained from the classical manual method and from our

automatic method as blue points in Figure 6.9 and find them well in agreement with the errors

estimated from the spatial likelihood function.

211



CHAPTER 6. SEISMIC TREMOR REVEALS ACTIVE TRANS-CRUSTAL MAGMATIC
SYSTEM BENEATH KAMCHATKA VOLCANOES

Figure 6.14: Red circles and squares show the percentage of detection for shallow (depth <
15 km) and deep (depth � 15 km) tremor source during December 2015 as a function of the
sub-window length. Blue squares stand for the percentage of DLP detection from 45 selected
DLP earthquakes (Table 6.1).
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Chapter 7

Synthesis and perspectives

We have analyzed in this thesis three large continuous datasets including, at Piton de la Fournaise

(PdF), ⇠ 8 years (2014-2022) of (1) continuous seismic data from a 20 stations network and (2)

of continuous geodetic data from a 18 stations GNSS network, and at the Klyuchevskoy Volcanic

Group (KVG) (3)⇠ 1 year of continuous data on a network of 45 stations. These analyses allowed

us to better understand and constrain the sources involved before and during eruptions on these

two volcanoes. We analyze seismic datasets using cross-correlation network-based methods that

we present in chapter 2. This approach generates continuous functions characterizing several

properties of the recorded wavefield and allows to detect and classify seismovolcanic signals and

to locate their sources. In a same way, at a different time scale, this kind of approach can be

applied for a continuous scanning of geodetic data using a GNSS network. We explain in chapter

4 how we detect periods of deformation from continuous data and locate and characterize their

associated sources.

The systematic application of our advanced network-based methods enabled to build catalogs

of tremor and deformation sources. This represents, at PdF, over the 2014-2022 time period,

a total of ⇠ 1 year of co-eruptive tremor generation (54,202 tremor sources corresponding to

1000s windows) and ⇠ 5.5 years (2008 pressure sources corresponding to 10-day windows) of

active deformation of the volcano edifice. At KVG, this represents ⇠ 0.25 years (⇠ 92 days) of

detected tremor with location of 13,027 sources (20 minute windows).

At PdF, the period studied includes 23 eruptions whose tremor analysis allows to better

constrain the eruption dynamics. In particular, we highlight changes in tremor properties

associated with different pre- and co-eruptive phases. All these results are presented and

discussed in chapter 3. There is currently no consensus on a clear physical model of tremor

generation at PdF. However, our analysis demonstrates the importance of the shallow magma
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degassing as a main forcing. The use of an analytical equation of fluid-filled crack resonance

enables to explain the spectral observations of the tremor but a large trade-off between the

parameters are observed making it difficult to constrain in an absolute way the crack dimensions

and fluid properties.

Overall, the different properties of the tremor, including frequency, amplitude, state

(continuous/intermittent) are modulated by the magmatic fluid dynamics, co-eruptive replenishments

affecting the characteristic length of the resonating crack system and the physical properties of

the fluid (mainly gas volume fraction and viscosity).

We have proposed a comparison with other geophysical and geochemical observables available

at OVPF-IPGP to better understand the mechanisms of tremor at the PdF. Accumulation of

such multi-disciplinary datasets and their systematic cross-referencing seems promising in the

future to tend towards a better characterization of tremor source and eruption dynamics.

After the tremor-analysis methods calibration in chapter 2 and their long-term application

in chapter 3 revealing the interest of tremor as a monitoring tool, a logical continuation was a

real-time application of the corresponding CovSeisNet python package at OVPF-IPGP. Tests

was first performed using IPGP cluster and enable to resolve the time-frequency properties and

the location of the December 2020 co-eruptive tremor. CovSeisNet was then installed on a local

server at OVPF-IPGP where the seismic network automatic analysis is currently performed in

near real time.

The volcanic tremor signal is really complex and there is no global consensus around a clear

physical model for its generation mechanism. Their interpretation generally depends on the type

of volcano and on the location and number of stations used. In this thesis we apply the same

CovSeisNet methodology in two different contexts and we report both similarities regarding the

presence of a shallow co-eruptive tremor and differences regarding the presence of tremor in the

deep part of KVG.

Going towards a globalized application of this kind of network-based method in different

contexts could in the future allow a better classification of the different types of tremor and a

better understanding of their mechanisms in general. The CovSeisNet method has been recently

applied in other volcanoes (in Hawaii (Soubestre et al., 2021), Iceland (Caudron et al., 2022),

New Zealand (Yates et al., 2021)) and tests have also been done in parallel of this thesis for the

volcanoes of the Lesser Antilles, at La Soufrière in Guadeloupe and at Mount Pelée, Martinique.

At KVG, both periods of inter-eruptive tremor and co-eruptive tremor are analyzed and the

results are presented and discussed in chapter 6. The first 4 months of the KISS experiment
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represents a preparation phase for the system with mainly a deep activation of the tremor

source. A destabilization follows with activation of the entire system. After a phase of calm and

a new destabilization the eruption of Klyuchevskoy starts at the beginning of April 2016 and

the last 4 months of the experiment are dominated by both shallow co-eruptive tremor and deep

intermittent activation of the tremor.

An interesting result highlighted in this thesis is the intermittent and non-stationary behavior

of tremor source and its very rapid vertical migrations under Klyuchevskoy. These spatio-

temporal patterns resemble random diffusions processes that may be explained by fast pressure

transients and dynamic permeability in a fluid-saturated permeable medium. This has implications

on the magmatic system architecture under KVG, which is in agreement with the conceptual

model of extended trans-crustal plumbing systems and on its dynamics, putting constrain on

the mode of magma transport from its deep roots.

Occurrence of deep volcanic tremor activity reported here are rarely observed beneath

volcanoes. This may be due to a lack of systematic tremor source position search in a 3D

grid space. In the future, it is possible that such observations will be made in other contexts of

active volcanoes. This might allow a globally better constrain and imaging of magmatic system

deep roots.

The reported tremor-intermittent behavior can be simulated in a conduit where closely

located valves (corresponding to low permeability barriers opening and closing) interact resulting

in cascades forming very rapidly migrating pressure transients (Farge et al., 2021). At PdF,

although such deep tremor behavior is not observed, a model has been proposed by Walwer

et al. (2022), where a similar valve behavior could explain episodic acceleration of the volcanic

edifice inflation sometimes observed in GNSS time series. In this model, cooling and viscosity

increase can generate gradient pressure build-up, which falls back when the viscosity-dependent

magma flow velocity exhibits a sudden pulse.

The constraint of the PdF deep system reported in this thesis could be done thanks to the

systematic analysis of the time series of the GNSS network. Methods, results and discussions are

provided in chapter 4. A pipe-like connection is reported between the shallow system (extending

approximately between 1 km bsl and 2 km asl) and a potential deep reservoir around 7 km bsl.

Deeper, we observe a transition to sill-like structures close to the crust-mantle boundary where

underplating is suspected.

The differences in long-period seismicity and architecture between PdF and KVG volcanoes

can be explained by 2 main parameters. The first is the width of the crust. The 30 km thick
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continental crust below the KVG is about three times thicker than the thinner oceanic crust

beneath PdF. Thus, at KVG deep basaltic magmas cannot easily ascend through the thick and

low-density felsic continental crust and magma conduits likely contain many barriers impeding

magma motion and leading to the buildup of large pressure gradients. While in the PdF system,

mafic magmatic fluids may remain buoyant within the oceanic crust and cross it almost without

barriers, leading to a quasi-open system and lack of large and frequent pressure build-up that

may be responsible for long- period generation (Shapiro et al., 2018).

Another factor is the magmatic H2O content. Edmonds et al. (2019) states that the water

content of melt exerts an important control on magmatic systems architecture. While relatively

dry systems (as the one at PdF) appear to be dominated by stacked sills with incompressible

melts, water-rich systems (as the one at KVG), in contrast, develop vertically extensive reservoir.

In addition, Melnik et al. (2020) proposes that the deep long-period seismicity beneath KVG

is generated by deep degassing around 30 km depth. They state that H2O enriched magma

degassing result in more vigorous bubble and pressure grows. Therefore, H2O depleted magmas

will result in a very weak seismic signal. Deep long-period signals at PdF can thus potentially

exist but be characterized by a signal/noise ratio too weak to be detected.

Finally, we also performed a joint interpretation of the sources of deformation characterized

by inversion of the GNSS and the associated seismicity. The results are presented and discussed

in chapter 5. Taking the example of a pre-eruptive intrusion period, we locate both pressure

sources from kinematic GNSS inversion and sources of shallow LP and micro-seismicity from

cross-correlation back-projection. Such comparison allows to better apprehend and constrain

the different phases of the activation of the shallow system before a flank eruption. Then we

look at the deformation sources in co-eruptive phases. In particular because very little VT

seismicity is observed in the case where a hydraulic connection is maintained between reservoir

and eruptive site, systematic comparisons between seismic tremor and pressure sources have

interesting implications for improving knowledge of eruptive dynamics.
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Annex 1

This annex contains the figures representing the temporal evolution of the seismic co-eruptive

tremor properties, lava discharge rate and near-summit GNSS stations baselines for the long

eruptions analyzed in the period 2014-2022 from Piton de la Fournaise in chapter 3.

Figure A.1: The August-October 2015 eruption: a) covariance matrix spectral width, b) detected 
number of multiplets, c) RSAM, d) TADR, e) DSRG-SNEG baseline.
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Figure A.2: The September 2016 eruption: a) covariance matrix spectral width, b) 
detected number of multiplets, c) RSAM, d) TADR, e) DSRG-SNEG baseline.

Figure A.3: The January-February 2017 eruption: a) covariance matrix spectral width, 
b) detected number of multiplets, c) RSAM, d) TADR, e) DSRG-SNEG baseline.

218



Figure A.4: The April-May 2018 eruption: a) covariance matrix spectral width, b) 
detected number of multiplets, c) RSAM, d) TADR, e) FOAG-FJAG baseline.

Figure A.5: The September-October 2018 eruption: a) covariance matrix spectral width, b) 
detected number of multiplets, c) RSAM, d) TADR, e) DSRG-SNEG baseline.
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Figure A.6: The February-March 2019 eruption: a) covariance matrix spectral width, b) 
detected number of multiplets, c) RSAM, d) TADR, e) DSRG-SNEG baseline.

Figure A.7: The April-May 2021 eruption: a) covariance matrix spectral width, b) 
detected number of multiplets, c) RSAM, d) TADR, e) FOAG-FJAG baseline.
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Figure A.8: The December 2021 -January 2022 eruption: a) covariance matrix spectral 
width, b) detected number of multiplets, c) RSAM, d) TADR, e) DSRG-SNEG baseline.
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at piton de la fournaise volcano (la réunion island). Earth and Planetary Science Letters, 463,

13–24, doi:https://doi.org/10.1016/j.epsl.2017.01.024, URL https://www.sciencedirect.com/

science/article/pii/S0012821X17300365.

Coppola, D., and Coauthors, 2020: Thermal remote sensing for global volcano monitoring:

Experiences from the mirova system. Frontiers in Earth Science, 7, 362, doi:10.3389/feart.

2019.00362.

Courtillot, V., J. Besse, D. Vandamme, R. Montigny, J. Jaeger, and H. Cappetta, 1986: Deccan

flood basalts at the Cretaceous/Tertiary boundary? Earth and Planetary Science Letters, 80,

361–374.

Cruden, A., and R. Weinberg, 2018: Mechanisms of Magma Transport and Storage in

the Lower and Middle Crust—Magma Segregation, Ascent and Emplacement, 13–53. doi:

10.1016/B978-0-12-809749-6.00002-9.

Cruz-Atienza, V. M., C. Villafuerte, and H. S. Bhat, 2018: Rapid tremor migration and

pore-pressure waves in subduction zones. Nature Communications, 9 (1), 2900, doi:10.1038/

s41467-018-05150-3, URL https://doi.org/10.1038/s41467-018-05150-3.

230

https://doi.org/10.1130/0-8137-2396-5.103
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006JB004659
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006JB004659
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006JB004659
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006JB004659
https://www.sciencedirect.com/science/article/pii/S0012821X17300365
https://www.sciencedirect.com/science/article/pii/S0012821X17300365
https://doi.org/10.1038/s41467-018-05150-3


BIBLIOGRAPHY

Daines, M., and M. Pec, 2015: Migration of Melt, 49–64. doi:10.1016/B978-0-12-385938-9.

00002-X.

De Barros, L., C. J. Bean, M. Zecevic, F. Brenguier, and A. Peltier, 2013: Eruptive fracture

location forecasts from high-frequency events on Piton de la Fournaise Volcano. Geophysical

Research Letters, 40, 4599–4603.

De Barros, L., I. Lokmer, C. J. Bean, G. S. O’Brien, G. Saccorotti, J.-P. Métaxian, L. Zuccarello,
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structures volcaniques du Piton de la Fournaise. Ph.D. thesis, Université de Paris, 664 pp.
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Patanè, D., G. Di Grazia, A. Cannata, P. Montalto, and E. Boschi, 2008: Shallow magma

pathway geometry at mt. etna volcano. Geochemistry, Geophysics, Geosystems, 9 (12),

doi:https://doi.org/10.1029/2008GC002131, URL https://agupubs.onlinelibrary.wiley.com/

doi/abs/10.1029/2008GC002131, https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/

2008GC002131.
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