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Résumé

L’activité strombolienne, caractérisée par des séries de petites explosions, existe dans le
monde entier et dans divers contextes tectoniques. La variabilité de I’activité Strombolienne
est observée & 1’échelle mondiale et & 1’échelle d’un édifice volcanique. Deux études multi-
disciplinaires, traitant de nombreuses données avec des programmes MATLAB semi-automatiques,
nous ont permis de caractériser cette variabilité de I'activité strombolienne.

Une étude thermo-infrasonique & I'Erta’Ale (Ethiopie; 5 jours en mars 2003), au Piton
de la Fournaise (Ile de la Réunion, France; 4 jours en déc. 2006) et au Yasur (Ile de Tanna,
Vanuatu ; 13 jours en juin 2009 et 52 jours en sept.-nov. 2016) a permis de quantifier les
limites de l'activité Strombolienne & partir de nombreux paramétres tels que 'amplitude
infrasonique (1-2300 Pa & 100m), les énergies thermicues (2-3.6 x 10°J) et infrasoniques
(1.8 x 101-3.8 x 108 J), les vitesses des gaz (<240m.s~!) et des ¢jecta (<85m.s™!) ou
encore le volume de gaz (1.3 x 10%-2.3 x 10*m?) par explosion. Le bilan énergétique thermo-
infrasonique valide l'existence d’un mécanisme unique de fragmentation pour activité
strombolienne de faible & forte intensité. Nous montrons aussi que 'activité strombolienne,
souvent persistante émet des gros flux de gaz (~2.8 x 102-2.8 x 103m>.s™!) qui peuvent
interagir avec ’atmosphére. Cette étude a été élargie en intégrant 16 autres volcans a
partir de données trouvées dans la littérature. Cela nous a permis de caractériser ’activité
faible et forte & partir des paramétres infrasoniques, notamment ’amplitude infrasonique
(faible : <20Pa; forte : >400Pa a 100m) et I’énergie infrasonique (faible : <2 x 10*J;
forte : >6 x 10°J).

Des données infrasoniques, sismiques et thermiques acquises pendant deux missions de
terrain au Yasur (~70 jours en cumulé) montrent la variabilité temporelle de Pactivité
Strombolienne. L’analyse de 34 phases d’activité, délimitées par le taux d’explosions et
Pamplitude infrasonique, la relation sismo-infrasonique de ses phases et la distribution,
par phases, des temps de repos et des volumes de gaz par explosions révélent la coexistence
de deux mécanismes de formation des bulles : i) la coalescence progressive, mécanisme
persistant dans le conduit génére de petites explosions (<340 Pa a 100 m) et ii) la coalescence
massive, mécanisme intermittent au toit du réservoir génére de plus grosses explosions
(>340Pa a 100m). La coalescence massive au toit du réservoir existe pour un flux de
gaz critique de 420m>.s~! au dela duquel la mousse de gaz au toit du réservoir devient
instable. Cette valeur critique permet d’estimer un diameétre des bulles dans le réservoir
(13-14pm) qui est plus faible que les valeurs données pour d’autres systémes basaltiques
(Etna, Italie; Kilauea, USA ; Erta’Ale, Ethiopie) mais qui reste supérieur 4 la taille des
bulles & la nucléation.
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Abstract

Strombolian activity, characterised by series of small explosions at open-vent volcanoes,
exists worldwide in various tectonic contexts. The variability of the Strombolian activity
can be observed on a global scale and on the scale of a volcanic system. We performed
two multidisciplinary studies, processing numerous data with semi-automatic programs on
MATLAB, to characterise the variability of the Strombolian activity.

A thermo-infrasonic study at Erta’Ale (Ethiopia; 5 days in March 2003), Piton de
la Fournaise (Réunion Island, France; 4 days in Dec. 2006) and Yasur (Tanna Island,
Vanuatu; 13 days in June 2009 and 52 days in Sept.-Nov. 2016) provide the boundaries of
the Strombolian activity from numerous parameters such as infrasonique amplitudes (1-
2300 Pa at 100m), thermal (2-3.6 x 10°J) and infrasonic (1.8 x 101-3.8 x 108 J) energies,
gas (<240m.s71) and ejecta (<85 m.s™!) velocities or gas volume (1.3 x 10?-2.3 x 10*m?)
per explosion. The thermo-infrasonic energy budget suggests that a sole mechanism of
fragmentation exists for all Strombolian explosions regardless of their strength. The
Strombolian activity, often persistent, produces large gas flux (~2.8 x 102-2.8 x 103m?3.s7!)
that can interact with the atmosphere. This study was extrapolated to 16 other volcanoes
from data found in the litterature. We therefore can characterised the weak and strong
Strombolian activity from infrasonic parameters, especially infrasonic amplitude (weak:
<20Pa; strong: >400Pa at 100m) and infrasonic energy (weak: <2 x 10%J; strong:
>6 x 109 J).

Infrasonic, seismic and thermal measurements during two field campaigns at Yasur
(~70 days) show the temporal variability of the Strombolian activity. The analysis of
34 phases of activity, delimited by the rate of explosions and the infrasonic amplitude per
explosion, the sismo-infrasonic relationship of these phases and the distribution per phase of
the return time and gas volume of explosions highlighted the coexistence of two mechanims
for the bubble formation: i) the progressive coalescence, persistent in the conduit triggers
small explosions (<340Pa a 100m) and ii) the massive coalescence, intermittent at the
top of the reservoir triggers strong explosions (>340Pa a 100 m). The massive coalescence
exists, when the critical gas flux (420m3.s7!), above which the foam layer at the top of
the reservoir becomes unstable, is exceeded. This critical value of the gas flux can be used
to estimate the bubble diameter in the reservoir (13-14 pm) and gave smaller values than
values obtained at other basaltic systems (Etna, Italy; Kilauea, USA; Erta’Ale, Ethiopia)
but are larger than the size of the bubbles at nucleation.
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1.1. L’activité volcanique )

Dans ce chapitre je commence par une description minimaliste mais indispensable de
I'activité volcanique générale. Je présente ensuite D'activité volcanique basaltique et les
différents régimes di-phasiques qui lui sont associés. Je fais ensuite un bilan des études
de terrain réalisées sur 'activité Strombolienne avant de présenter ’activité Strombolienne
typique du Stromboli. Je me focalise ensuite sur ['activité Strombolienne et les mécanismes
de formations des bulles pour introduire la problématique de cette thése. Je fini avec une
présentation des volcans que j’étudie, I’Erta’Ale, le Piton de la Fournaise et le Yasur.

1.1 L’activité volcanique

1.1.1 Quelques notions indispensables

L’activité volcanique est un moyen efficace pour la Terre d’évacuer une importante quantité
d’énergie avec de nombreux volcans situés sur ce qu’on appelle la Ceinture de Feu (Introduction
in Sigurdsson et al., 2015). La Ceinture de Feu est a la frontiére de plaques tectoniques, en
context de compression, 14 ot les subductions se font. Une grande partie du volcanisme a
également lieu, a la frontiére de plaques mais dans un context d’extension cette fois-ci (rift
continentaux, médiane océaniques, Introduction in Sigurdsson et al., 2015). Enfin certains
volcans se trouvent étre intra-plaques et sont alimentés par ce qu’on appelle des points
chauds et qui sont des zones de fusion partielle & grande profondeur (Kilauea, Piton de la
Fournaise, etc.).

Le magma, issu de la fusion partielle du manteau (Schmincke, 2004, p.24), peut varier en
composition du fait de son context tectonique (mécanisme de fusion), du degrée de fusion
partielle et de son temps de séjour, i.e. le temps qu’il lui faut pour remonter 4 la surface par
flottabilité (Schmincke, 2004, p.26). Une fois proche de la surface le magma peut étre stocké
dans un ou plusieurs réservoirs, appelés chambres magmatiques (i.e. le magma rencontre
une couche de roche qui ne lui permet plus de remonter a la surface par flottabilité). Ces
réservoirs sont situés a quelques centaines de métres pour les plus superficiels (Chouet et al.,
2003, Stromboli, e.g.), & quelques kilométres pour des réservoirs, dit aussi superficiels (Etna,
e.g. Allard et al., 2005; Spilliaert et al., 2006; Patané et al., 2002) ou dans des reservoirs dits
profonds, atteignant presque 10km (Shishaldin, e.g. Stelling et al., 2002; Lu et al., 2002).
Dans certains cas, le magma peut refroidir par conduction parce que la roche qui I'entoure
est plus froide. Différents cristaux peuvent alors se former en fonction de leur solidus et de
la température du magma. C’est la cristalisation fragmentée ou différentiation du magma
(Schmincke, 2004, p.27).Le magma contient également des gaz qui s’exsolvent, a cause de
la décompression du magma lors de sa remontée vers la surface. Ce dégazage dépend des
espéces présentes qui sont solubles & différentes conditions de pression et de température
(CO9,Hy0, S04, HCI pour les plus gros volumes Schmincke, 2004, p.42).

La composition chimique du magma, sa teneur en cristaux et en eau et sa température sont
des paramétres clés qui controlent la viscosité du magma (Schmincke, 2004, p.27). Plus un
magma est différentié, plus il est riche en silice et cristaux et donc visqueux (dacite : >63 %
de silice ; rhyolite : >70% de silice BAS et al., 1986). Un magma peu différencié est plus
pauvre en silice et cristaux et est donc moins visqueux (45 % de silice et une viscosité de
10 Pa.s—100 Pa.s pour les basalts du Kilauea, BAS et al. (1986); Schmincke (2004)). Plus
un magma est visqueux, plus sont écoulement est lent (ex : le miel est plus visqueux que
Phuile et s’écoule beaucoup plus lentement). Un magma moins visqueux permettra au gaz
exsolvé sous forme de petites bulles de circuler plus facilement qu’un magma visqueux.
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Cela implique qu’'un magma moins visqueux piége moins de gaz (ex : ébullition de 1’eau
comparée a 1’ébullition d’une pureée).

La vitesse d’ascension du magma et sa décompression peuvent également plus ou moins
faciliter le dégazage. Une ascension rapide et donc une décompression rapide du magma
peut générer des éruptions hautement explosives parce que la mixture de gaz et de liquide
magmatique se développe en systéme fermé (Cashman et al., 2004), c’est-a-dire que les
gaz ne peuvent pas ou ont du mal & s’échapper (ex : bouteille de champagne que 1'on
aurait trop secoué). Une ascension plus lente du magma est favorable a la séparation de la
phase gazeuse du liquide magmatique et les gaz peuvent alors facilement s’échapper sous
forme de grosses bulles (Wilson and Head III, 1981; Jaupart and Vergniolle, 1988, 1989;
Parfitt et al., 1995) ; le systéme est alors partiellement ou totalement ouvert et peut générer
de petites explosions. Chaque éruption volcanique produit des ejecta et des gaz qui sont
rejetés dans 'atmosphére et peuvent avoir une impact local sur la population (pluie acide,
contamination de l'eau et des cultures) et/ou un impact global sur le climat (Krakataua,
1883 Gleckler et al. (2006); Pinatubo, 1991 McCormick (1992); Ambrym, Allard et al.
(2016a)).

Différents types d’éruptions peuvent étre observés, de la coulée de lave (Hawaii) a I’éruption
Plinienne (éruption du Veésuve, 7T9A.D. décrit par Pline le Jeune) en passant par les
éruptions Stromboliennes du Stromboli et ont été décrits bien avant une quelquonque
classification. Les éruptions volcaniques sont aujourd’hui souvent classées par rapport a
leur explosivité, et donc leur dangerosité. J’ai retenu deux classifications :

(i) la classification de Walker (1973), ancienne et peu utilisée de nos jours, est basée sur
la, dispersion des éjecta, c’est-a-dire la distance a la bouche éruptive & laquelle ils
tombent, et leur degré de fragmentation. On peut définir le degré de fragmentation
comme efficacité a produire de fine particules Figure 1.1.

(i) la classification de Newhall and Self (1982) est basée sur 'index volcanique explosif
(VEI : Volcanic Explosity Index). Le VEI est défini par le volume d’éjecta par éruption
et la hauteur de la colonne éruptive.

La premiére classification dépend essentiellement de 'organisation spatiale des bulles de
gaz, de leur taille et de leur sur-pression initiale, ainsi que la viscosité du magma. La
deuxiéme classification met en revanche I’accent sur des paramétres plus globaux, tels que
le volume d’éjecta, relié au volume de gaz, la densité du mélange des deux phases (gas et
ejecta) et la surpression initiale du réservoir, comme par example dans la phase initiale
de la fontaine de lave de faible hauteur au Piton de la Fournaise (Hibert et al., 2015).
Un volcan peut produire différents types d’éruptions au cours de sa vie qui sont induits
par des changements du systéme volcanique en profondeur (variation du flux de magma
et/ou de gaz, changement de composition du magma) ou en surface (destabilisation de
flanc). L’étude de Marzocchi and Zaccarelli (2006); Newhall and Self (1982) montre que les
éruptions a fort VEI sont moins nombreuses que les éruptions a faible VEI. Cela s’explique
par le fait qu’il faut plus de temps pour accumuler les produits (gaz et magma) nécessaires
aux éruptions les plus explosives.

Je m’intéresse aux éruptions basaltiques moins explosives mais plus réguliéres parce qu’elles
ont un impact environnemental local important de part les volumes de gaz certes faibles
qu’elles émettent mais qui sont trés fréquents voir continu et parce que l'instrumentation
sur ces volcans en activité quasi-permanente permet de mieux comprendre leur dynamisme
éruptif.
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FiGURrE 1.1 — Classification des éruptions volcanique d’aprés la dispersion des éjecta et de leur
degré de fragmentation. D’aprés Walker (1973).

1.1.2 Les éruptions basaltiques

Les éruptions basaltiques existent dans tous les contexts tectoniques et sont fréquentes. Les
points chauds générent essentiellement des éruptions basaltiques (Kilauea, Hawaii; Piton

de la Fournaise, Ile de la Réunion ; Erebus, Antarctique). Les rifts continentaux produisent
également des éruptions basaltiques comme 3 1'Erta’Ale (Ethiopie) ou au Nyiragongo
(République Démocratique du Congo). Enfin, on peut également trouver des volcans produisant
des éruptions basaltiques au niveau des zones de subductions (Shilshaldin, Alaska; Yasur

et Ambrym, Vanuatu). Certains volcans de magma basique comme le Stromboli ou le Yasur
sont en activité Strombolienne persistente.

Comme expliqué précédemment, le magma exsolve ses gaz par décompression lors de son
ascension jusqu’a la surface. Ce sont donc deux phases qui remontent jusqu’a la surface,
une phase gazeuse légére et une phase liquide plus dense (on suppose que les cristaux font
partie intégrante de la phase liquide). Les gaz sont le moteur de ces éruptions basaltiques. Il
existe plusieurs régimes di-phasiques, qui dépendent de la proportion volumique de gaz et
de liquide magmatique, lors de la remontée de la mixture de gaz et magma dans le conduit
volcanique ( (Figure 1.2 Vergniolle and Jaupart, 1986; Vergniolle and Mangan, 2000) :

a) un systéme trés pauvre en gaz (fraction volumique de 1% a ~10 %, mal connue) a
un régime bulleux et génére une activité effusive;

b) un sytéme riche en gaz (~70%) a un régime intermittent ot de petites bulles de
gaz s’accumulent pour en former des grosses. Ce régime est responsable de 'activité
Strombolienne ;

¢) sion continue d’augmenter la proportion en gaz, le régime devient annulaire, c’est-a-
dire qu’on a un jet de gaz central dans un anneau de magma qui génére des fontaines
de lave;

d) enfin dans le cas extréme, & trés forte fraction volumique de gaz dans le conduit, le
régime est dispersé, c’est-a-dire que qu’il n’y a plus d’anneau de magma autour du
jet de gaz, mais que de petites particules de magma sont prise au piége dans le jet
de gaz ce qui génére des colonnes éruptives basaltiques.

Il est possible pour un volcan de passer d’un régime di-phasique & un autre en fonction de
son alimentation en magma et en gaz. Il est donc important d’étudier ’activiter volcanique
de ces différents régimes pour identifier les changements d’alimentation profonde du systéme.
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FIGURE 1.2 — Régimes di-phasiques des éruptions basaltiques. a) Le régime bulleux génére une
activité effusive, b) le régime de slug des explosions stromboliennes, c¢) Le régime annulaire des
fontaines de lave et d) le régime dispersé des colonnes éruptives basaltiques. Adaptée d’apres la
figure 1a dans Vergniolle and Jaupart (1986) et la figure 6 dans Vergniolle and Mangan (2000).

Je m’intéresse plus particulierement a I’activité Strombolienne car, méme si elle est modérement
explosive, elle est souvent persistante (Stromboli Rosi et al. (2000) ; Erebus Kyle (1994) ;
Yasur Firth et al. (2014) ; Erta’Ale Harris et al. (2005a) ; etc.) et elle géneére donc de grandes
quantités de produits (gaz et ejecta) au cours du temps. La variabilité spatiale de lactivité
Strombolienne, en terme de i) contextes tectoniques (i.e. Stromboli : subduction ; Erebus :
point chaud; Erta’Ale : rift continental), ii) composition magmatique (i.e. basaltique au
Stromboli, phonolitique & I’Erebus, trachy-andesitique au Yasur), iii) de récurrence de
Pactivité Strombolienne (i.e. permanant au Stromboli ou intermittant a I'Etna) et iv)
taille de I’édifice ainsi la variabilité temporelle & un édifice posent la question des limites de
Pactivité Strombolienne (définition quantitative) et la question de similitudes et différences
de l'activité Strombolienne d’un édifice volcanique & l'autre.

1.2 L'activité Strombolienne

1.2.1 Mesurer |'activité Strombolienne

1.2.1a Mesures des gaz

Les volcans émettent des gaz qui peuvent intéragir avec l'atmosphére et modifier les
propriétées et la dynamique de l'atmosphére. Cela peut avoir un impact sur le climat
et sur les cycles bio-chimiques (Jourdain et al., 2016; Lefevre et al., 2016; Sellitto et al.,
2017, e.g.). Les différentes espéces de gaz sont produites a différentes profondeur sous la
surface, en fonction de leur solubilité (CO2, HoO, SO2, HCI, halogenes, etc.).

Le SO5 n’est pas le gaz le plus produit en grande quantité par les volcans, pourtant il
est aujourd’hui le gaz le plus mesuré lors de missions de terrain (Bani and Lardy, 2007;
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Galle et al., 2003; Barrancos et al., 2008, e.g.). Certains observatoires le mesurent en continu
comme au Kilauea (United States of America), a Stromboli, Vulcano, I'Etna (Italy) (Burton
et al., 2014; Vita et al., 2012) ou au Piton de la Fournaise (Ile de la Réunion, France).

Le SO est souvent mesuré par COSPEC (Correlation spectrometry), DOAS (Differentiation
Optical Absorption Spectrometry) ou caméra ultra-violet (e.g. Elias et al., 2006; Barrancos
et al., 2008). Toutes ces méthodes font une mesure de I’absorption des ultra-violet et ont
donc besoin d’une source lumineuse en arriére plan de la source de gaz. Les DOAS sont les
plus utilisés, car peu cher, facilement transportables et peu énergivores (Elias et al., 2006).
De plus, contrairement aux COSPEC, les DOAS les plus récents, ont moins de problémes
quand la lumiére est faible (Elias et al., 2006). Ces mesures de SOz peuvent étre faites du
sol (véhicule, trépied), par avion.

Des méthodes de spectrométries infra-rouges existent également mais sont beaucoup moins
utilisées par rapport aux méthodes de spectrométries ultra-violets. Notamment, I’émission
de SO9 des fontaines de lave du Kilauea (USA) a été mesuré par absorption des infrarouges
(nau). Des images infrarouges aquises par avion ont permis de déterminer la concentration
de et le flux SOy & 'Etna (TIMS : Thermal Infrared Multispectral Scanner of the NASA
Realmuto et al., 1994). La concentration en SOz des fumerolles du volcan Asama (Japon)
a aussi été mesuré par radiométre spectral infrarouge (Notsu et al., 1993). Le SOy peut
également étre mesuré, par absorption différentielle dans les infra-rouge, depuis les satellites
pour une couverture globale, mais uniquement pour les grands volumes de SOy (SEVIRI,
MODIS, TASI, AIRS instruments, e.g. Dubuisson et al., 2014; Carn, 2016; Prata and
Bernardo).

Ces mesures par satellites sont trés dépendantes de ’état de I’atmosphére et du chemin de
propagation des ondes entre les sol et le satellite, qui mesure une quantité de SO4 intégrée
sur toute la colonne atmosphérique. La mesure du SOs est des plus utiles parce que le SO9
n’existe pas dans ’atmosphére en dehors de 'industrie humaine et de ’activité volcanique,
contrairement au CO»y et au HoO, qui sont des gaz majeurs, en terme de volume produit
par les volcans.

Witter et al. (2012) ont associé des caméras infra-rouge et les équations de conservation
de la masse et de I’énergie pour déterminer les flux de HoO. Leur modéle est basé sur
I’hypothése que le HoO est le gaz le plus abondant dans le panache, en terme de masse.
Ils obtiennent des flux de HyO & Villarrica (38kg.s™'-250kg.s~!, Chili), au Stromboli
(4.5kg.s71-14kg.s™!, Italie) et a Santa Ana (168kg.s™'-219kg.s~!, El Salvador) qui sont
cohérents avec les flux HoO obtenus par d’autres méthodes (méthodologie multi-capteur
+ miniDOAS a Villarrica et Santa Ana Shinohara (2005) ; méthode développée par Harris
and Ripepe (2007b) a Stromboli et qui se base également sur des mesures thermiques).

Les autres espéces de gaz sont mesurées indirectement par multi-gas ou par FTIR (Fourier
Transform Infra-Red spectrometer). Ces deux méthodes mesurent les rapports de gaz di-
atomique comme par exemple, les rapports HoO/SOz ou CO2/S02 (e.g. Oppenheimer
et al., 2006; Métrich et al., 2011; La Spina et al., 2015). L’inconvenient du multi-gas, est
que linstrument, placé a distance de la bouche mesure en fait les rapports de gaz aprés
leur mélange avec I’atmospheére et donc aprés leur dilution. Le FTIR permet d’avoir une
mesure directe des gaz qui sortent & la bouche éruptive, mais nécessite une vue claire de la
bouche (un panache de cendre ou la pluie biaisent les résultats). En tout état de cause, les
mesures par FTIR ne mesurent que 'anneau extérieur de I'explosion si celle-ci est dense
en fragments solides et liquides. Nous pouvons obtenir les flux de chacune des espéces de
gaz jouant un réle dans la dynamique de ’atmosphére en combinant les mesures du flux
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de SOy avec les mesures de rapport des gaz di-atomiques. Nous pouvons alors estimer le
flux total de gaz émis dans 'atmosphére.

Alternativement, les volumes de gaz du dégasage actif, lié & ’explosion de poches de gaz
surpressurisées, et du dégasage passif, produits par les volcans peuvent étre estimées & partir
d’enregistrements infrasoniques. Trois méthodes sont couramment utilisées pour estimer le
volume de gaz & partir d’enregistrements infrasoniques. Les deux premiéres considérent la
décharge de gaz dans 'atmosphére lorque la bulle de gaz explose a la surface du magma
(Woulff and McGetchin, 1976; Vergniolle et al., 2004; Johnson, 2003). La troisiéme méthode
considére l'oscillation en volume de la bulle de gaz avant son explosion (Vergniolle and
Brandeis, 1996). Il convient de choisir la méthode appropriée pour le calcul de volume
(Section 4.1.3), un magma trop visqueux empéchant la vibration de la bulle comme dans
le cas de ’Erebus (Antarctique, Gerst et al., 2013). Les volumes de gaz par explosion et
les flux de gaz ont ainsi pu étre estimés au Stromboli (e.g. Vergniolle and Brandeis, 1996;
Vergniolle et al., 1996), & Shishaldin (Vergniolle et al., 2004), & 'Etna (Vergniolle, 2008),
a 'Erta’Ale (Bouche et al., 2010), a I’Erebus (Johnson, 2003; Johnson et al., 2008b, e.g.),
etc.

1.2.1b Dynamique du nuage volcanique

Jappelle ici nuage volcanique la mixture de gaz et d’éjecta émis par une éruption Strombolienne.
La dynamique de ce nuage est complexe, puisqu’une éruption injecte dans ’atmosphére une
mixture trés chaude composée d’au moins deux phases (ejecta + gas). A la base de la bouche
éruptive, nous pouvons observer un mélange turbulent qui devient un panache dominé par

des mouvements de convections a cause du mélange avec l’atmosphére (Figure 1.3).

La plus ancienne méthode permettant d’étudier la dynamique du nuage volcanique est
probablement I’analyse de photographie, notamment les photos avec de long temps d’expositions
qui permettent de i) mesurer les angles d’émission moyen des éruptions afin de déterminer

si le conduit est incliné proche de la surface et/ou ii) suivre la trajectoire des ejecta, qui
combinée & une étude balistique, permet de déduire la vitesse initiale des ejecta (e.g. Chouet

et al., 1974; Vanderkluysen et al., 2012).

Les vidéos dans le domaine visible, & haute vitesse ou non, permettent de mesurer les angles
d’émission. Ces vidéos permettent également de mesurer la vitesse et la taille des ejectas
en traquant manuellement ou automatiquement les ejectas (PIV, PyTV, e.g. Taddeucci
et al., 2012; Gaudin et al., 2014a; Shindler et al., 2010).

Les radiomeétres thermiques font une mesure spectrales des objets présents dans leur champ
de vision pour en déduire leur température & partir d’une inversion de la fonction de Plank
(Harris, 2013). Ces radiometres permettent par example de montrer que 1’énergie thermique
des explosions Stromboliennes est plus faible d’au moins un ordre de grandeur que les
Pénergy thermique des explosions vulcaniennes (Marchetti et al., 2009). La mise en paralléle
de deux radiomeétres permet également d’estimer une vitesse d’ascension moyennée du
nuage volcanique, & partir du délai du signal thermique entre les deux capteurs, comme cela
a été proposé au Santiaguito (Guattemala, Sahetapy-Engel and Harris, 2009). L'utilisation
d’un seul capteur devrait également permettre une estimation de la vitesse d’ascension du
nuage volcanique, en revanche 'étude de Chevalier and Donnadieu (2015) montre que les
résultats des techniques proposées (méme avec deux capteurs) sont trés entachés d’erreurs
du fait des nombreuses incertitudes liées aux méthodes et aux instruments.
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Aujourd’hui, les caméras thermiques sont donc plus souvent utilisées que les radiomeétres
pour étudier la dynamiques des nuages volcaniques et permettent de mesurer la vitesses des
ejecta et leur taille de facon similaire aux mesures effectuées sur des vidéos dans le visible
(e.g. Vanderkluysen et al., 2012) ou en considérant le profil de température du nuage (e.g.
Harris et al., 2012). En outre, il est facile de choisir une partie de 'image thermique pour
en déduire la variation temporelle de la température tel qu’elle aurait été mesurée par un
radiométre (e.g. Chevalier and Donnadieu, 2015) ou encore ’énergie thermique du nuage.

Plusieurs types de radars Doppler existent parmis lesquels deux permettent de pointer un
objet précis : i) le radar Doppler pulsé émet régulierement un pulse de longueur choisie
et enregistre ’écho de ce pulse qui est renvoyé par 1'objet étudié(see Donnadieu, 2012,
for review) et ii) le radar Doppler a fréquence modulé émet une onde électromagnétique
en continu et enregistrement également ’écho renvoyé par 'objet étudié (Voge and Hort,
2009). L’amplitude du signal enregistré permet de quantifier la taille de objet (i.e. la
quantité de matériaux) tandis que le décalage Doppler permet d’estimer la vitesse de
cet objet. Dans le cadre de l'activité Strombolienne, les radars Doppler permettent de
mesurer les vitesses des ejectas, méme lorsque la couverture nuageuse est importante.
Les plus petites particules ont probablement une vitesse trés proche de la vitesse des
gaz qui les entrainent ce qui permet de déterminer aussi la vitesse du gaz (Donnadieu
et al., 2005). Au Yasur les vitesses ascendantes dans le nuage volcanique peuvent atteindre
~300m.s~! et augmentent lorsque l'activité s’intensifie au contraire de la quantité de
cendres, indirectement mesurée par ’amplitude du signal, qui diminue lors des fortes
activité (Meier et al., 2016). Cette technique de velocimétrie par radar Doppler & également
permis de mettre en évidence le changement temporel de l'activité strombolienne au
Stromboli suite & un épisode pluvieux qui a permi une interaction entre I’eau et le magma

(Hort et al., 2003).

Toutes ces méthodes permettent une mesure de la vitesse des ejecta ou du front du
nuage volcanique. Ces vitesses sont importantes car sont directement liées & la dynamique
éruptive de activité strombolienne. Associées a la taille des ejecta, ces informations sont
donc cruciales pour la modélisation numérique de la dynamique de ces nuages volcaniques
(e.g. Girault et al., 2016, 2014; Michaud-Dubuy et al., 2018). L’angle d’ouverture de la
colonne éruptive est également un paramétre important puisqu’il donne accés au coeflicient
d’entrainement qui caractérise le mélange du nuage volcanique avec 'atmosphére (e.g.
Kaminski et al., 2005; Carazzo et al., 2006). Un jet turbulent a un coefficient d’entrainement
de 0.07 en régime stationnaire, ce qui correspond & un angle d’ouverture d’environ 16°.
(Linden et al., 2000). Un panache flottant (buyoant) a en revanche un coefficient d’entrainemet
plus élevé (0.16 Linden et al., 2000) qui se traduit par un angle d’ouverture plus important.

1.2.1c Etudes sismiques

Contrairement aux infrasons qui sont générés essentiellement par I'explosion Strombolienne
elle-méme, les ondes sismiques peuvent étre générées par d’autres mécanismes que ’explosions
comme par exemple la formation de la bulle de Taylor, son ascension (e.g. Johnson and
Aster, 2005; Nabyl et al., 1997). Ces différents mécanismes générent des ondes avec des
gammes de fréquences différentes. Les trés longues périodes (VLP, <1Hz) et les longues
périodes (LP, <2 Hz) sont associées a des processus profond. Les ondes liées aux explosions
stromboliennes elles-mémes (EQ) ont des fréquences entre 1 Hz and 6 Hz. L’onde acoustique
est également enregistrée par les sismomeétres dans des gammes de fréquences supérieures a
6 Hz. Enfin, les trémors volcaniques, qui consistent en de petits pulses réguliers en temps,
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sont associés a des petits jets de gaz a la surface du magma, appelé le puffing (Ripepe
et al., 1996).

Ces trémors volcaniques permettent d’identifier les changements de milieu suite & un
tremblement de terre par exemple (Battaglia et al., 2012). Le couplage sismo-acoustique
est aussi souvent utilisé pour l’étude de l'activité Strombolienne parce qu’il permet de
détecter des changement de sources liés a différents paramétres tels que la densité du
nuage volcanique, la profondeur de la source, le diamétre du conduit, la taille de la source
ou encore le contrast d’inpédance entre le volume de magma et le milieu 'entourant qui
est lié a la rhéologie du magma (e.g. Johnson and Aster, 2005; Vergniolle et al., 2015).

Les mesures sismiques permettent aussi la surveillance en temps réel avec des méthodes
telles que le RSAM (Real-time Seismic Amplitude Measurements, Endo and Murray, 1991)
et le SSAM (real-time Seismic Spectral Amplitude Measurement, Rogers and Stephens,
1995) qui sont souvent utilisées dans les observatoires.

1.2.1d Le Stromboli et I'Erebus, deux volcans stromboliens trés étudiés

Stromboli

Le Stromboli est un cone pyroclastique résultant d’une subduction dans les iles Eoliennes
(Italie) et dont la base repose sur le fond océanique & environ 2000 m sous le niveau de la
mer. Le Stromboli a trois cratéres actifs, qui peuvent avoir entre 5 et 15 bouches éruptives,
et est en activité Strombolienne permanente depuis au moins 1400 ans (Rosi et al., 2000).
Le Stromboli produit une explosion Strombolienne toutes les 270s environ (Delle Donne
et al., 2006). Les ejecta produits par le Stromboli ont un diameétre équivalent pouvant varier
de 3mm & 1m et sont propulsés dans ’atmosphére avec des vitesses pouvant atteindre
150 m.s~! (Gaudin et al., 2014b; Hort et al., 2003).

Deux types d’explosions Stromboliennes sont observés. Les explosions longues (10s to 20s,
riches en cendres d’une part et les explosions courtes (5s to 10s), riches en scoria et en
bombes d’autre part (Patrick et al., 2007). De plus une activité de puffing, consistant en
de plus petit volumes de gaz et générant des infrasons de faible amplitude, y est observée
avec des temps de retour trés courts (e.g. Colo et al., 2010; Ripepe et al., 2008). Le systéme
d’alimentation semble étre identique malgré les différents types d’explosions du Stromboli
et ses trois crateéres, et est situé & ~500 m au dessus du niveau de la mer (Chouet et al., 2008;
Ripepe et al., 2008). Au dessus de ce systéme d’alimentations différents dykes alimentent
les différents cratéres qui produisent différents types d’explosions du point de vue sismique
(Chouet et al., 2008).

Le Stromboli peut également produire des éruptions dites paroxysmales, qui sont en fait de
petites explosions produisant des colonnes éruptives pouvant monter dans la stratosphére
et durer plusieurs dizaines de minutes (e.g. Harris and Ripepe, 2007a; Vergniolle and
Gaudemer, 2015; Métrich et al., 2005; Andronico and Pistolesi, 2010; Calvari et al., 2006,
2012; La Felice and Landi, 2011; Aiuppa et al., 2009; Andronico et al., 2013). Ces explosions
sont uniques lors d’un épisode paroxysmal (une par cratére et par éruption) et sont parfois
interprétées comme des éruptions Vulcaniennes. Des coulées de laves ont également été
observées au Stromboli, comme en 2003 (Ripepe et al., 2004; Harris et al., 2005b) ou en
février 2007 (e.g. Ripepe et al., 2009; Aiuppa et al., 2009).
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Erebus

L’Erebus est un stratovolcan de point chaud situé sur I'Ile de Ross, en Antarctique. Il est
composé de différentes couches de lave de compositions différentes, tephriphonolitiques et
phobolitiques pour les plus récentes (i.e. les couches moins profondes) et basanite pour
les plus anciennes (i.e. les couches les plus profondes, Kyle et al., 1992) et héberge deux
lacs de lave qui sont actifs depuis 1972, au moins (Giggenbach et al., 1973). Les conditions
météorologiques idéales et le contexte scientifique de I’Antarctique, fait de I’Erebus un
objet d’étude idéal. De plus la composition différenciée du magma de ce volcan fait de
lui un cas unique puisque les autres lac de laves connus pour étre persistants (Erta’Ale,
Kilauea, Nyiragongo, Ambrym) ont des magmas de composition plus pauvre en silice (voir
le tableau 5.5 et Smithsonian Institution, 2013).

La viscosité du magma phonolitique de I’Erebus varie probablement de 10° Pa.s 4 107 Pa.s
(Le Losq et al., 2015) et deux types d’activité y sont observées, i) la convection et dégazage
des lacs (e.g. Peters et al., 2014a,b) et ii) 'explosions de larges bulles de gaz (e.g. Aster,
2003; Johnson et al., 2008b; Gerst et al., 2013). Ces larges bulles de gaz peuvent émettre
des volumes de gaz entre 1 x 103m? et 24 x 103m? (e.g. Johnson et al., 2008b).

Le gaz émis, en surface, par I’Erebus provient en majorité d’une source profonde de magma
basanite (gaz riche en CO2) et en minorité d’une source plus superficielle de magma
phonolite (gaz riche en H20, lacovino, 2015; Ilanko et al., 2015). La coexistence de ces
deux sources de dégazage génére en surface des cycles (Molina et al., 2015) que ’on peut
observer par le niveau du lac de lave, les changement de proportions des gaz émis, les
variations de flux de chaleur, de température du lac et de la vitesse de la surface du lac
(Oppenheimer et al., 2009; Alletti et al., 2014; Peters et al., 2014a,b; Jones et al., 2015).

Les formes d’ondes sismiques des VLPs sont trés reproductibles depuis plusieurs années,
indiquant que le systéme est stable malgré des variations dans le nombre d’explosions
par jour (Aster et al., 2008). Les quelques changements dans les VLP semblent liés a
la direction caractéristique des éjecta (et des gaz) et la réponse imédiate du conduit a
Pexplosion (Aster et al., 2008). En outre, le peu de signaux sismiques liés a des événements
volcano-tectoniques (Rowe et al.; 2000) indique que peu de contraintes ou sur-pression
s’accumulent & U'Erebus et est en accord avec l'existence d'un system ouvert (Aster et al.,
2008).

1.2.2 Meécanismes associés a |'activité Strombolienne

L’activité Strombolienne consiste en surface & des séries de courtes et petites explosions
(VEI<2) en systéme volcanique ouvert et dont les ejecta, peu fragmentés, retombent a
moins de ~1km (Figure 1.1, Newhall and Self, 1982; Walker, 1973). Ces explosions sont
générées par de larges bulles de gaz qui explosent & la surface du magma parce que la
différence de pression entre la pression dans l’air et la pression interne dans la bulle est
trop importante. La difference de pression est liée au fait que la bulle de gaz, qui monte
par flotabilité vers la surface, va trop vite dans le conduit, par rapport a la viscosité du
magma qui I’entoure, pour avoir le temps de décompresser. La compréhension de 'activité
Strombolienne commence donc par la compréhension de la formation des grosses bulles
de gaz qui remontent dans le conduit volcanique jusqu’a la surface du magma ou elles
explosent (Figure 1.3).

Plusieurs mécanismes sont proposés dans la littérature pour expliquer la formation de ces
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FiGURE 1.3 — Croquis de ’activité strombolienne et des mesures géo-physiques.

grosses bulles de gaz, appelées bulles de Taylor dans le domaine de la dynamique des fluides
et slugs en volcanologie. Le premier mécanisme est proposé par Jaupart and Vergniolle
(1988, 1989) et suppose que la formation des bulles de Taylor se fait en profondeur dans le
réservoir magmatique (collapsing foam model). Une couche de gaz mousseuse s’accumule
au toit du réservoir a cause d'un apport de gaz plus profond (Figure 1.4b). Cette couche
de mousse s’épaissit alors jusqu’a son point de déséquilibre (instabilité) pour coalescer,
partiellement ou complétement, sous la forme d’une grosse poche de gaz qui remonte ensuite
dans le conduit. La quantité de mousse qui coalesce détermine le volume de gaz initial
relaché dans le conduit. Ce modéle considére que la poche de gaz ainsi crée remonte dans
le conduit plus rapidement que le magma (separated two-phase flow), approximation valide
au vu de la taille des bulles a l'origine des explosions Stromboliennes.

Le deuxiéme modeéle est proposé par Parfitt et al. (1995) et suggére que la formation
des grosses poches de gaz se fait par coalescence progressive dans le conduit (rise speed
dependant model). De petites bulles de gaz s’aggrégent progressivement dans le conduit
pour former des bulles de plus en plus grosses au fur et & mesure de leur accrétion et de
leur décompression (Figure 1.4a). Ce modéle considére que le gaz et le magma remontent
a la méme vitese dans le conduit (homogeneous two-phase flow). Ce modéle propose que
Pactivité Strombolienne des volcans basaltiques résulte d'une vitesse du magma dans le
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FIGURE 1.4 — Formation des larges bulles de gaz & Dorigine des explosions stromboliennes. a)
Coalescence progressive du gaz dans le conduit Parfitt et al. (1995). b) Coalescence massive de la
couche de mousse au toit du réservoir Jaupart and Vergniolle (1988, 1989).

conduit plus faible dans le cas des explosions Stromboliennes que dans le cas des fontaines
de laves.

Un autre modéle suggere que les larges bulles de gaz responsables des explosions Stromboliennes
peuvent étre formées par des ondes de concentration dans un magma en régime bulleux
(Manga, 1997). L’hypothése de ce modele est quune bulle qui monte plus vite que les
bulles dans son voisinage est ralentie par une fraction volumique de gaz localement plus
importante. La vitesse d’ascension est d’autant plus réduite que la concentration de bulles
augmente. Ce modeéle a été proposé pour expliquer les puffs au Stromboli (Ripepe et al.,
2002).

Des expériences menées par James et al. (2004) ont également montrées que de grosses
poches de gaz peuvent se former dans un conduit incliné, & partir d’un régime bulleux. En
effet, I'inclinaison du conduit favorise ’accumulation des petites bulles de gaz sur la partie
haute du conduit et améliore donc le mécanisme de coalescence. Ces poches de gaz sont
plus volumineuses et plus fréquentes dans un conduit incliné que dans un conduit vertical,
pour un méme flux de gaz donné. Leur vitesse est également plus importante puisque
Iinclinaison du conduit permet de réduire les pertes d’énergie liée & la viscosité du liquide.
Par example, la vitesse du slug est augmentée de ~40% dans un conduit incliné & 30°
par rapport a la verticale. Les résultats de ces expériences menées par James et al. (2004)
sont cruciales puisque que 1’étude de VLPs générés par un mécanisme source fortement
reproductible au Stromboli suggére que les conduits au Stromboli sont inclinés d’environ
30° par rapport a la verticale.

Ces grosses poches de gaz, beaucoup moins denses que le magma, remontent rapidement
dans le conduit sans avoir le temps de s’équilibrer avec la pression de la colonne de magma
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au dessus d’elles (pmagmaghs). Ces bulles acquiérent une surpression AP, qui dépend de
la vitesse d’ascension de la bulle et de la viscosité du magma. D’autres sources de sur-
pression ont été proposées. Le plus vieux modéle propose que les grosses poches de gaz,
formées par la coalescence massive de la mousse accumulée au sommet du réservoir, ont
une source de sur-pression initiale dans le gaz lié a leur coalescence rapide (e.g. Vergniolle
and Caplan-Auerbach, 2004).

Ces larges poches de gaz peuvent, au cours de leur ascension, devenir instables, casser
puis se reformer (Suckale et al., 2010; Vergniolle and Gaudemer, 2015). Cela dépend
essentiellement de la viscosité du magma et de la taille de la bulle que I'on peut traduire en
terme de nombre de Reynolds (rapport des forces inertielles et visqueuses, caracterisant le
régime d’écoulement : laminaire — turbulent) et de Bond (rapport des forces gravitationelles
et de la tension de surface a l'interface entre deux fluides). Pour un nombre de Bond
supérieur a 1, la bulle devient déformable ce qui favorise la coalescence (petit Reynolds)
ou la rupture (large Reynolds) de la bulle. La rupture est le résultats de trois processus :

1. la naissance d’une instabilité de Rayleigh-Taylor a la surface de la bulle

2. l'insuffisence de la tension de surface pour restorer la surface de la bulle lorsque le
rayon est supérieur 4 un rayon critique

3. la stabilisation de la bulle par amortissement et transport latéral de la perturbation
lié aux forces visqueuses.

Selon I'importance relative de ces trois processus, deux régimes de rupture sont possibles :

e la rupture graduelle, apparait pour des nombres de Reynolds similaires pour un slug
et une bulle

e la rupture catastrophique, apparait pour des nombres de Reynolds plus faibles pour
les slugs que pour les bulles parce que le slug est plus lent que la bulle et qu’il y a
plus de contraintes, liées a la paroie du conduit, sur les cétés du slugs que sur les
bulles.

Une autre source d’instabilité peut étre générée lors de la remontée d’un slug dans un
conduit qui s’élargie ou qui se rétrécie (James et al., 2006). La variation du diameétre du
conduit génére des changements de pression complexes qui dépendent beaucoup de la taille
du slug et de la configuration du conduit. Un élargissement du conduit peut entrainer la
rupture du slug parce que la vitesse dans la partie large augmente (fraction volume de
gaz moins importante). Cela génére un changement de pression qui peut étre a lorigine
de VLP mesurés dans le cadre de I'activité strombolienne. Un rétrecissement du conduit,
en revanche réduit la vitesse du slug et les effets d’inertie. Les effets visqueux sont quant
a eux renforcés et les changements de pression liés au passage du slug d’un conduit large
a un conduit étroit génére des oscillations de pression plus complexes (James et al., 2006,
table 1).

Une fois proche de la surface, la différence de pression entre le gaz dans la bulle et
I'atmosphére est tel que les bulles ne peuvent pas ne pas se casser. Elles explosent donc
avec une intensité d’autant plus forte que leur surpression est importante. Chaque explosion
propulse dans ’atmosphére des produits & haute température : le gaz de la bulle et des
fragments de magma plus ou moins gros (ejecta). L’explosion génére également des ondes
acoustiques : 'onde acoustique audible mais également des infrasons qui sont de plus basses
fréequences (<20Hz). Les infrasons se propagent sur de plus longues distances avec une
moindre atténuations que les ondes sonores de plus hautes fréquences. L’explosion génére
aussi des vibrations qui se propagent sous forme d’ondes sismiques dans le sol.
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FIGURE 1.5 — Localisation des trois volcans étudiés : Erta’Ale (Est africain), Piton de la Fournaise
(Océan Indien) et Yasur (Océan Pacifique). Les volcans en éruption sont symbolisés par des
triangles rouges, ceux en éruption mineure en orange, ceux qui présentent une activité en jaune et
les autres en vert. (https://earthquakes.volcanodiscovery.com/)

Pour maintenir 'activité Strombolienne pendant de longues periodes, il est nécessaire
d’avoir un flux de gaz suffisant pour que le conduit ne se bouche pas par refroidissement
du magma. En outre le régime de slug est plus efficace que le régime bulleux pour limiter le
refroidessement du magma et la formation d’une croute & la surface puisqu’un slug perturbe
plus efficacement la surface que les petites bulles du régime bulleux (James et al., 2004).

1.3 Problématique

Les nombreux volcans, dans des contextes tectoniques différents, pouvant avoir une activité
Strombolienne intermittente ou persistante et les changements d’activité du Stromboli
posent la question de la variabilité de 'activité Strombolienne et de son impact local sur
Ienvironnement. Cette thése est orientée selon deux grands axes.

1. Lavariabilité de ’activité Strombolienne mondiale et de son impact sur I’environnement
local est étudiée au travers de I’étude quantitative de 'activité de trois volcans faisant
des éruptions Stromboliennes et qui ont été choisis pour leur contexts tectoniques
et leur magma différents et leur vigueur d’activité différente; de faible & Piton de
la Fournaise et a I'Erta’Ale & moyenne/forte au Yasur. L’objectif de cette étude
quantitative et de pouvoir dire d’'un volcan s’il a une activité faible ou forte a
partir de parameétres thermiques ou infrasoniques et d’en déduire son impact sur
I’environnement local en terme de flux de gaz dans ’atmospheére.

2. La variabilité temporelle de I’activité Strombolienne est étudiée au Yasur, pour lequel
nous disposons de plus de dix ans de données infrasoniques quasiment en continu (4.5
ans de données mises bout a bout). Nous nous focalisons cependant sur les données
de deux missions de terrains (~70 jours) pendant lequelles des données infrasoniques,
thermiques et sismiques sont disponibles et nous permettent de mieux contraindre et
comprendre 'activité Strombolienne.

1.4 Cas d'étude

L’Erta’Ale, le Piton de la Fournaise et le Yasur ont été choisis parce qu’ils présentent des
contextes tectoniques variés. Les compositions magmatiques y sont variées (Figures 1.5
and 1.6), ainsi que la viscosité du magma qui est d’environ 10 Pa.s a ’Erta’Ale (Schmincke,
2004), 40 Pa.s au Piton de la Fournaise et de 10* Pa.s au Yasur (Gaudin et al., 2014b). Plus
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Classification of volcanic rocks
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FIGURE 1.6 — Composition des magma des volcans étudiés (Erta’Ale, Piton de la Fournaise et
Yasur) et des deux volcans discutés dans Marchetti et al. (2009) (Villarrica, Chili et Stromboli,
Ttalie).

un magma est visqueux, plus le dégazage v est difficile. La pression du gaz pré-explosions
est donc d’autant plus importante dans le magma visqueux et les explosions Stromboliennes
plus fortes.

Le traitement de données infrasoniques, thermiques et sismiques nous permettent d’étudier
la dynamique éruptive dans son intégralité :

e les infrasons sont sensibles aux mouvements de gaz et ils permettent une mesure de
la vitesse du gaz et des volumes émis;

e les données thermiques sont sensibles & la présence des solides et liquides chauds
présents dans le champ de vision des radiométres et permettent une étude des phases
solide et liquide (ejecta); l'utilisation de deux radiomeétres nous permet en plus
d’étudier la dynamique des éjecta (i.e. mesure de la vitesse)

e les données sismiques sont sensibles aux mouvements du magma sur toute la hauteur
du conduit et peuvent donc contenir des informations sur la formation de la bulle de
gaz en profondeur, sa remonté et sur son explosion en surface car tous ces phénomeénes
induisent des mouvements du magma autour de la bulle.

1.4.1 Erta’Ale

L’Erta’Ale est un volcan situé a I’est de ’Ethiopie, dans la depression Danakil, au nord de
PAfar (Tazieff, 1994). Il est constitué de 2 lacs de lave, le cratére nord inactif depuis
des décades et le cratére sur en activité permanente qui peut génerer des explosions
Stromboliennes. Le magma y est basaltique peu différencié et peu visqueux (basalt transitionnel,
10 Pa.s Lemma, 2017; Schmincke, 2004).

Le cratére sud était actif en mars 2003, et on pouvait y observer que le niveau de magma
était bas dans le lac. Chaque jour, on pouvait également observer que la croute de magma
solide et froide s’enfonger, de par sa densité plus élévée, dans le magma plus chaud (Bouche
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et al., 2010). A cette période, le cratére nord ne produit pas d’explosion Strombolienne mais
émet un flux de SO5 comparable & celui du cratére sud (sud : 0.7kg.s™!; nord :0.6kg.s ™1,
Oppenheimer et al., 2004)

De larges bulles ont pu étre observées partout sur les bords du lac mais surtout toujours
au méme endroit au milieu du lac. On s’intéresse uniquement & ces bulles qui explosent au
centre du lac, car contrairement aux autres, elles viennent probablement directement du
conduit, et donc du réservoir.

Les mesures thermiques et acoustiques ont été faites & 110 m du centre du lac, pendant 5
jours du 22 au 27 mars 2003 (Bouche et al., 2010).

1.4.2 Piton de la Fournaise

Le Piton de la Fournaise est un volcan bouclier sur I’Ile de la Réunion, qui se situe dans
I’Océan Indien (France). Ce volcan est dii au point chaud qui serait responsable des trapps
du Decan (e.g. Duncan, 1978, 1981; Duncan et al., 1990). Comme I’Erta’Ale, il produit
également un magma peu différencié et peu visqueux (basalt, 40 Pa.s Albaréde et al., 1997;
Di Muro et al., 2014; Hibert et al., 2015).

La plupart des éruptions du Piton de la Fournaise ont lieu dans 'enclos Fouqué depuis sa
formation il y a 4745 ans (Gillot and Nativel, 1989). Une éruption peut présenter plusieurs
phases avec un style éruptif différent : coulées de lave, fontaines de lave de faibles hauteurs
(<30m) ou bien séries répétées explosions Stromboliennes de faible intensiteé.

L’éruption du 30 aotit 2006 au 1 janvier 2007, a été enregistrée par des capteurs thermiques
et infrasoniques a partir du 18 novembre 2006 (Dupont, 2010). On s’intéresse ici & une phase
Strombolienne, celle du 10 au 14 décembre. Une seule bouche éruptive était alors active,
et les capteurs se situaient a 115m de cette bouche.

1.4.3 Yasur

Le Yasur est un cone de scories sur I'Ile de Tanna, dans I’Océan Pacifique (Vanuatu).
L’activité Strombolienne persistente du Yasur est dte a la subduction des Nouvelles Hebrides
ou la plaque Australienne plonge sous la plaque Pacifique (Firth et al., 2014). L’activité
plus forte du Yasur est probablement dde & son magma plus différencié et plus visqueux
(trachy-andesite basaltique, 10* Pa.s Métrich et al., 2011; Gaudin et al., 2014b).

Une premiére série de mesures thermo-infrasoniques a été faite du 18 juin au ler juillet
2009 & environ 280 m du centre du cratére. Une activité relativement typique, mais marquée
par un niveau assez haut de la colonne de magma, y a été observée par comparaison avec
la description d’autres périodes au Yasur. Les mesures thermiques sont optimales & partir
du 28 juin. De plus une station sismo-infrasonique, en place sur le mont Melkem (500 m),
nous a permis d’acquérir une quantité importante de données du Yasur, en quasi-continu de
2003 a 2014, les trous de données étant de longueurs variables en ’absence d’une présence
locale.

La deuxiéme série de mesures thermo-infrasoniques a été enregistrée pendant 2 mois, du 15
septembre au 6 novembre 2016 & environ 340 m du centre du cratére. Additionnellement,
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le centre de surveillance du Vanuatu (VMGD pour Vanuatu Meteorology and Geohazards
Department), nous a aimablement prété les données sismiques de leur station YASH a
1500 m du sommet du volcan. L’activité Strombolienne y était beaucoup plus vigoureuse
qu’en 2009 avec une alternance de phases faibles et de phases fortes. L’activité était telle
que le niveau d’alerte et passé de 2 (major unrest) a 3 (minor eruption) du 15 au 18
octobre (Tables D.1 and D.2). Le niveau d’alerte est défini par le VMGD a partir du RSAM
(Real-Time Seismic Amplitude Measurements) et du SSAM (Seismic Spectral Amplitude
Measurements). Ces méthodes sont expliquées plus tard en section 4.4.5. Les mesures
thermiques s’arrétent définitivement le 10 octobre & cause de problémes d’alimentation
électriques.
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2.1 Measurements of the eruptive dynamics at Erta’Ale, Piton de la Fournaise
and Yasur

Infrasonic, seismic and thermal measurements were recorded by several sensors that are
described below.

A MB2000 microbarometer, developed by the CEA-DASE (Commisserriat & I'Energie
Atomique, Département Analyse et Surveillance Environnement), was used to measure
the acoustic pressure at Erta’Ale, with a sensitivity of 5mV.Pa~! in the frequency band
1073 Hz to 80 Hz.

MB2005 microbarometers, also developed by the CEA-DASE, were used to measure the
acoustic pressure at Piton de la Fournaise and Yasur (the MB2005 at Yasur is lend by the
CEA-DASE), with a sensitivity of 1mV.Pa~! in the frequency band 10~ Hz to 40 Hz.

The microbarometers measure the acoustic pressure from all directions, we have a record
of the activity from each active vent of a the volcano. The propagation of the infrasonic
waves from the vent to the sensor can be disrupted by wind or topographic effects. The
microbarometers measure, when occurs a Strombolian explosion, the disturbance wave
that is generated by the sudden input of a large volume of gas into the atmosphere. The
microbarometers can also measure noise, such as the wind, the oceanic waves (0.08 Hz—
0.5 Hz, peak at 0.2 Hz, Landés et al. (2012)), anthropic noise or the ground vibrations.

The brightness temperature of the ejecta was measured by Cyclops 300AF thermopile
radiometers (Minolta-Land) and give us estimates of the surface temperature of the ejecta.
The thermopiles radiometers are well adapted for volcano studies because they can be used
for a wide range of temperatures. The Cyclops 300AF radiometers measure the infra-red
radiations (8pm to 13pm) in a 1° field of view, with a sensitivity of 1°C.mV~! and an
effective response time, respTime of 0.19s (5.27 Hz). The Cyclops send a chopped signal to
the digitizer with a sampling rate equal to the response time. This reduces the temporal
resolution of the thermal signal (section 2.3). Two radiometers were simultaneously used
during the field campaign at Piton de la Fournaise and Yasur. They were settled such a
way that their line-of-sight was aligned in the vertical with an angle © = 4° between both
line-of-sights. The lower radiometers were targeting the surface of 1 vent because of the
narrow field of view (1°). The narrow field of view has the advantage of measuring the
direct out-put of the vent.

Radiometers are sensitive to the existence of hot liquids and solids and to their temperature.
The radiometers are also sensitive to gases depending on the temperature and pressure
(Hottel, 1954; Holman, 1992). The emissivity of a COy"H2O mixture can reach 0.70 just
above the vent (<1m) and fastly decreases above 1 m (Hottel, 1954; Holman, 1992). The
H50, can opacify the field of view of the radiometers (i.e. it hides objects behind the HyO)
when it condensate into liquid water (emissivity of 0.98).

The ground velocity is measured at Yasur, in June 2009, from Mount Melkem using a
Trillium 40 (Nanometrics) at ~500m from the source. This sensor is lend by the CEA.
YASH permanent station, of the Vanuatu Meteorology and Geohazards Departement,
measures the ground velocity using a LE-3Dlite MKII' (Lenartz electronic) at ~1500m
from Yasur summit. These 3 components seismometers measure the ground velocity in
3 plans with sensitivities of 1553 V/(m/s) and 400V /(m/s) for the Trillium 40 and LE-

INot to be confused with the LE-3Dlite MKIII seismometer
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12.5 cm

Figure 2.1 — Some sensors. a) Microbarometre MB2005. b) Radiometer Cyclops 300AF. ¢) Station
at Yasur in 2016.

3Dlite-MKITI seismometers, respectively.

Infrasonic and thermal measurements were recorded using a Geostar digitizer at Erta’Ale
and a RefTek 130 digitizer at Piton de la Fournaise and Yasur. Seismic measurements
at Yasur were recorded using Quanterra Q330 digitizers. The details of the sensitivities
and sampling frequencies are given in tables 2.1 and 2.2. Note that the digitizers can not
record at several sampling frequency. The sampling frequency was configurate in order to
record accurate acoustic pressure (>75Hz). The sampling frequency is then over-sampled
for thermal records.

The videos taken during the 2009 field campaign at Yasur were recorded by a Sony camera
(DSR-PD170P) with a resolution of 640 px x 480 px and 25 frames per second (fps). The
videos were synchronised with the GPS by filming the time on the GPS display (time of
Paris).

2.2 Distance from the vent to the sensor

The distance from the sensor was estimated at 110 m and 115 m for the field campaigns at
Erta’Ale and Piton de la Fournaise, respectively (Bouche et al., 2010; Dupont, 2010).

The vent-sensor distance during the 2009-field campaign is estimated from the location
of the sensors, measured with a GPS and assuming that the active vents observed were
approximately at the same location that the active vent observed in 2008 (Marchetti et al.,
2013). The vent which was targeted by the radiometers was vent B from Marchetti et al.
(2013).
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Table 2.1 — Characteristics of the thermo-infrasonic acquisition during the four field campaigns at
Erta Ale, Piton de la Fournaise and Yasur Volcanoes.

EA03 PdF06 YAS09 YAS16
Acquisition
Date 22/03/2003 18/11/2006 18/06,/2009 15/09/2016
27/03/2003 01/01/2007 01/07/2009 05/11/2016
Digitizer Geostar RefTek 130 RefTek 130 RefTek 130
Sensitivity" mV.bit ™1 0.153 1.589 x 1073 1.589 x 1073 1.589 x 1073
Sampling rate Hz 75 1000 1000 100
Acoustic
Microbarometer MB2000 MB2005 MB2005 MB2005
Pass-band Hz 1072 to 80 1072 to 40 1072 to 40 1072 to 40
Sensitivity mV.Pa~! 5 20 20 20
Distance m 110 115 280 340
Thermal
Radiometer Cyclops 300AF Cyclops 300AF Cyclops 300AF  Cyclops 300AF
Pass-band pm 8 to 13 8 to 13 8 to 13 8 to 13
Sensitivity ' mV.cC~? 1 1 1 1
Response Time S 0.19 0.19 0.19 0.19
Field of view ° 1 1 1 1
Distance m 110 115 270 340
Else
Period of interest whole period 10/12/2006 28/06,/2009 15/09/2016
14/12/2006 01/07/2009 10/10/2016
Strombolian phase  Radiometers on Radiometers on
References Bouche et al. (2010)  Dupont (2010) This study This study

*at a gain of 1

fwithin the range 200 °C to 1000 °C

In the fall 2016, the sensor location at Yasur, were also measured by a GPS, three times for
each sensor. The mean value of the measurements is taken as the location for each sensor.
The vent location was measured approximately by triangulation from several points of view
of known location (figure 2.2b).

2.3 Calibration: response time of the radiometers

2.3.1 Field measurements

The thermal signal is chopped because at 0.19s, the efficient response time (respTime)
of the Cyclops 300AF radiometer (Minolta-Land). It is perfectly clear as steps on figure
figure 2.3. Each step corresponds to a measurement sent from the output of the radiometer
to the digitizer. The sample rate of 0.19s is also very clear on the spectrogram at Piton
de la Fournaise where the signal to noise ratio is low (Figure 2.3.1). However, it is harder
to see it on the spectrogram at Yasur as the signal to noise ratio is higher.
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Table 2.2 — Characteristics of the seismic acquisitions during the two field campaigns at Yasur.

YAS09: Melkem YAS16: YASH
Acquisition
Digitizer Quanterra Q330 (Kinemetrics)?
Sensitivity" mV.bit ™! 2.3842 x 1073
Sampling rate Hz 100
Seismic
Seismometer Trillium 40 LE-3Dlite MkII®
Nanometrics Lennartz electronic
Sensitivity V/(m/s) 1553 400
Bans pass Hz 0.024 875 to 85.5 1 to 100
Working component All Vertical

* at a gain of 1

https: //www.iris.edu/hq/files /programs/passcal /docs/ Q330-BrochureRevK. pdf

‘https: //www.passcal.nmt.edu/webfm_send/948

$https:/ /www.osop.com.pa,/wp-content /uploads/2013/11/Manual LENNARTZ SISMOMETROS.pdf

2.3.2 Laboratory measurements

I conduct experiments in laboratory to measure the delay in recording between both
radiometers. I have targeted at a soldering-iron with both radiometers at distances around
30cm (Figure 2.4). Measurements were recording by the RefTek 130 digitizer at 1000 Hz.
I have set the soldering-iron to its highest temperature (450 °C) and turn it on and off 10
times letting it cooling down between each experiment.

The soldering iron warms up quickly (<1.5min) but cools down more slowly (>6min,
figure 2.5a-b). Small oscillations are present as the soldering-iron try to maintain its
temperature still (start and stop of the resistance, figure 2.5d). The delay between the
radiometers can be found when the soldering iron is turned on and when it is the warmest.

We observe on all experiments that both records start and reach their maximum at the same
time (Figure 2.5d and f). The calculation, for each experiment, of the cross-correlation
between the signal from both radiometers (Figure 2.5) prove their is no delay between
both records. The zoom of the figure 2.5a-b, presents a short and variable delay between
the extrema of the oscillations (Figure 2.5d). This can be explained by the effects of the
air conditioning in the laboratory and the fact the radiometers target the same point but
from different directions. No delay exists in records of the radiometers. The difference
of amplitude and slope we observe is due to the different sensitivity of each radiometers
(Figure 2.5a).

You can also note on figure 2.5e spikes on the steps of the signals. This is due to electronic
noise induced by the cabling from the sensor to the digitizer.

2.4 Calibration: sensitivity of the thermal system

The radiometers are set in closed boxes during field measurements for protection against
ashes and dust (Figure 2.6). We use Ze-Sn windows to let infra-reds pass through and
hit the sensor because the radiometers are sensible to infra-red only (8 pm to 13 pm). The
Ze—-Sn window and the radiometer form the thermal system.
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Figure 2.2 — Location of the vents and infrasonic sensors at Yasur volcano during the field campaigns
in a) 2009 and b) 2016. The 2008-topography has a grid-resolution of 7m (Chaput and Finizola,
2009). The permanent station of the Mount Melkem and the point of view of the tourists are also
located in magenta and blue, respectively. NN, NM, SM, SS and SK are the notation I have used
in my field note-book and stand for North-North, North-Middle, South-Middle, South-South and
Skylight, respectively.

The Ze—Sn windows are polished on the outside face and handled anti-reflection on the
inside face. In theroy, these windows let pass 85% of the infra-red radiations (70 % if
both faces were handled anti-reflection). Unfortunately, these Ze-Sn windows are not the
most adapted windows close to active volcanoes because they get rapidly oxidised due to
acid gas reducing the efficient sensitivity of the radiometers. The oxidation of the polished
face can reduce amount of infra-red radiations that can pass through the window to 50 %.
More adapted windows that can be used in the future is the Se—As—Se window whose
calibration is given in Harris et al. (2005a).

Two calibrations were done in the laboratory before and after the field campaign at Yasur
volcano in September-November, 2016 (Figure 2.7 and table A.3). First calibration was
conducted in August 2016, using a cooking plate as a thermal source. The temperature
was controlled by a handhold TR-thermometer at 200 °C (Thermo-hunter, Optex). Second
calibration was conduct in November 2017, using boiling water and then a cooking plate
as thermal sources. The temperature was controlled by an infra-red camera (FLIR B365)
at 100°C and 460°C for the boiling water and the cooking plate, respectively. The
temperatures were reading directly on the radiometers.

The handhold IR-thermometer, the infra-red camera and the radiometers measure the
same radiated temperature T,,q which is proportional to the real temperature Tye, of the
warm source depending on its emissivity e

Trad = €lreal; (21)

the transmittance of the ambiant air is neglected because all sensors are at the same
distance from the warm source. The factor of correction fq of the sensitivity of the
thermal system (radiometer+window) is then estimated from

Tmes,rd = frdTmes,control‘ (2'2)
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Figure 2.3 — Steps caused by the efficient response time of the radiometers on thermal signal at
1000 Hz at 1) Piton de la Fournaise (2006) and 2) Yasur volcano (2009). a) Raw data and b) the
corresponding spectrogram with a sliding window of 1s, 25% of overlaps and 2'3 points for the
fft. The dashed line at 5.27 Hz hilight the sampling rate the radiometers. ¢) Zoom around blue
arrow in a) to look at the effect of the response time of the radiometers. Note that the signal is
much more lower at Yasur than at Piton de la Fournaise.

Both radiometers present a different sensitivity (i.e. different factor of correction), but
their sensitivity remains stable before and after the field campaign in the fall 2016 (R2 ~ 1,
figure 2.7a). If there were not any oxidation the sensitivity of the thermal system should
have been the same before and after the field campaign (Figure 2.7b-c). However, we see
greater errors on the temperature after the field campaign than before the field campaign
(i.e. the points of measurements are farther from the line 1:1) due to the increasing
oxidation of the Ze—Sn windows.

The relative errors on the temperature, in degree celsius, ranges between 24 % and 76.5 %
for the field campaign in 2016 when using the windows and having the emissivity €ihermal
of the radiometers set at 0.85. We need to multiply the measured temperature by factors
ranging between 1.32 and 4.25 to get the real temperature (the median and the mean being
2.18 and 2.44, respectively).

More experiments could have been done to perform a good calibration of the thermal
system. However, we do not know which window was associated to which radiometer
during field experiments. We can rely on the calibration to have an order of magnitude of
the correcting factor.

In practice, [ multiply the recorded brightness temperature in degree Celsius by a factor 2
for all Yasur measurements in 2016 (The radiometers were configurated such a way they
automaticaly corrected the 0.15 % of lost signal due to a new Zn—Se window.). The thermal
data which are available for the 2009 field campaign were recorded during the 4 last days
of the field campaign and the activity was typical. The calibration which was done before
the 2016-field campaign is then representative for the 4 days of 2009 thermal data.

Note that, despite the calibration, a temperature variation less than +50 °C is error prone
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Figure 2.4 — Skech of the experiment to measure the typical delay between both Cyclops 300AF
radiometers. RD1 (20002764) is at 30 cm and RD2 (20003181) at 30 cm.

300 -

[S) a) ‘ RD1 d) Unfiltered
S5 L
& 200" RD2
® 9
Q_ -
£ -2 100
O ©
- > Unfiltered
0
0 500 1000
Time (s
1F
—_— b) e) 0.19s Unfiltered
Q5 i
g3 NSO, N e
E 808
°: TTIETON s
2 “G_)’ <4Hz :
0 L 0.19s
c 1
g Unfiltered
o ©
8o
T 505 o
a9
[
o
S ‘ ‘ ‘
-2000 -1000 0 1000 2000

Time lag (s)

Figure 2.5 — Calibration of the delay between both radiometers: Example of experience 6. a)
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self-sensitivity. b) Normalized temperature filtered below 4 Hz. c) Cross-correlation between RD1
and RD2.d)-f) Zoom on the selected parts of the signal in b). Oscillation of the temperature due
to the warm-up cycles of the soldering iron. e) Response time steps of the radiometers. The spikes
on the steps are due to electronic noise. f) Both signals start at the same time.

due to the oxydation of the Ze—Sn windows. Note also that most of the thermal processing
done here (Section 4.2) need relative temperatures rather than absolute temperature.
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Figure 2.6 — Laboratoy calibration of the efficient sensitivity of the radiometers. a) Home-made
box of protection for the radiometers. b) Laboratory calibration of the sensitivity of the thermal
systems.

Table 2.3 — Measurements in pixel for the scaling of the video

Distance (cm) w;  wo hi ha
140 146 25 - 46
180 73 12 113 24
410 50 9 7 17
460 45 8 68 15

Real size (cm) 23.8 3.9 33.8 7.2

2.5 Calibration: scale of the video

I have recorded the same object, a box of known dimensions, at several distances between
140 cm and 462 cm to find the relationship between the size of the box on the image of the
video. Then I use ImageJ to measure the number of pixels of the height and width of the
box. Alternatively, I measure specific features of the box.

The scaling is different horizontally and vertically (table 2.3 and figure 2.8).
Then we can deduce the size of a pixel, in metre, at any distance d and for any zoom z
Wpx = 1.13 x 1073d Hpy = 1.04 x 10724,

For example, the distance to the volcanic cloud was around 270 m in 2009, giving the size
of a pixel of 30.5¢cm x 28.1cm .

This calibration gives a very good estimate of the radius of the conduit at Yasur volcano
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Figure 2.7 — Results of the calibration of the thermal systems in laboratory. The temperatures
were taken by direct reading on the radiometers with their emissivity set at €inermal = 1. The
calibration at 200°C was done in August 2016, while the calibrations at 100 °C and 460 °C were
done in November 2017. a) RD1 (20002764) and RD2 (20003181) present a different sensitivity,
but their sensitivity remains stable before and after the field campaign in the fall 2016. You can
see the effect of the oxidation of the Zn—Se windows on b) and c).

in June 2009 when one vent was appearent. I measure a diameter of 17px, i.e. 5.1m by
looking a gas pocket, surrounding by magma, just before it explodes (Figure 2.9). Then
we round the radius of the conduit, Reonduit t0 2.5 m for Yasur volcano.
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Figure 2.9 — Measurement of the diameter of the conduit at Yasur (June, 2009). The gas pocket,

surrounding by magma is 17 px width just before it explodes. The diameter of the conduit is 5.1 m

for a scale of 30.5 cm.px~!.
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The signals we record are composed from noise and discrete events due to Strombolian
explosions.

Variable sources of noise can exist. Oceanic waves, weather changes, wind and topography
effects, such as echos can be responsible for noise on infrasonic signal. Moreover, infrasonic
sensors can also measure the ground vibrations.

The noise on thermal records are mostly due to the background temperature (temperature
of the wall behind the vent we target). The wind can also blow the volcanic cloud outside
from the field of view of the radiometer.

Seismic sensors might record earthquakes and human activity such as cars on a road, an
industry or people walking close to the seismic sensor. They also can record the acoustic
waves and noise due oceanic waves.

An electric noise can also exists due to the cables or connector (the longer the cables are,
the more electric noise there is).

Then it is often necessary to filter data in order to enhance the signals of interest. However
the measuremens by itself acts as a filter.

3.1 Requirement in statistical and signal analysis

3.1.1 Kurtosis

The kurtosis is the measure of the flatness distribution of a real-valued random variable.
The wider the distribution is, the higher is the kurtosis. The kurtosis of the random
variable X, of expected value ux and standard deviation oy, is the fourth standardized

moment of this variable:
X —px\’
kurt(X) =E () (3.1)
ox

where E[X] is the esperance of the variable X.

In this study, the kurtosis is calculated on sliding windows of length dtt, using MATLAB
function kurtosis, to create the kurtosis curve Kurt(7'):

Kurt(T') = kurt (X (T <t < T +dtt)). (3.2)

This allows us to detect anomalies such as an explosion in the ambient noise. The flatness
distribution remains stable and low when only noise is present. But the flatness distribution
will increase significantly if a signal is added to the noise (Figure 3.1).

3.1.2 Fourier transform

The Fourier transform is of great interest to analyse the frequency contents of a signal in
the spectral domain (Figure 3.2). It is also used for many technics in data processing, such
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Figure 3.1 — Kurtosis curve with a sliding window of 0.25s. a) Noisy signal. b) Same noisy signal
than a) with an additional spike at 5s. c¢) and d) kurtosis curves of the signals in a) and b),
respectively. The spike of the signal b) is clearly visible on the kurtosis curve d) by an increase of
the kurtosis values for each window that contains the spike.

as data filtering. The convolution of two signals in the time domain is simply the products
of their Fourier transform in the spectral domain.

The complex Fourier transform S(f) of a real signal, s(t) defined in the time domain, is
defined in the spectral domain by the decomposition of the signal into complex functions
of different frequencies:

S(f) = / o s(t)e2mitf gy, (3.3)

—0o0

where i is the complex number. We can also calculate the signal s(¢) from its frequency
contents S(f) as

“+o0o
s(t) = / S(f)etFmitiqf. (3.4)

—0o0

We use the discret Fourier transform a signal recorded at the sampling frequency fs:

N-1
S = Z spe 2Thn/N e — {0,1,--- ,N}. (3.5)
n=0

The ££t function we use in MATLAB (£ft for Fast Fourier Transform) processes a discrete
Fourier transform. This function uses an algorithm to speed up the calculation. The user
needs to build the frequency scale himself depending on the sampling frequency and the
number of points of the discrete Fourier transform.
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Figure 3.2 — Frequency contents of a signal s with main frequencies at 0.5 Hz and 2Hz. al) Signal
of 10s sampled at 100 Hz and b1) its spectrum amplitude. The frequency contents is clear between
0.1Hz and 50 Hz (red vertical lines). a2) Signal of 2s with a sampling frequency of 20 Hz and b2)
its spectrum amplitude. The solo frequency that can be seen is that at 2Hz, the 0.5 Hz being
erased by the insufficient duration of the analysed signal.

The quality of the discrete Fourier transform depends on the duration of the signal and
on the sampling frequency which limit the lower and upper frequencies of the spectrum
(fmin = 1/tmax and frmax = Ny = fs/2 the Nyquiest frequency). The number of points of
the discrete Fourier transform (often called nfft) determines the resolution of the frequency
(df = (fmax — fmin)/nfft = 1/1g, if nfft = N, N, being the number of samples of the
signal s.), provinding that the number of points are all that of the signal itself and are
note increased by a series of zeros as often done to smooth the results.

As written above, the convolution of two signals is the product of their Fourier transform.
So considering the continuous signal s(t), its conjugate s*(t) and its Fourier transform S(f),
we can demonstrate the Parseval theorem which states that the signal energy Fg(s(t)) is
equal to the energy spectral density Fsq(S(f))

+oo +00
E.(s(t)) = ) / (D2 dt = / S(2df (3.6)

for a discrete signal, is equal to the energy spectral density of that signal
+oo 9 +oo 5
B()= [ lsPar= [ Is(Rar. (3.7
—0o0 —0o0

This theorem is powerful since the energy can be directly analysed within a specific
frequency band without any need to filter the signal.

Example 3.1.1. Two sinusoidal signals s; and sy have been added (Figure 3.3):

. 27t . 2ntow
Sl(t) = 2sin <2> Sg(t) = 4sin <6 + 3)
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s1(t) = 2sin (23%)
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Figure 3.3 — Sinusoidal signals to illustrate the Parseval theorem.

Signal energy is 31.74 Pa®.s and 130.75Pa’.s for s; ans sg, respectively. Signal energy of
s, corresponding to so (i.e. f_lﬁg S(f)df) is equal to 110.48 Pa%.s, and signal energy of s,
corresponding to s1 is equal to 34.52 Pa%.s. Considering the fact we have discrete and finite
signals, the results from s are consistent with the direct calculation of the signal energy of
s1 and so.

3.1.3 Hilbert transform and the envelope of the signal

Signal such as infrasonic or seismic signals are oscillating around a value leading to a
complex signal analysis. A way to keep information about amplitude and get rid off the
oscillations is to calculate the signal envelope from the Hilbert transform.

The Hilbert transform # of a real signal is defined as the convolution of a signal s(t) with
the Cauchy-Kernel function 1/7t:

T g(r
H(s(t)) = - = s(t) = 1/ (™) 4. (3.9)

Tt T ) o t—T

Then we can calculate the analytic signal s, as
sq = s(t) +iH(t), (3.9)

where ¢ is the complex number. The analytic signal is an extension of the signal within
the complex domain and is used to calculate the signal envelope of the signal:

Env(s(t)) = v/s2(t) + |s2(t)|. (3.10)

The signal envelope is used here mostly to determine the limits of events because it gives
the amplitude independently from the oscillatory part (i.e. the frequency of the signal).

3.1.4 Short presentation of the wavelet decomposition

The wavelet transform is useful to study non-stationary signals, especially to process
seismic records (Grossmann and Morlet, 1984). We use wavelet transform to study the
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Figure 3.4 — Daubechies wavelet with 5 null-moments (db5). a) Mother wavelet 1, ¢. Dilatation
of the mother wavelet by a scale b) s =5 and ¢) s = 10. Note that the x-scales are different.

temporal evolution of the frequency contents of a signal. This should be done using a
windowed Fourier transform, however it requires to find a good compromise between the
length of the window and the frequencies we want to look at (Figure 3.2).

The advantage of the wavelet transform is to decompose the signal with windows of different
lengths depending on frequency bands, called scales of decomposition. Hence the time-
frequency domain, for the windowed Fourier transform becomes the time-scale domain for
the wavelet transform.

Instead of describing the signal by complex function (Fourier transform), the wavelet
transform decomposes the signal with wavelet functions. Then a function, called the mother
wavelet, and its translations and dilatations are used instead of the sines of the Fourier
transform. The mother wavelet, 11 ¢ is a finite oscillating wave with an average of 0. The
wavelet transform of the continuous function s(t), defined in R? (real domain) is (Mallat,
1989)

e o= [ s vo= 2o (21),

s\ - 5,t 5.t \/g 1,0 e ) .

where 1) ¢ is the mother wavelet translated by t and dilated by s (s > 0), 1/4/s is a factor
of normalisation and 17 is the conjugate of g .

As the product of two functions is equal to the scalar product of these functions, the wavelet
transform ¥ (s,t) is the correlation between s(t) and s and thus is a measurement of
the similitude between both functions. Then the higher the correlation is, the higher will
be UY(s, t).

Small scales allow us to analyse high frequencies, while large scales are used to study lower
frequencies. Each scale of the wavelet transform can be seen as a filtered signal of the
original signal. The frequency band of the scale s depends on the sampling frequency of
the signal and the scale. Like the Fourier transform, the wavelet transform is reversible.

In this study, we use the Daubechies wavelet with 5 null-moments as the mother wavelet
(dbb, figure 3.4). This wavelet is of finite dimension and is built by iterations, i.e. we can
not defined it using an analytic function. The Daubechies wavelet with 5 null-moments
is orthogonal with all polynomials of order lower than m = 5. This wavelet is a good
impulsive filter, with little phase shift (Daubechies, 1988).

The Daubechies wavelet with 5 null-moments is well adapted to use the wavelet decomposition.
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Figure 3.5 — Sketches of the wavelet decomposition. a) Analysis. b) Synthesis. ¢) Decomposition
of the signal s using the algorithm of the discrete wavelet decomposition.

The wavelet decomposition is the equivalent of the wavelet transform for discrete signals
of sampling frequency fs instead of continuous signals.

The wavelet decomposition is based on a multi-resolution analysis (Mallat, 1989). The
discrete signal s is decomposed (analysed) into coefficients of approximations a; and
coefficients of detail d;, j being the level of decomposition (Figure 3.5a). The coefficients
of approximation are decomposed a second time to give the wavelet coefficients.

The level j of the wavelet decomposition is the index of the resolution (27) of the decomposition
and depends on the sampling frequency fs of the signal, such as the level j is sensitive of
signals with a high frequency content between fs/2/7! and f,/27 (Table A.1 in appendix A).
For example, the level 4 for a signal sample at 100 Hz enhanced signals which are between
2.125 Hz and 6.250 Hz.

The fast algorithm, proposed by Mallat (1989), uses the filters £iltio, and filtpigh with
impulsive response, which are low-pass and high-pass, respectively (Figure 3.5¢). The
coefficients of approximation a;y1 and details d;11 of the level of decomposition j + 1 are
calculated from the coefficients of approximation a; of the level j, such as

a;1(t Z £iltiow(ti — 2m)a;(t;), (3.12)
]+1 Z fllth,gh —2m ) (tl) (3.13)

where i and m are integers. The reconstruction (synthesis) of the coefficients of approximation
of the level j is done by up-sampling and filtering the coefficients of approximation and
detail of the level j + 1, such as (Figure 3.5b)

—+00
aj(m) = Y £iltiw(m — 2t;)a; 1 (t Z £iltpign(m — 2t;)djs1(t:).  (3.14)
ti=—o0 ti=—o0

The signal to noise ratio is enhanced using the wavelet decomposition. The coefficients
of details highlights the signals which have a frequency content similar to the frequency
content of the wavelet function.
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3.1.5 Calculation of errors

The estimates we do from the measurements are more or less accurate because of the
sensitivity of the instruments.

Each estimate is given with a central value Y and an interval of confidence Y’ in a way
the estimate ranges within the interval Y + Y.

The interval of confidence (uncertainty) of the estimate Y can be defined by the absolute
error dY', the relative error dY/Y or the standard deviation oy. In the later case, the
interval Y + Y’ gives the 68.2% interval of confidence.

In this study the uncertainty is given by the standard deviation and we suppose the absolute
error dY is tree times the standard deviation oy because 3oy gives 99.6 % of a normal
distribution.

The standard deviation of Y can be calculate doing a Monte Carlo analysis.

The Monte Carlo analysis is the N calculations of the value Y for the N random draws
of the M independent values X. Each values X; is defined by its mean u; and standard
deviation o;. During the k'™ random draw the value Xi 1 is randomly taken from the
distribution of X; and Y}, = f (X1, Xok, ..., Xark) (Figure 3.6). The results of the Monte
Carlo analysis is the distribution of the Y values from which the mean and standard
deviation are deduced.

If the standard deviations of the independent random values (ox,,...,0x,,) are small
enough, the uncertainty oy can be directly deduced from the variance formula as:

M 2
oy =Y <§§> o%.. (3.15)

i=1

Remark 1. For a normal distribution, the mean and the median are equal.

Example 3.1.2. The velocity U of an ejecta along the distance dh during the time ¢ is

U = f(t,6h) = ‘%h

The distance dh is 10m and we consider o5, = 0.5m. The time ¢t is 1s with o; = 0.01s.
Thus the velocity U is f(1,10) = 10m.s~!. Because t and 6h are independent and og;, and
o¢ are small enough, the uncertainty is given by the variance formula as

1\? , Sh\* ,
oy =0f = P o5y, T+ 2 of

—/0.52 + 102 % 0.012
=v/0.26 ~ 0.5099 m.s

We calculate U for N = 1 x 10* samples taken in the normal distributions of ¢t and 6h
(Figure 3.7). These calculations give an estimate of the velocity U at uy = 10.0m.s™!
with oy = 0.0598 m.s~!. This standard deviation is consistent with the standard deviation
given by the variance formula.

Now increasing the standard deviation of the travel time ¢ to o, = 0.25 s, the distribution
of the velocity is asymmetric and the mean and standard deviation are not consistent with
the values obtained from the direct calculation (figure 3.8).
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Figure 3.6 — Principle of the Monte Carlo analysis for the random values of a normal distribution.
3.2 Chain of acquisition

The source generates a physical signal without any filtering (Figure 3.9). The signal first
passes through the sensor which is more or less sensible in a specific domain called the
pass-band. This is the first filter. The sensor records the signal as an electric signal (in
V) and send it to the digitizer. The digitizer transforms the electric signal into a digital
signal in bit at the sampling frequency f;. The digitizer applied its own filters, especially
a anti-aliasing filter which follows the requirements of the Nyquist frequency of the signal

Ny = fs/2.

The experimental set-up for the acquisition of data, is given with accurate details on
the sensor such as the model of the sensor, its sensitivity, the pass-band this sensitivity

Direct calculation: U = (10.00 £ 0.51) m.s~*
10* random draws
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Figure 3.7 — Calculation of the velocity of an ejecta and its uncertainty using the Monte Carlo
method. U = §h/t: t = 1s with oy = 0.01s, 0h = 10 m with o5, = 0.5 m.
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Figure 3.8 — Calculation of the velocity of an ejecta and its uncertainty using the Monte Carlo
method. U = §h/t: t = 1s with oy = 0.25s, 0h = 10 m with o5, = 0.5 m.
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Figure 3.9 — Chain of data acquisition.

is available in and its response time if necessary. Similarly, information is given on the
digitizer and the sampling frequency of the records. This information is of great importance
to assess the quality of the acquisition.

We can describe each filter of the chain of acquisition by its transfer function TF

nz

TF(s) = numtr(w) 1+ niw + now? + -+ 4 np,w

B - 3.16
dentp(w)  do+ diw + dow? + - - - + dppw"P (3.16)

where numtp and dentg are polynomes of order ny and np, respectively and where
w = 27 f is the angular frequency.

These transfer functions can be designed in the spectral domain using np poles P and
ny zeros Z. The poles and the zeros are defined as the roots of the denominator and
numerator, respectively. So we can write the numerator and denominator as
nz
numrr (w) = [ [ (iw - Z:) (3.17)
i=0
np
denrp(w) = H (iw — Py) (3.18)
i=0
(3.19)

For example, the poles and zeros of the transfer function of the LE-3Dlite MKII seismometer,
given in table 3.1, are used to calculate the transfer function in figure 3.10. The transfer
functions of several other sensors and digitizers are available in table A.2.

The signal indergoes several transformations from the measurements to the records that
can be corrected knowing the instrumental response of each component of the chain of
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Table 3.1 — Poles and zeros of the transfer function of the LE-3Dlite MKII seismometer (Lennartz
electronic).

LE-3Dlite MKII
Lennartz electronic
Poles —4.440 + 4.440 1
—1.083 + 0.0 )
Zeros 0.0 =+ 0.0 7
0.0 =+ 0.0 i
0.0 =+ 0.0 )

Sensitivity 400V/(m/s) at 1Hz

https://www.osop.com.pa/wp-content/
uploads/2013/11/Manual LENNARTZ_
SISMOMETROS.pdf

Spectral response of LE-3Dlite Mkll (Sensor), S=400V.s.m™
T T T T T T T T T T T

Amplitude
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Figure 3.10 — Transfer function of the LE-3Dlite MKII seismometer (Lennartz electronic).

acquisition. The correction consists in dividing the Fourier transform of the signal with
the transfer function of the sensor and then with the transfer function of the digitizer. We
can do the operation in a particular frequency band if necessarry. Then we perform an
inverse Fourier transform to get the corrected signal.

The infrasonic and thermal sensors used here are appropriate for what we want to study, i.e.
the frequency bands we look for remain on the flat part of the spectrum amplitude of the
transfer function. However, the short-period LE-3Dlite MkKII seismometer does not allow
us to look below 1Hz (Figure 3.10). The signal is corrected using the transfer function of
the LIE-3Dlite MkII. We also need to correct the signal to look at frequencies below 1 Hz
because of a small mistake on the configuration of the Quanterra Q330 digitizer rather
than the broad-band Trillium 40 seismometer.



https://www.osop.com.pa/wp-content/uploads/2013/11/Manual_LENNARTZ_SISMOMETROS.pdf
https://www.osop.com.pa/wp-content/uploads/2013/11/Manual_LENNARTZ_SISMOMETROS.pdf
https://www.osop.com.pa/wp-content/uploads/2013/11/Manual_LENNARTZ_SISMOMETROS.pdf
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3.3 Data conversion to mat-files

A processing toolbox was built using MATLAB with series of automatic programs in order
to process a large quantity of data.

The whole toolbox was constructed to use only mat-files. Data were transformed into
mat-files. The Quanterra digitizer save the records in miniseed files while the RefTek and
the Geostar save the data with their own format. Data recorded by the Geostar digitizer
were already converted in mat-files. Two programs are built to convert data: ref2mat
and ms2mat for the data from the RefTek and miniseed files, respectively. They both read
data-files in a loop and save them into mat-files (MatSig) with the following variables:

tinit_* initial time, in day of the data in the mat-file.

t_* time of the signal in second from 0. To get the time in day, we just need to
add t_*/3600/26 to tinit_*

X_* signal in counts

where * should be remplaced by the volcano nickname (YAS, PIF,...) followed by the
initial time with the format yymmdd HHMM (yy: year with the two last number; mm:
the month number; dd the day of the month and HH and MM the time of the day). The
corresponding mat-file is also named following this format.

The data are then transformed from counts to its units of measurements (i.e. Pa for acoustic
pressure). The signal correction is done using the sensitivity of the digitizer and the sensor
with the programme called counts2geophyUnits or is corrected from instrumental response
using pg_InstrumentalCorrection.

The programme pg_InstrumentalCorrection uses pre-set transfer functions of the sensor
and the digitizer. For each mat-files MatSig, the program calculates the Fourier transform
of the signal and divides it to the normalized transfer function of the sensor and then
the digitizer. It then corrects the signal from the combined sensitivity of the sensor and
digitizer.

Transfer functions are built using pg_buildTransfer from the poles and zeros given by
the contructor or resaling company or from the graph of the transfer function (still on test
phase). These new transfer functions can be saved directly in the directory of the data.
Pre-set transfer functions are available in the toolbox (» infrasonic sensor; » seismic sensor;
» digitizer):

» LE-3Dlite-MKII (Lennartz electric)

» MB3a (developed by the CEA-DASE, sold by Seismowaves)
» MB2000 (developed by the CEA-DASE, sold by TekElec)
» MB2005 (developed by the CEA-DASE;, sold by MARTEC)
» Quanterra Q330 (Kinemetrics)

» Trillium 40 (Nanometrics)

Microbarometers presented here were all developped by the CEA-DASE.

Remark 2. The miniseed files might be too big to convert them directly. The executable file
msmod is avalaible on Linux, Mac-OS and Windows systems (https://seiscode.iris.
washington.edu/projects/msmod/files) and is used to divide a miniseed files per day
and chanels in the system terminal (msmod —CDAY data_ coupee Cxk.xx)



https://seiscode.iris.washington.edu/projects/msmod/files
https://seiscode.iris.washington.edu/projects/msmod/files
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Figure 3.11 — Time lag between the time of the RefTek (¢tmp20os) clock and the time of reference
from the numerical microbarometer (tmgsd)-

3.4 Time correction

The GPS of the RefTek digitizer did not work during the 2016-field-campaign at Yasur.
The time of the recorded data has then a time lag.

A numerical microbarometer (MB3d) was set up close to the analogical microbarometer
(MB2005) which was connected to the RefTek. The distance between both sensors is about
1m. The delay between both sensors for an acoustic wave at 340m.s~! is then less than
0.0029 s and can not be detected when recording at 100 Hz. We can then consider there is
no delay between both sensors.

The time lag of the RefTek digitizer is measured by cross-correlation of the acoustic
pressure, filtered between 0.1Hz and 10 Hz, for each mat-file of one hour. The time
lag is about 172.70s (2min 50s) and is coherent with the time lag observed during the
measurements (Figure 3.11). The time drift of the clock of the RefTek is often given by
the cross-correlation per mat-file and is about —0.003 29s.d .

The time of the data recorded by the RefTek is carefuly corrected. We take into account the
time lag and the time drift of the clock of the RefTek to correct the time. The continuity
between two mat-files of the signal is done adding are removing data points by a spline
interpolation.

3.5 Filtering the data

The data often need to be filtered to remove noise.

The program pgsig_filter_v1 filters data using Butterworth filters considering several
options. The Butterworth filter can be low-pass, high-pass, passband or bandstop with cut-
off frequencies chosen by the user. The user chooses also the order of the filter (FiltOrder)
and the number of back-and-forth passes (nbARpass back-and-forth pass = 2nbARpass
passes). The filter is designed by the function butter. The figure 3.12 shows the transfer
function of the 4th order and passband Butterworth filter with cut-off frequencies at 0.5 Hz
and 5 Hz. We use that filter on infrasonic data at FErta’Ale.

Due to memory limitations, the program can not filter a whole period as a continuous
signal. The data are filtered mat-file per mat-file and we need to prevent to boundary
effects at the beginning and the end of the signal of each mat-file. The user can choose to
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Butterworth filter: order 4, 0.5-5Hz
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Figure 3.12 — Transfer function of a 4th order Butterworth filter of passband frequencies 0.5 Hz to
5.0 Hz.

add mat-files n — 1 and n + 1, if they exist, while processing mat-file n;
mirror the signal at the beginning and the end of the signal;

add zeros at the beginning and the end of the signal;

keep as it is.

The user can then decide, or not, to remove the mean and/or the linear trend of the signal.

Then the filter can be applied on the lengthened signal with nbARpass back-and-forth
passes. It is essential to perform at least back-and-forth passes to maintain a zero-phase
filtering (i.e. no dephasing between the original signal and filtered signal). The filtered
signal of the current mat-file is extracted from the lengthened signal once the filter is
applied. The filtered signal and the characteristics of the filter are saved a new mat-file,
ending by fbd. The _fbd suffixe is used by the programme to stop whenever it runs on
data that are already filtered.

The cut-off frequencies, the filter order and the number of back-and-forth passes depends
on the type of data (i.e. infrasonic, seismic and thermal) and the volcano. We have chosen
to resample all records at 75 Hz, the lowest frequency of all the records and long time used
at Yasur, in order to do a homogeneous data processing. Furthermore it has the advantage
of saving time while processing.

Infrasonic data are filtered successively twice. First we perform a 2nd order Butterworth
filter with 1 back-and-forth pass between 0.01 Hz and 20 Hz to remove obvious sources
of noise while keeping a large frequency band for detecting the largest possible range
of physical processes associated to the eruptive activity of the volcano. This first step
enhances the frequency contents of the signal and the frequency bands of the Strombolian
explosions. The frequency band used depends on the volcano and ranges such as 0.5 Hz
to 5Hz, 2Hz to 6.5 Hz and 0.1 Hz to 10 Hz are suitable at Erta’Ale, Piton de la Fournaise
and Yasur, respectively. The variability of the activity at Yasur and the low signal to noise
ratio of the infrasonic records allow us to keep a large frequency band to process data. In
contrast, the noisier infrasonic data at Erta’Ale and Piton de la Fournaise make us restrain
the width of the frequency band. The narrowest filter is a 4th order Butterworth filter
with 2 back-and-forth passes (equivalent to a 8th order filter).
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Thermal data are filtered only once to remove the effects of the efficient response time of
the radiometers at 0.19 Hz. We apply a low-pass filter designed by a 2nd order Butterworth
filter with one back-and-forth pass. Seismic data are also filtered once to get the volcano
explosion quakes (VEQ) in the frequency band 1 Hz to 6 Hz. We use a 2nd order Butterworth
filter with one back-and-forth pass. Seismic data are also corrected from instrumental
response between 0.1 Hz and 1 Hz and then filtered above 1 Hz to the lowest frequencies of
the signal (VLP, Sections 3.2 and 3.3).

3.6 Detection of events

Each Strombolian explosion is a discrete events in time. Hence we obtain different results
when estimating the strength of the Strombolian activity by considering a continuous signal
or a series of discrete signals each per explosion. We call active degassing the degassing
related to the sole explosions and passive degassing the degassing related to the signal
existing between explosions (inter-explosion). The sum of active and passive degassing
corresponds to the total degassing.

the principle of the detection of an event, here a Strombolian explosion, is quite simple
and is based on the measurement of the signal to noise ratio. This signal to noise function
is called a detector. A detection is triggered when the value of the detector passes over a
chosen threshold.

We use different methods to detect events depending on the data type, the strength of the
Strombolian activity and the noise:

e the peaking method,

e the STA/LTA detector on the absolute value of the signal or on the absolute value of
the coefficients of the wavelet decomposition in a chosen level,

e the cross-correlation with a typical signal.

3.6.1 Peaking method

The peaking method considers all increases, here of the temperature, as a potential explosion
independently from the shape of the signal or its frequency. Increases are found looking for
extrema using findpeaks function (imin = findpeaks(-x) and imax = findpeaks(x)).
All maxima (there should be only 1) before the first minimum and all minima (there
should be only one too) after the last maximum are removed. We obtain as many maxima
as minima, each couple representing the potential detection of an event.

Then we can calculate the value of the signal increase dx = x(imin)-x(imax) and select

increases above a minimum value dx_thr as detections. All other increases are considered
as noise.

3.6.2 STA/LTA detector

The STA/LTA detector is a measurement of the signal to noise ratio using a characteristic
function, where STA stands for a short time average and LTA for the long time average.
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Figure 3.14 — Disposition of the sliding windows for the calculation of the STA /LTA detector.

Most of the time, the characteristic function is taken as the absolute value of the signal.

The STA and the LTA are calculated on sliding windows of length 1g,,, and 1g, ., , respectively.
They move on the characteristic functions by a length equal to the length of the sTA, the
STA preceding the LTA(Figure 3.14).

The STA /LTA detector, tends to one for pure noise. The STA increases more than the LTA
when an event is recorded and the STA/LTA also increases.

In practice, an event is selected if the STA /LTA is larger than a chosen threshold [STA/LTA],, .
and if the STA/LTA was under the threshold right before. A detection is recorded by the
indexes of its maximum and minimum amplitude in the LTA window that triggers the
detection.

The length of the sTA and the LTA are crucial for a good detection. The length of the sTA
must take into account the frequency, the duration and the return-time of the events under
study and the LTA must be sufficiently long to measure the characteristic noise. Optionally,
a time lag timelLag between two events can be set.

In the toolbox, the STA /LTA detector can be used either the absolute value of the signal
(pg_sltadetc) or on the absolute value of the coefficients of the wavelet decomposition at
one or several chosen levels (pg_wltdetc).

The STA/LTA detector on the absolute value of the signal considers only the amplitude of
that signal while the STA/LTA detector using the wavelet decomposition depends on the
frequency of the signal and so the length of the STA. Additionnaly, criteria on the shape
of the waveform can be applied (Zielinski, 2012).

The user can choose to use a fixed or variable LTA. A variable value of the LTA (i.e. LTA per
sliding window) matches the noise level over the time and suits well for long times series
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with a variable level of noise. A fixed LTA value characterise the noise level during a chosen
period and at a site of measurements and can be used to keep a same level of detectability
during that period. The value of the fixed LTA is calculated as the mean value of the
characteristic function over the chosen period (pg_sltalta and pg_wltlta programmes).

3.6.3 Cross-correlation

Cross-correlation can also be used to detect events. The method looks for a typical signal
within the noise. The lower is the coefficient of the cross-correlation, the noiser is the
signal.

That method is independent from amplitude and look for the frequency content of the
signal —looks for similar signals. All signals are normalised and the amplitude and phase
of each frequency is compared to that of the typical signal. The cross-correlation measures
the similitude between a typical signal xtyp and the recorded signal x. The duration of the
typical signal and the chosen threshold for the correlation coefficient are key parameters
to choose for the detections.

Firstly, we calculate the cross-correlation profile xcorrProfile using the MATLAB function
xcorr. As the length of the signal x is longer than the signal xtyp, we can not normalise
the profile to correlation coefficients and each maximum is a potential event. So, for each
maximum of the cross-correlation profile, we calculate the correlation coefficient corrCoef
between the typical signal and the part of the signal, of same length, around the maximum.
If the coefficient corrCoef exceed the chosen value thrCorr, we validate the detection.

3.6.4 Summary of the methods of detections

The detections are recorded in mat-files, 1 mat-file of all detections per mat-file of signal
with at least 1 detection. Each mat-file contains at least:

e the number of detected events (nbdetc),

e the indexes of the maximum and minimum of amplitude for each detection
(ind_[mat-filel (:,1:2)),

e the values of the detector for each,

e the parameters for the detection.

and is named after the mat-file of signal with the nickname of the method (debnom) of
detection as a pre-fix (Table 3.2) andthe number of events as a suffix . The mat-files of
detections are written in a specific folder (DosDet) within the folder of the mat-files of
signals (DosSig). The folder of detection is named depending on the method of detection
and some parameters of this method (Table 3.2).

The choice of the method of detection is crucial because each method of detection has its
own specificities, focussing on amplitude or on the frequency content (Table 3.2).
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Table 3.2 — Characteristic of each method of detection.

Method Peaking STA/LTA on |s| STA/LTA on |¥(s)| Cross-correlation

Amplitude yes yes yes no

Frequency no no yes yes

Phase no no no yes

Waveform no optional optional no

Threshold ATinr STA/LTA STA/LTA, . corrCoeffinr

Required lgSTA7 lgLTA 5 Sref
timelLag

Optional LTA LTA

Program none’ pg_sltadetc pg_wltdetc pg_ccordetc_v2

DosDet Detc_man** Dets* Detc* CCor*

debnom detm* dets detc ccor

TCan not be done automatically yet
iTemporary

3.6.5 Selection of detections

Some detection can be wrong despite all parametric constraints on the methods of detections,
either because we are focusing on specific events or because of a strong noisy signal.

A geries of additional programmes exist to keep automatically detections with various
parameters of selections (pg_seldetc_*). Among them the selection based on the maximum
amplitude is available for all types of data (pg_seldetc_pap).

The user can choose to select the events with the maximum amplitude:

lower than a threshold,
upper than a threshold,
within an interval,
outside an interval.

D =

The maximum amplitude of each detected events from DosDet is loaded from the mat-files
of signals and detections (i.e. maxamp=x_[mat-file] (ind_[mat-file)1(:,1)).

All the indexes and the detector value of the detections which does not verify the criteria
of selection are deleted from the workspace and a new mat-file of detections is saved in a
new folder DosDet_new. The name of this new folder is similar to the name of DosDet with
the suffix _selamp_ [selCriteria] where selCriteria indicates the criteria of selection.

Other selections can be done based on:

e the value of the detector: pg_seldetc_slta for the STA /LTAdetector (on the coefficient
of the wavelet decomposition or on the absolute value of the signal); pg_seldetc_ccor
for the cross-correlation detector;

e the peak-to-peak ratio, especially for infrasonic detections pg_seldetc_pop (p™/|p~|)

e the peak-to-peak delay, especially for infrasonic detections pg_seldetc_tpp (t— —t4)

e the gas volume and maximum amplitude per event, only for infrasonic detections,
gas volume from the infrasonic power and from the 2 successive integrations of the
acoustic pressure: pg_seldetc_vol (Volg,s).
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The selection of detections based on the value of the detector after the detection itself is
time saving because we do not need to do a new detection.

The selection of the detection based on the gas volume and the maximum amplitude is
more difficult because the gas volume are not saved by mat-files of signals like the detection
but with one mat-file for the whole studied period. Note that the selection based on the
gas volume from the bubble volume mode has not been implemented, yet.

The gas volume and maximum acoustic pressure are directly loaded from a single mat-file
of volumes (allpwvelvol * or voljohn_ *.mat). The user can choose to select detections
manually to remove or keep them or he can choose to

e select the detections for which the gas volume is below or above a threshold

e seclect the detections for which the gas volume is above or below the curve Volg,s =
a+ bpt, where p* is the maximum acoustic pressure of the detection.

o select the detections which for which the gas volume is within or outside gas volume
limits and the maximum amplitude is within or outside the maximum amplitude
limits.

The indices of detections are then loaded from each mat-files of detections and corrected
considering the current selection. The new mat-files of detections are saved in the new
folder DosDet _new. The suffix of the new folder is _ selvol [selvolCriteria/.

3.6.6 Detection of the Strombolian events during the field-campaigns

The infrasonic events at Yasur were detected using the STA /LTA detector on the coefficients
of the wavelet decomposition of level 4 and 5 (1.172Hz to 4.688 Hz at 75 Hz). For each
level, T have fixed the LTA value to the mean of the absolute coefficient of the wavelet
decomposition (Table 3.3). The STA/LTA threshold is taken at 2.5 in each case. We have
chosen to use this method at Yasur, because there are several conduits that can have
different geometries and thus generate various waveforms. Furthermore vents could have
opened and/or closed during the records. Hence the STA/LTA detector on the coefficients
of the wavelet decomposition allows us to detect various waveforms in the frequency band
of the explosions.

At Erta’Ale and Piton de la Fournaise, detections on infrasonic records were done by cross-
correlation using typical waveforms for each volcano. The typical waveforms are found
viewing the infrasonic records and selecting events that looks like explosions. A detection
using the STA /LTA method can be do to help of the selection of the signals of explosions. At
Erta’Ale, we found 2827 events which are correlated at 85% to the explosion presented in
Bouche et al. (2010) (23,/03,/2003 14:24:38, figure 3.15a). At Piton de la Fournaise, an event
must be correlated at 90% to one of the typical explosions shown in figure figure 3.15b-c to
be taken (10/12/2006 21:38:47 and 21:39:31). We thus detect 9387 Strombolian explosions
on infrasonic data (8018 events with a maximum amplitude higher than 1Pa). Note that
there is only one conduit in the case of Erta’Ale and Piton de la Fournaise, then it is
consistent to look for similar waveforms within the infrasonic records.

The STA/LTA detector on the absolute values of the signal is used to find thermal events
at Yasur. The signal remains quite simple, without oscillations. It is similar to applied the
STA/LTA on the signal itself because the thermal signal remains positive. I use a LTA of
30s for the data from the lower radiometer and I have chosen the length of the STA equal
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Table 3.3 — Parameters for the detection of Strombolian events at Yasur volcano. a) Detection
with a STA/LTA detector on the coefficient of the wavelet decomposition of the infrasonic records
(0.1Hz to 10Hz). Detection with a STA/LTA detector on the absolute values of the thermal signal
of b) the lower radiometer and c) the upper radiometer (<4 Hz).

a) Acoustic YAS09® YAS09' YAS16
LTA values level 4 1.2271 1.3436 1.63
level 5 1.0818 1.0469 2.38
STA /LTA threshold 2.5 2.5 2.5
Number of events 48 569 15432 206 301
Number of events (>1Pa) 48189 15405 206 082
b) Thermal: lower YAS09' YAS16 ¢) Thermal: upper YAS09' YAS16
Length (s) sTa 2 2 Length (s) sTa 1 2
LTA 30 30 LTA 60 30
STA/LTA threshold 1.2 1.5 STA/LTA threshold 1.1 1.5
Number of events 1325 5110 Number of events 841 3790

*Whole period
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Figure 3.15 — Typical infrasonic waveforms of the weak explosions of gas pockets at a) Erta Ale
and b—c) Piton de la Fournaise. These waveforms were used to detect automatically explosions by
cross-correlation.

to 2s considering the ascent duration of the signal we have observed. The best detections
are obtained for STA /LTA thresholds of 1.20 and 1.50 for the lower radiometers in 2009 and
2016, respectively.

The STA/LTA detector is not sufficient on thermal records at Piton de la Fournaise because
of the large number of events. The peaking method is used with threshold values AT}y, at
120°C and 50 °C for the lower and upper radiometers, respectively. Finally we keep only
explosions seen on both radiometers. We detect 9004 explosions on thermal data at Piton
de la Fournaise. The probability that an explosion is seen on the lower radiometer but not
the upper one is low because of the small height variation between both radiometers (8 m
against 19m and 24 m at Yasur). Note that the number of events detected on infrasonic
records and thermal records are very similar (96 %). This validate our choice to use the
method of cross-correlation to detect Strombolian explosions on infrasonic records at Piton
de la Fournaise.

At Erta’Ale we had to look for thermal events manually because of the noisy records we
got. We detect 111 events we can process.
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Strombolian explosions, at Yasur, on seismic records filtered between 1Hz and 6 Hz, are
detected using the STA /LTA detector on the absolute values of the signal. The length of
the sTA and the LTA are 1s and 60s, respectively, and we set the minimum timeLag to
8s (Battaglia et al., 2016). 8817 and 63671 seismic events were detected with a STA /LTA
threshold at 2.5 in 2009 and 2016, respectively.

3.6.7 Link between detections seen by different sensors

The same explosion recorded on two different records s; and sy is regognized by keeping
the closest event from so, either before or after, for each event of s;.

The detections of events should first be done for each record s; and s5. We obtain the times
t1 and ty of these explosions with N7 end Na events respectively (N7 < Na, Figure 3.16a).
We look for the closest event on sy for each event on s1. A maximum delay is chosen at
dtthr. We calculate the delays dt, and keep only those that are (Figure 3.16b):

e below the threshold dtthr if we want the events of s; to be before the events of sg
t1 < tg: to — 11 < dtthr;

e above the threshold dtthr if we want the events of s; to be after the events of so:
t1 < tg: to — 11 > dtthr;

e between -dtthr and dtthr if we want the events of s; to be either before or after
the events of so: |t; < to|: ty — t; < dtthr.

The function LinkData looks for the shortest delay with the events of sy for each event ey ;
of s; (Figure 3.16b—c). During that first loop, some events from s can be chosen twice or
more, ey j is linked to ej ;1 and ey ; (Figure 3.16¢). The function processes a second loop
to keep only the closest event to e ; (Figure 3.16d). This method can link a maximum of
Nj events but some events might not be linked depending on the chosen dtthr.

We perform the method twice (to < t; and to > t1) when looking for coupled detections
which can have different delays before and after the signal or reference (dtthrpgefore <
to —t1 < dtthrafe). We only keep the links with the shortest delay (function findLinks).

The function LinkData also allows us to link explosions looking for the maximum amplitudes
per sliding window. However we do not know how the different types of data are coupled.
So far we have used the first method (closest detections).

3.7 Classification of events

The classification of events allows us to look for characteristic waveforms. It is done by
comparing the signal of pairs of events using a correlation calculation.

The programme pg_classEvent builds a maximum of nClassMax classes with at least
nEvMin_perClass event per class with a minimum correlation coefficient ThrCorr. The
details for the choice of these parameters is explained later.

Step 1 (Loading and selection of the signals of explosions). For each detection, the signal is
loaded within a window beginning dtBefore seconds before the maximum amplitude (i.e.
pt for infrasonic signals) and finishing dtAfter seconds after the maximum amplitude.
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Figure 3.16 — Sketch for the links of the explosions recorded on several records.

It is important to have the same length for all the detections. We need to limit the
maximum number of events to analyse at NbDetcMax because the calculation of the matrix
of correlation need an enormous amount of memory. The programme loads all detected
events and then select the NbDetcMax events

e cither by keeping the NbDetcMax strongest events (maximum amplitude),
e or by keeping the NbDetcMax smallest events (minimum amplitude),
e or by taking randomly NbDetcMax events using the function randperm.

The results is a matrix SigEvents with ceil ((dtBefore+dtAfter)*Fs+1) rows and NbDetcMax
columns, Fs being the sampling frequency of the signals.

Step 2 (Calculation of the coefficients of correlation). The calculation of the correlation
coefficient of each pair of events is done directly on the matrix SigEvents using the function
corr and gives the matrix of correlation Correlation of size NbDetcMax x NbDetcMax.
The programme "removes" all correlation unnecessary coefficients, such as the correlation
coefficients of a signal with itself (Correlation(i,i)=1) or the correlation coefficients
below ThrCorr by replacing them by NaNs (Not a Number).

Step 3 (Construction of the classes: while loop). The programme can then construct
classes of events while correlation coefficients higher than ThrCorr remain in Correlation
(i.e. while there is a couple of events to build a new class). For each loop icl a
new class is defined by looking for the pair of explosions (ix,iy) with the maximum
correlation coefficient. For each event ie which is correlated with events ix and iy (i.e.
Correlation(ix,ie)>=ThrCorr & Correlation(iy,ie)>=ThrCorr) the program checks
if its correlation with ix or iy is higher than other correlations. If yes, ie is added to the
class of icl and all correlations with ie are removed, otherwise ie is not added. A stack
is built with the signals of all events ix, iy and ie, all correlations with ix or iy removed
and the number of events of the class nEvent, the time, amplitude and the correlation of
each event of the class are recorded.

Step 4 (Selection of the classes). At this step more than nClassMax classes can have been
defined. The nClassMax classes with the maximum number of events are kept and classes
with less than nEvMin_perClass events are also deleted. Events from the deleted classes
do not belong to any class. It is possible that among the explosions in the deleted classes,
some could have a sufficiently good correlation with another class to be added to that class.

Step 5 (Unclassified events). The correlation of each unclassified event ieu with the stack
of each class is calculated. The event ieu is part of the class for which the correlation is




60 CHAPTER 3. PRE-PROCESSING OF THE DATA 4\

Eigen value A

Rank N

Figure 3.17 — Eigen values as a function of the rank N. We can find the maximum number of
classes nClassMax at the intersection of the tangent in red with the x-axis.

the highest if the coefficient is higher than ThrCorr, otherwise it remains unclassified. The
stack of each class is built again, the number of events per class and the time, maximum
amplitude and correlation of each events of the class are once more recorded.

Step 2 to 5 are done using the function doClasses. This allows us to easily classify events
per sliding window of length dtt (in hour) and look at time evolution of the characteristic
waveforms.

The choice of the threshold ThrCorr for the coefficients of correlation is very empirical
and depends on the tests made by the user. However, we can use a method to choose
the maximum number of classes nClassMax. The method consists in the calculation
of the number of independent vectors and the eigen values of the matrix of correlation
Correlation. By plotting the decreasing eigen values eigenValues as a function of their
rank N, we get curve similar as the one shown in figure 3.17. We can deduce the maximum
number of classes nClassMax at the intersection of the tangent in red with the x-axis. The
choice of the linear trend in figure 3.17 is also empirical but the extent of the error is
clearer.

We can detect more events from a class using the detection by cross-correlation (Section 3.6.3)
when we are satisfied by our definition of the classes.

Remark 1. NbDetcMax depends on the computer, dtBefore, dtAfter and the sampling
frequency fs of the signal.

Remark 2. An event is part of the class for which its correlation is the highest. An event
can be part of one class only.

Remark 3. Some events can remained unclassified.

3.8 Gestion of the gaps of data for the estimations per sliding window

We might underestimate energy, power, or volume per sliding window because of missing
data while estimating them. The programmes for these calculations propose a correction
of the estimates. They also propose to process series of zeros (i.e. part of a signa that has
been corrected) as a gaps (GapGestion_Oseries).

We estimate the energy, or the power per sliding window of length dtt. The window it
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contains data during the length dti, then p = dti/dtt of data are available and 1-p data
are missing in the window it.

The programmes propose to correct missing data, using the function GapGestion_correction,
by

using the mean value of the period

using the value of the window it

removing the value if p is lower than a threshold (replacement per NaN)
doing nothing

W=

We explain below how the energy, power and RMS are corrected using (1) the mean value
of the period or (2) the value of the window.

The correction we use should take into accounts the variability of the activity. Then using
the mean value of the period (1) might be the best when there are little variations (i.e.
Yasur, June-2009). However we might prefer using the value of the window (2) when there
are strong variations (i.e. Yasur, Sept-Nov-2016).

3.8.1 Energy

Eit_tot, Eit_calc and Eit_miss are the total, calculated and missing energy in the
window it, respectively. The mean energy for the period is E_mean and is calculated by

> ;Eit_calc/ ), dti.

The total energy in the window it is

Eit_tot = Eit_calc + Eit_miss. (3.20)

(1) When correcting using the mean value E_mean,

. . dtt — dti
Eit_miss = E_mean—
dtt
=E_mean (1l —p), (3.21)
then we get
Eit_tot = Eit_calc + (1 — p) E_mean. (3.22)

(2) When correcting using the value of the window Eit_calc,

. . . dtt —dti
Eit_miss = Eit_calc——
dti
. 1
=Eit_calc|-—1], (3.23)
p

then we get

1
Eit_tot = <> Eit_calec. (3.24)
Y
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3.8.2 Power

Pit_tot,Pit_calc and Pit_miss are the total, calculated and missing power in the window
it, respectively. We estimate Pit_tot as Eit_tot/dtt, Pit_calc as Eit_calc/dti and
thus Pit_miss as Eit_miss/(dtt — dti). Then we have

. Eit_calc 4+ Eit_miss
Pit_tot =

dtt
_ Pit_calc dti +Pit_miss (dtt —dti)
B dtt
=Pit_calc p + Pit_miss (1 —p) (3.25)

The mean power for the period is P_mean = E_mean/dtt.

(1) When correcting using the mean power of the period, we get

Pit_tot = Pit_calc p+ Pit_mean (1 —p) (3.26)

(2) When correcting using the calculated power of the window, we get

Pit_tot = Pit_calc p+ Pit_calc (1 —p)
= Pit_calc. (3.27)

3.8.3 Root-Mean-Square:

RMSi_tot, RMSi_calc and RMSi_miss are the total, calculated and missing RMS in the
window it, respectively. The mean power for the period is RMSi_mean. N and n are the
number of points in windows of length dtt and dti, respectively and zy is the value of the
point k in the window.

1 N
RMSi_tot = Nzxi
k=1

1 n ) N )
N\t (N -n) ;kar 2.

k=n+1

1
— \/N (n RMSi_calc? + (N —n) RMSi_miss?)

— \/p RMSi_calc2 + (1 — p) RMSi_miss? (3.28)

(1) When correcting using the mean RMS of the period, we get

RMSi_tot = \/p RMSi_calc2 + (1 — p) RMS_mean?. (3.29)

(2) When correcting using the calculated RMS of the window, we get

RMSi_tot = \/p RMSi_calc? 4 (1 — p)RMSi_calc?
= RMSi_calc. (3.30)
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When occurs a Strombolian explosion a great amount of energy is released by different
mechanismes and partitionned between the atmosphere and the ground. Acoustic waves
propagate into the atmosphere because of the sudden decompression of the Taylor bubble
(i.e. the Strombolian explosion). Seismic waves also propagate into the ground because of
the sudden decompression of the bubble. The great energy also triggers the ejection of hot
gas and hot ejecta. All these processes can be measured and analysed (Figure 4.1).

Sounds, and especially infrasounds (<20 Hz) produced by Strombolian activity are mostly
due to the explosion of the Taylor bubble and contain great information about the gas
volume and overpressure of the bubble (Figure 4.1a).

The cloud of the explosion of the Taylor bubble contains hot gas and ejecta (ash, scoria,
bombs). Infra-red radiometers and videos we use allow us to study the ejecta dynamics
of the volcanic cloud but not the gas. Infra-red radiometers also allow us to measure
the temperature of the ejecta (and sometimes gas) and thus to deduce a thermal energy
(Figure 4.1D).

Initial time: 28-Jun-2009 11:23:57.000
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Figure 4.1 — Example of a) infrasonic, b) thermal and c¢) seismic records at Yasur in June 2009.
1) Large view of 10 min, 2) zoom on an explosion and 3) zoom of the beginning of the explosion.
The shadowed areas in 1) and 2) show the limits of the zoom in 2) and 3), respectively.
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Seismic waves mimic the ground motion due to the explosion of the Taylor bubble (EQ: 1 Hz
to 6 Hz, Figure 4.1c). The formation and the rise of the Taylor bubble can also trigger
seismic waves (LP and VLP).

The different duration and frequency of the waveforms of the Strombolian explosion,
simultaneously recorded by the various sensors, highlight that each sensor records different
mechanisms (Figure 4.1a2,b2,¢2). Note also that the beginning of the explosion seen by
the different sensors is shift (Figure 4.1a3,b3,c3). This is due to i) the speed of the various
waves (light, seismic or infrasonic) and ii) the distance from the source to the sensor.

In the present chapter, I explain how to get useful estimates from the 1) infrasonic, 2)
thermal measurements, from 3) videos and from 4) seismic measurements. At the end of
the chapter, I also propose estimations from combined methods.

4.1 Infrasonic processing

One interest of infrasonic studies close to volcanoes is to be able tp give an estimate of
the gas volume. Monitoring volcanic activity is also possible in a way similar to seismic
monitoring, i.e. looking for anomalies on the recorded signal.

Anomalies on infrasounds can be recorded for a period or by detecting specific events.
Once detected, each event should have a start, an end and perhaps some characteristic
points in between.

4.1.1 Characteristic points on infrasonic waveforms

Strombolian explosions seen on infrasonic records are impulsive due to the sudden decompression

of the gas pocket in the atmosphere. This impulsive event can be preceded by a precursor,
possibly due to the motion of the top of the magma column as the gas bubble approaches
the surface or from other processes. The sensor can also measures, right after the main
peak, the variation of pressure of the following Taylor bubble in the conduit due to the
propagation of the rarefaction wave following the decompression of the newly broken
bubble. Hence several characteristic points have been defined to give insights into the
mechanisms at work.

4.1.1a Definition of the characteristic points

Characteristic points on infrasonic waveforms (of explosions) are shown on figure 4.2 and
defined as follows:

O the beginning of the event, is set as the beginning of the decompression of the gas
pocket, and should be at 0 Pa without noise,

Max, p* the maximum amplitude of the event gives the strength/intensity of each event,

A the first zero between the maximum (Max) and minimum amplitude, (B) marks the
end of the compressive phase and the beginning of the rarefaction phase,
B, p~ the minimum amplitude of the event, recorded by the detection (first negative peak
or minimum negative peak),
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Figure 4.2 — Sketch of a typical infrasonic waveform at Yasur.

Min the minimum negative peak of the event, it thus can be the same than B,

C the first 0 after the minimum amplitude (B), indicates the end of the rarefaction
phase and the end of the explosion in the simple case of the signal being a perfect
sine,

D the end of the event (impulsive part, monopolar part), C might be undefined because
of noise,

E the end of the event considering the tail (coda, dipolar part, renonance).

The maximum amplitude p™ gives a direct information on the strength of the explosion.
The higher p™ is, the stronger is the explosion. Note that a natural signal is never a perfect
sine.

From these characteristic points we can define 28 durations as:

O-Max Ascent duration
Max—A Descent duration
Max-B Peak to peak duration (pnpp)

O—A Duration of the compressive phase

A—C Duration of the rarefaction phase

A-D Duration of the rarefaction™ phase: this case was added because C is often hard to
find

O-D Duration of the explosion: impulsive part, monopolar part

D-E Duration of the tail of the explosion: often dipolar part

O-E Duration of the explosion: monopolar+dipolar parts

— Other combinaisons of the different points

The comparison of these different durations from an explosion to another can shed lights
different waveforms and the existence of several sources. Then the temporal evolution of
these durations might indicates changes in the conduit geometry, depth of explosion, gas
overpressure, etc.
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Figure 4.3 — Correction of the maximum amplitude for infrasonic waveforms with p* < |p~|.

The characteristic points p™ and p~ are directly given during the detection of the events.
However some waveforms of explosions at Erta’Ale and Piton de la Fournaise have p™
and p~ located at the wrong extrema (Figure 4.3). The extrema are moved foward if the
minimum which is before the recorded maximum is lower than the recorded minimum.

4.1.1b Determination of the limits O, D and E

It is often difficult to always find the characteristic points on the waveform because
explosion waveforms are not sine waves and because of noise. The low frequency noise
can be due to oceanic waves high frequencies due to wind may also be added on the signal
of explosion. We propose here several methods to find automatically the limits of the
explosions:

a) application of the thresholds hbthr on the envelope of the signal from the Hilbert
transform (Zielinski, 2012),

b) maximum on the first derivative of the kurtosis on a sliding window,

¢) extrema around p™ and p~.

The application of the chosen method used to find the characteristic points is done on
a part of the signal of time tpart and amplitude xpart. This part of the signal is set
proportional to the delay (pnpp) between the positive and negative peaks (p™ and p™).
Default values make the program looks in a window starting 4 times pnpp before p* and
finishing 8 times pnpp after p™; when assuming a sine, these values correspond to 2 and 4
times the period of the sine, respectively.

Limits from the envelope of the signal

This method look for thresholds on the normalized envelope of the signal xpart (Section 3.1.3).
The value of the normalized envelope tends to 0 around the explosion (i.e. inter-explosion
signal, Figure 4.4a)

The beginning of the explosion O is taken at the time, before p™, where the envelope of
the signal exceeds the first threshold hbthr[1]. The end of the explosion D is taken after
p~ when the signal envelope decreases under the second threshold hbthr[2]. The end of
the tail E is taken after D when the signal envelope decreases under the last threshold
hbthr[3]. Default values of the thresholds hbthr are [0.2,0.2,0.08] for the beginning O,
the end D and the end of the tail E, respectively. The choice of the thresholds are very
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Figure 4.4 — Limits (O and D) of the explosions with three different methods. a) Signal envelope
(gray) of the infrasonic signal (red) of a Strombolian explosion. b) Kurtosis per 1s-sliding window
(black) and its derivative (blue). ¢) Limits from the waveform of the signal (black, vertical lines):
last minimum before p* and first maximum after p~. Yasur-MB3, 22/09/2016-00:02, explosion at
00:05:51.

dependant on the user, but the default values are well adapted for infrasonic records from
Yasur (Zielinski, 2012).

Limits from the Kurtosis

Baillard et al. (2014) had developed a method based on the kurtosis to detect and find the
wave arrivals on seismic records (P and S-waves). The method consists in the calculation
of the kurtosis of the signal on sliding windows of length dtt. Then anomalies can be
detected within the ambient noise (i.e. explosions, Figure 4.4b).

The maximum on the first derivative of the kurtosis indicates the onset O of the explosion.
The difficulty using this method is the choice of the length of the sliding window dtt which
changes significantly the distribution of amplitude calculated by the kurtosis and thus the
position of the beginning of the explosion. Furthermore another method is necessary to
find the end of the explosion. Here we use of the previous method to find D and E (signal
envelope) rather than the kurtosis.

Limits from the nearby extrema of the signal
This last method is the most restrictive as it considers only the waveform of the signal
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(Figure 4.4c) and is efficient in case of low signal to noise ratio. The beginning O is taken
as the last minimum before the maximum p* and the end D as the first maximum after
the minimum p~. We do not choose to take the zeros before and after the main peaks
because of the potential offset of the signal.

The end of the tail of the signal is not found by this method. Furthermore, this method is
well adapted for short and no-resonant events such as those found at Erta’Ale and Piton
de la Fournaise, but this method is not adapted for the explosions at Yasur as they often
present a long tail (Figure 4.4c).

4.1.2 Infrasonic energy and gas velocity

4.1.2a Type of acoustic sources

We can classify acoustic sources into 3 categories:

Monopole sources Monopoles are due to a variation of the mass flux without any external
force on the flow. Monopole sources in a homogeneous medium generate acoustic
waves which propagate in phase as a spherical front; i.e. the excess of pressure
(Pac(t) — pair(t)) is the same for all points at the same distance ryent from the source.
The acoustic amplitude of monopole sources decreases with an attenuation of 1/ryent
due to the spherical spreading. The source is a point source when the size of the
source is smaller than the wavelength of the generated wave (A =340m at 1Hz).
Then we can consider Strombolian explosions as point and monopole sources.

Dipole sources Dipoles are generated when an external force is applied on the system.
The interaction of a jet with the surrounding conduit or particles within the jet can
generate this type of source. The acoustic amplitude of dipole sources decreases with

an attenuation of 1/r2, . in near field (i.e. Tyent < A), and with an attenuation of
1/7yent in far field (ryent > A). Fumaroles are good examples of dipole sources.

Quadrupole sources Quadrupoles are generated by the variations of constraints and
without any external force such as product by a jet at constant flux. Gas jet with
high velocity can generates this type of source due to the turbulence induced at the
boundary between the jet and the surrounding.

In this study, we consider all Strombolian explosions as short, impulsive and
monopole sources of acoustic waves.

4.1.2b Estimation of infrasonic energy

The excess pressure (pac(t) — pair(t)), in a homogeneous atmosphere, is related to the
infrasonic power Pinfrasonic(t) by

2712
Pinfrasonic(t) = —vent. (pac(t) _pair(t))2 (4-1)

PatmCatm

where ryent is the distance from the source to the sensor (m), patm is the density
of the atmosphere at the elevation of the volcano (kg.m™2) and catm the sound speed.
The factor 2 instead of 4 is due to the infrasonic waves being radiated in half a sphere.
Other effects than this linear decay are neglected here (e.g. viscosity of the medium, heat
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Figure 4.5 — Sound speed into the atmosphere as a function of the temperature of the atmosphere.

transfer,...). Variations of pressure due to the weather, the elevation or the topography are
also neglected.

The sound speed in the atmosphere is equal to /v RigTatm = 340 m.s~! | with the adiabatic
constant, vy in the atmosphere equal to Cp/Cy = 1.4, Ry = 287 Jkg LKt and Tyem =
15°C (Lighthill (1978) figure 4.5).

We can integrate eq. (4.1) over the time to estimate the infrasonic energy as

27”03ent T 2
Einfrasonic = ——— (pac(t) - pair(t)) dt (4'2)
PatmCatm Jo
where 7 is the duration of the explosion or of the sliding window on the infrasonic trace.
Note that because (pac(t) — pair(t)) is real, we can use the Parseval theorem to estimate the
energy within a specific frequency band without additional filtering. The infrasonic power
PWinfrasonic 1S obtained by dividing the infrasonic energy Einfrasonic by the duration 7.

Infrasonic energy and power can be calculated either on sliding window (pgac_pwvelvol)
or solely during each explosion (pgac_volpw).

4.1.2¢ From infrasonic energy to gas velocity

Woulff and McGetchin (1976) established the relation between the gas velocity Ugas and the
infrasonic power Pwinfrasonic from a dimensionless analysis of the Navier-Stokes equations
and assuming a monopole source; giving

Patm2m R?
PWinfrasonic = kaéas (4.3)
Catm
PWinfrasonicCatm 14
& ( kpatm27 R ) (4.4)

where k is an experimental constant equal to 1 and Ry, is the radius of source, assumed to
be that of the bubble (m) (Vergniolle et al., 2004). The radius of the conduit Reonduit gives
a good estimate of the bubble radius R} for Strombolian explosions because bubbles are
almost as large as the conduit. The greatest uncertainties on the gas velocity are associated

to the estimates on the bubble radius R because Ugas o< R;l/Q.
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4.1.3 Gas volume from infrasonic records

Several models exist in the literature to estimate gas volumes (Section 1.2.1a). We use one
or several among the 3 of them depending on the records and the goal of the study:

a) the gas volume from infrasonic power,
b) the gas volume from two integrations of the acoustic pressure,
c¢) the gas volume from the volume mode oscillation.

4.1.3a Gas volume from infrasonic power

The gas volume from infrasonic power (a) directly results from the gas velocity (Equation (4.4))
and the duration of the explosion. We consider that the gas passes through a disk of radius
Ry, at the velocity Ugas during the duration 7 to obtain the gas volume Volgas o (Vergniolle

et al., 2004):

Volgas.o = TR} UgasT. (4.5)

This gas volume is greatly dependant on the unknown bubble radius as Volgas o Rg/ ?. For
example, we have a relative error of 1 — 273/2 = 64.6 % if the real bubble radius is twice
the estimated radius.

This model can be used to estimate gas volume per explosion (pgac_volpw) or gas volume
per sliding windows (pgac_pwvelvol). The two combined techniques give the lower and
upper limits of the gas volume released into the atmosphere. We can also obtain the gas
volume per sliding window within specific frequency bands using the Parseval theorem
(Figure 4.6 and section 3.1.2). The temporal evolution of gas volume in narrow frequency
bands is sometimes revealing rapidly the changes in the frequency contents of the Strombolian
activity. These changes in the frequency contents can be induced by

e a variation of geometry of the conduit

e the opening or closing of a vent

e a change of eruptive style due to variations of source (i.e. gas flux variations, size of
the source).

4.1.3b Gas volume from two successive integrations of the acoustic pressure

The excess of pressure (pac(t) — pair(t)) is a function of the variation of the mass flux for a
monopole and semi-hemispherical source (Lighthill, 1978, chapitre 1, p19):

_ 1 dQ(t - 7“vent/catm)
27l'7°vent dt ’

(pac(t) - pair(t)) (46)

where ¢ is the mass flux (kg.s™!) and paiy = Patm the pressure of the atmosphere (Pa)
which depends on the elevation of the volcanic source. We obtain the total mass flux @
(Equation (4.7a)) and then the total mass of gas M by integrating twice the mass flux ¢
over the time (Equation (4.7b)). We finally divided the mass M by the atmosphere density
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Yasur, 2016. Estimation of gas volume by frequency band per hour.
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Figure 4.6 — From a) infrasonic power to b) gas volume by frequency bands and per sliding window
of 1 hour at Yasur volcano in September-November 2016. Parameter: p,em = 1.18kg.m™3, Ry =
Reonduit = 2.5m and ryent = 340 m.

patm to get the gas volume (Equation (4.7c)):

Q = 27 vent /0 (Pac(t) — pair(1)) dl (4.7a)

=1 = [ (25rm (paclt) ~par0)dt) a (4.7h)

1 T t
=Volgasp = / <27rrvent/ (Pac(t) — pair(t)) dt> dt. (4.7¢)
0 0

Patm

This model is valid under the following hypotheses (Johnson, 2003):

1. the instrumental response, effects of propagation, noise and variations of atmospheric
pressure can be neglected;

2. the source can be compared to a point source at the vent;

3. acoustic pressure variations are sufficiently small to ensure a linear propagation of
the sound waves.

For the mass flux (Lighthill, 1978)

AL ife <0
t _ t2+ 29 = Y 4
a(t) {tﬁ;, if ¢t >0, (48)
with
A1 A2
1 2

(Figure 4.7), the acoustic pressure, calculated by eq. (4.7a), has a waveform similar to
those observed at Yasur (Figure 4.7c1-¢2). The third example, whose infrasonic waveform
has p™ < |p~|, is not adapted because we consider here that the sudden output finishes
faster than it begins and this is not compatible with the sudden decompression due to the
Strombolian explosion, followed by a longer rarefaction. The resultant waveform is neither
observed at Yasur, nor at Erta’Ale nor at Piton de la Fournaise.

We apply this model solely on each explosion (pgac_voljohn, figure 4.8). Thus we need
to introduce a last model.
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Figure 4.7 — Generation of infrasonic waveforms considering the mass flux as the function of the
time such as ¢(t) = A/(t?> + 72). a) Mass flux, b) cumulative mass flux and c¢) acoustic pressure
for 1) Ay = 50, 71 = 0.1, Ay = 50, 7 = 0.1, 2) A, = 50, 71 = 0.1, Ay = 200, 7 = 0.2 and 3)
A =50, 7 =02, Ay = 12.5, 75 = 0.1.

4.1.3c  Gas volume from the bubble volume mode prior to bursting (bubble vibration model)

The bubble volume mode, often referred to as the bubble vibration model, considers the
infrasonic signal is due to the oscillations of the bubble at the surface of the magma column
prior to explode (Vergniolle and Brandeis, 1996). In contrast, the previous models consider
that the infrasonic signal is generated by the sudden input of gas into the atmosphere.

The equilibrium radius Rpeq is calculated using the adiabatic low and depends on the
initial conditions of the Taylor bubble

2R3 AP, 1/~
20 RE Ly | (14 S ~ R2,Ly
3 Patm

31/3 1/3
Rb,eq = 5

(4.10)

)

where v is the adiabatic constant (1.1 for hot gases, Lighthill, 1978), Ry the initial
radius of the bubble (m) L; the bubble length (m) and AP, the initial gas overpressure
(Pa).

The gas pocket is suddenly over-pressurised with an overpressure AP, (Pa). This generates
oscillatory variations of the gas volume which can be written as a perturbation ¢, on the
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Figure 4.8 — Example of the gas volume calculation from two successive integrations of the acoustic
pressure. a) Acoustic pressure, b) gas flux and ¢) cumulative gas flux for two explosions chosen at
Yasur in 2016.

radius (Rp = Rpeq + €5). The oscillations are due to the transfert of kinetic energy and
potential energy described by

. 12,Mmagma . Pitm [ (VOleq > 7:| 2
€ + €p + 1-— 14¢)° =0, 4.11
pmagmaRz,eq pmagmaRb,eq hb,eq Vol, ( ) ( )

where pmagma is the magma density (kg.m™3), [magma the viscosity of the magma (10 Pa.s
and 40 Pa.s at Erta’Ale and Piton de la Fournaise, respectively), hy eq the thickness of the
magma overlying the gas pocket (m) and Vol, (m?) the gas volume function of €, and L.

We can solve the differential eq. (4.11) using the Runge-Kutta method of order 3 with the

?

+— atmosphere (Patm, Patm)

a)

hbeq or— magma (fimagma; Pmagma)

R0

. Taylor bubble (Rp,0, Ls, AP)
b

Figure 4.9 — Parameters for the bubble volume mode model.
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following initial conditions:

. AP, sz% 0
€0 = = , (4.12)
pmagmaRb7eqhb,eq
Ry
o= ——". 4.13
0= Ryeq -1 (4.13)
We can also determine the normalised amplitude Ay of the oscillation €, as
AP{,R2 3L
Ay = b9 (1 + == > . (4.14)
3’)/Patm Rb,eq 2Rb,eq

This parameter Ay, also called the linearity parameter, characterises the strength of the
oscillations and the linearity of the model. The smaller A; is, the more ¢, is linear and
looks like a sinusoidal wave.

The acoustic pressure generated by the Taylor bubble can be written as a function of the
variation €, and the equilibrium radius Ry eq (Lighthill, 1978)

d? 47TR§’ (t - Tvent/catm) Patm

(Pac(t) — pair(t)) = a2 6 T vant (4.15)
RZ) Patm d2(1 + 61,)3
= (pac(t) - pair(t)) = ?;:«q ¢ dt2 (4.16)
ven
R3e Patm . ..
& (Pac(t) — pair(t)) = ;r“it (26,2(1 + &) + (1 + €)?) (4.17)

for a monopole source.

No analytical solution exists between the initial conditions of the Taylor bubble (R, Ly,
APy) and the radiated acoustic pressure. A series of synthetic waveforms are calculated as
a function of a choice of (Rp0, Ly, APy, hyeq, fimagma; Pmagma and Tyent) to cover the full
range of expected values. The best fit (cross-correlation + RMS) gives estimates on the
bubble characteristics during the explosion.

The synthetic waveforms are very similar to the recorded waveforms observed at Erta’Ale
and Piton de la Fournaise.

The gas volume released in the atmosphere is calculated using the ideal gas law as

AP, 2
Volgas,c = (1 t5 b) Vols, withVol, = gwR}j’,O + ﬂ'RaoLbo (4.18)
atm

We assume hyeq is approximatively equal to the size of the larger ejecta (bombs) than
an explosion can produce and we fix it to 22cm and 10cm at Erta’Ale and Piton de la
Fournaise, respectively (Bouche et al., 2010; Gurioli et al., 2018).

All the detected explosions have to be searched for the best synthetic waveform with
variable Ry, Ly, AP, (pgac_volbubvib).

We first create a set of synthetic waveforms with several combinations (Rp 0, Ly, AP,) and
retrieve p*, p~, the widths (durations) w1 = O—p™ and w2 = p*—A, the linearity parameter
Ap and the waveforms for each combination (bubvib_waves).
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A first selection is done by the user on the linearity parameter A; and the aspect ratio
2Ry /Ly to remove synthetic waveforms very different from the real one.

A second selection is performed, for each explosion, on the maximum and minimum
amplitde (p™ and p~) and the widths w1 and w2 to speed up the computational time.
The decrease of the number of synthetic waveforms is organised as follows:

(b4 = a4 )Pdata < Prmodel < (04 + 01D (4.19a)

(1 B a_)pc?ata < p;odel < (1 + a_)pc?ata’ (4'19b>
(1 —a1)wlgata < Wlmodel < (1 4+ a1)wlgatas (4.19¢)
(1 — a2)w2data < W2model < (1 + @2)W24ata- (4.19d)

The subscript + and — are associated to p™ and p~, respectively and the subscript 1 and
2 to the widths wl and w2. The coefficients a and b are useful to correct any bias in the
recorded infrasonic waveforms.

The third selection is based on the correlation coefficient which can be constant on the
entire infrasonic waveform or weighted in 3 parts defined by (Figure 4.10)

1. from O to the offset of the signal,
2. from offset to p™ and
3. from p* to C.

where the offset of the signal can be defined by the point where p = po + (p™ — po)/6 are
by the last maximum of the seconde derivative of p(t) before p™ depending on the choice
of the user. The weighted correlation coefficient is

corrCoeff = w, corrCoeff; 4 wacorrCoeffy 4 w, 3corrCoeffs (4.20)

where the weights w.; are chosen by the user (i = {1,2,3}). We only keep the synthetic
waveforms with the correlation coefficient above the threshold CorrCoefThr.

The last selection consists in the choice of the best fit. This can be manually or by
finding the synthetic waveform for which the residue RES = (1-CorrCoef)*RMS is the

smallest (RMS = \/sz\il (Pac(t) — Pair(t)) model,i — (Pac(t) — pair(t));, N being the length
of the signal).

Example 4.1.1. I wish to estimate the gas volume from the Strombolian explosion at Piton
de la Fournaise the 10/12/2006 at 20:03:17 (Figure 4.11). This explosion has a maximum
acoustic pressure of 2.68 Pa and a minimum acoustic pressure of —5.43 Pa and ascent
duration O—p™' (w1) and descent duration pt—A (w2) of 0.133s and 0.0533 s, respectively.
[ estimate the atmospheric pressure and density at the elevation of the vent (2632m)
at 7.37 x 10*Pa and 0.95kg.m™3, respectively. I use hpeq = 10cm by analogy to the
largest ejecta (Gurioli et al., 2018) and the magma viscosity and density are 40 Pa.s and
2.7 x 10> kg.m ™3, respectively (Hibert et al., 2015). The distance from the vent to the
sensor is 115 m.

I have calculated 166 253 synthetic waveforms with Ry o ranging from 0.05 to 5m, L; from
0.3t030m, AP, from 3000to 1 x 10° Pa and p* from 0.95to 23 Pa (Figure 4.12). The
recorded infrasonic waveforms and the dependence of the synthetic waveforms to Ay suggest
to fix 0.15 < A < 0.30, condition for which the linearity is reasonable and the synthetic
waveforms similar to that at Piton de la Fournaise. 67 808 synthetic waveforms remained
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Figure 4.10 — Parts of the infrasonic waveform to calculate the weighted coefficient of correlation.
Note the different time scales.

(40.79%). Only 171 (0.10 %) synthetic waveforms are kept after applying the following
constraints by = 1, ay = 0.05, a_ = 0.5, a; = 0.2 and ay = 1.

The best fit is found for Ry o = 1.3m, L, = 5.7m and AP, = 36 500 Pa with a unweighted
correlation coefficient of 0.9955 and a RMS equals 2.52 Pa giving a residue RES equal to
0.11214 Pa, (Figure 4.11)

4.1.4 Atmosphere density and pressure

I use the models from U.S. Government Printing Office (1976) to estimate the atmospheric
pressure and density at the elevation of the field experiments (Figure 4.14).

The atmospheric pressure Patm at the elevation z in the troposphere is estimated by

IM ol

Tatm std Rig molLatm,std
Pyim = Patm,std (T i (4.21)
atm,std T atm,std(z - Zstd)

where Pyim st = 101 325 Pa is the standard atmospheric pressure at the sea level, Thim std =
288.15 K is the standard temperature, Lytm std = —0.0065 K.m™! the standard temperature
lapse rate in the troposphere. z is the height above sea level and 25y = 0 m the sea level
elevation. ¢ = 9.807m.s2 is the gravitational acceleration, Mme = 0.028 96kg.mol~! is
the molar mass of the atmosphere and Rigmo = 8.314 J.mol~'.K~! is the universal gas
constant.
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Figure 4.11 — Fit of an explosion at Piton de la Fournaise (10/12/2006, at 20:03:17) with the
synthetic waveform, from the bubble volume model and selected by the automatic programme.
The coeflicient of the correlation is 0.9955 and the RMS equals 2.52 giving a residue of 0.112 14.

Table 4.1 — Atmospheric pressure and density at the elevation of the measurements considering
the standard values at the sea level and the standard temperature of 288.15K (15 °C).

z Pitm Zp Patm
(m) (Pa) (m) (kg.m~?)
Sea level (std) 0 101 325 0 1.2250
Erta’Ale 613 94175 612.9 1.1545
Piton de la Fournaise 2632 73453 2630.9 0.9442
Yasur 361 97063 361.0 1.1831

The atmosphere density patm at the geopotential elevation h,, is

M,
14— 9%mol
Tatm,std ) ( +Rig,mo|Latm,std>
Tatm,std + Latm,std(zp - Zp,std)

3

(4.22)

Patm = Patm,std (

where patmstd = 1.2250kg.m™ is the standard atmosphere density. zsq is given in
geopotential metres. We define the geopotential elevation as 2z, = Rearth?/(Rearth + 2),
where Rearth = 6356.8 km is the Earth radius.

For example, at the elevation of 1000m the atmospheric pressure is 89875 Pa and the
atmosphere density is 1.1117 kg.m ™3,

At the elevation of the field measurements we get the atmospheric pressure and density
shown in the table 4.1.

4.2  Thermal processing

The intensity measured by the radiometers depends on the hot area presented by the ejecta
(and gas), hence potentially contains information on temperature and the amount/size
ejecta. The thermal waveform is characterised by short duration for the ascent of the
temperature, followed by one or several maxima (Figure 4.15). After the peak(s) the
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Figure 4.12 - Distribution of Rpo, Ly, AP, A, and pt of the waveform set
syntwaves_pif d115 _mu40_inle5Pa_numl166253.mat. a) All synthetic waveforms. b) Synthetic
waveforms after the selection on A,. More details are given in the example 4.1.1. To be continued.

temperature decreases slowly to reach the initial temperature prior to the explosion or
sometimes decreases below the pre-explosion temperature due to gas opacification.

The gas opacification is the ability of gases to absorb the light, here the infra-red, in
a specific wavelength. The gas opacification depends on the species present in the gas
mixture and on the temperature of the gas mixture. Particularly, the content of water
plays an important role as the atmospheric humidity can vary a lot (Gaudin, 2012). The
opacification is probably triggered by the compressive wavefront (Marchetti et al., 2013).

It is tempting to link the different part of the waveform to the different steps of the
explosion. The simplest case is presented by a unique gas thrust followed by the effects of
buoyancy and the fall down of the ejecta. We expect a simplified waveform with only 1
maximum (figure 4.15a). The separation between thrust and buoyancy is difficult to find
because buoyancy starts before the end of the thrust and a period exists for which the
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Figure 4.12 - Distribution of Rpo, Ly, AP, A, and pt of the waveform set
syntwaves_pif d115 mu40_inle5Pa_numl166253.mat (continued). ¢) Synthetic waveforms after
the selection on p™, p~, wil and w2. More details are given in the example 4.1.1.

effects of the thrust and the effects of the buoyancy have the same order of magnitude. We
can assume that the part before the maximum is mostly due to the thrust and that the
part after the maximum is mostly due to buoyancy.

The brightness temperature measured by radiometers is a measurement of the infra-red
radiations in the 8 pm—-13pm pass-band and is obtained by the spectral analysis of the
recorded radiations. The analysis of each spectrum takes times and the temperature is
given by the output of the radiometer, each 0.19s. This large efficient response time leads
to great errors on the thermal estimates when a temporal information is needed, compared
to the sampling rate of infrasound and seismic sensors.

4.2.1 Characteristic points on thermal waveforms

4.2.1a Definition of the characteristic points

Several mechanisms can be responsible for the thermal waveform. The mechanisms can be
difficult to identified on the thermal waveform. So we define the characteristic points as
follows (Figure 4.16):

O begining of the explosion (signal envelope), characterised by the offset of the thermal
signal, it also corresponds to the background temperature Tgack,
M* highest maxima of the explosion, one maximum per thrust (NumberOfPeaks),
B* minima between 2 maxima (NumberOfPeaks-1),
E end of the explosion for which the temperature Tg equal the background temperature
TBack;
E’ end of the explosion, the temperature at E’ is often lower than then temperature of
the background (signal envelope), then E’ is reached after the period during which
the temperature is below the pre-explosion temperature
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Figure 4.13 — Example of a synthetic waveform from the bubble volume model for a gas volume of
Volgqs = 49.7m3: Ryo=13m, Ly =5.7m, AP, = 36500 Pa, hyeq = 10cm and fimagma = 10Pa.s
give A, = 0.291. The acoustic pressure is calculated for 7yt = 115m, in an atmosphere at
Patm = 7.37 x 10* Pa and patm = 0.95kg.m 3.
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Figure 4.14 — a) Atmospheric pressure as a function of the elevation. b) Atmosphere density as a
function of the elevation.

4.2.1b Determination of the limits O, E and E’

To my knowledge there is no classical technique to find specific points within the thermal
waveform of a Strombolian explosion. I proposed here three methods (Figure 4.17). Two
of them consider the envelope from the Hilbert transform (Section 3.1.3). The envelope
is done on an gradient of the temperature, such as d7%/dt or d?T/dt?. A naive view of
that parameter is that it corresponds to the velocity (d7%/dt) or acceleration (d7/dt?)
of entry of the ejecta in the field of view.

Thresholds on the envelope of dT*/dt
The idea comes from the black body law which says that the radiant thermal energy is

proportional to T(t)* — Téack where T'(t) is the temperature at the time ¢ and Tgack is the
temperature of reference.
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Figure 4.15 — Sketch of a) a simple and b) a complexe waveform of an explosion recorded by an
IR-radiometer.
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Figure 4.16 — Definition of the thermal characteristic points.

Taking the derivative of the temperature to the power of 4 allows the signal to oscillates
around 0 (Figure 4.17b). Thus, we can calculate the envelope of the derivative using the
Hilbert transform (section 3.1.3). We then normalized this envelope.

We define the beginning O of the event looking for the first point of the normalized envelope
over the starting threshold (triggering threshold). The temperature at the beginning O is
the background temperature Tgack- The end E is defined such as its temperature Tg is
equal to Tgack with all T' between O and E larger than Tgack- The "far" end E’ is defined
by the last point over the ending threshold.

Default values of the threshold were found for thermal records of the 2016 field campaign
at Yasur: 0.10 and 0.05, for the triggering and ending thresholds, respectively.

Thresholds on the envelope of d?7"/dt?

The idea is to look for the sudden changes in the slope, hence the second derivative.
However, there are many variations which can blur the changes in the slope. So we used
the envelope of this second derivative to enhance the detection of the limits (Figure 4.17a).

We then find out the O, E and E’ the same way we do using the first method with default
threshold at 0.05 and 0.01.
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Figure 4.17 — Determination of the limits of the thermal waveform of the explosions using a) the
envelope of the second derivative of the temperature (threshold at 0.05), b) the envelope of the
derivative of the temperature to the power 4 (threshold at 0.01), c) the derivative of the kurtosis
curve (length of the sliding window of 2s.

Rrov

Figure 4.18 — Calculation of the field of view of the radiometer. a) 3D view and b) 2D view.

Maximum on the derivative of the kurtosis

This last method is adapted from seismic processing as the kurtosis is very efficient to
detect seismic events and also the timing of the arrival of P- and S-waves (Baillard et al.,
2014).

Taking the derivative of the kurtosis curve has the advantages to switch the profile of
the kurtosis such as the maximum of the profile is simultaneous of a major change in the
kurtosis curve. This major change indicates the beginning of the event (Figure 4.17c).

With this method, we can not determine the "far" end E’ because the decay of the
temperature is often too long compare to the increase of the temperature.

422 Field of view of the radiometers

The vertical field of view A%OV of a radiometer, with an inclination @, at the distance ryent
is an ellipse and can be calculated as (figure 4.18)

Afov = TRiov Rrov, (4.23)




o]
-3

4.2. Thermal processing

Q T T T p
E ola)ye=o b) rvent = 250m )
> >
o = 15.2 Te)
< <
E E
o 40 )
= B 5 g
(e [
(] o
) =
& 20 - 14.8 &
Q 5]
= =
+ +
s B 146 ©
g 0 o T8
~ | | | | | | | | ~
< 90 100 200 300 400 500 O 20 40 60 80 <«

Distance to the source, Tven: (m) Inclination of the radiometer, 6 (°)

Figure 4.19 — Field of view of the Cyclops 300AF radiometers as a function of a) the distance of the
source and b) the inclination of the radiometer. The angle of the field of view is apoy = 1° and has
no error. We assume an absolute error on the distance 7ent of 20m, giving a standard deviation
of 6.67m (dX = 3ox). The error o4,, on the area is calculated using the variance formula and
is shaded in blue. Note that the y-scales are different.

Table 4.2 — Field of view of the Cyclops 300AF radiometers as a function of the distance rye,; and
the inclination #. The angle of the field of view is apoy = 1° and has no error. We assume an
absolute error on the distance ryent of 20m, giving a standard deviation of 6.67m (dX = 3ox).
The area Afq,, of the field of view is calculated using equation 4.26 and the area A3V is calculated
for § = 0°. The error on the area is calculated using the variance formula (Equation (3.15)).

Tvent dz Olower Agcg\(/) ‘AIJ:QV Afov/Aly  [Afov — ALV | / Afoy
(£6.67m) (£3.33m) ) (m?) (m?) (%)

EA03 110 95 59.73 £ 0.16 2.90 +0.18 1.46 £ 0.18 0.50 98.38

PdF06 115 0 0.00 + 0.30 3.16 £ 0.37 3.16 £ 0.37 1.00 0.00

YAS09 270 90 19.47 £0.02 17.44 £ 0.81 16.44 £+ 0.81 0.94 6.07

YAS16 340 165 29.03 £0.02 27.66 £0.95 24.18+0.95 0.87 14.37
where

QFOV
RFov = Tvent tan ( B ) (424)

and

RFLOV = Rpov cos (0)
a
= Tyent taN ( ;OV) cos (6). (4.25)

The vertical field of view area is then given by
A%OV = 7”“3ent tan? (@) cos (0) . (4.26)

Note that the field of view area for a horizontal line of sight (i.e. # = 0°) is a disk of surface
A,ezge, = WR%OV. The vertical field of view areas Aéov during the four campaigns range
from 1.46 m? to 24.18 m? (Figure 4.19 and table 4.2) and the error on our estimates varies
between 3.92 % and 12.14 %.
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4.2.3 Estimation of thermal energy

The thermal radiant flux Ithermal (W.m™2) of the ejecta is calculated from the brightness,
temperature using the Stefan-Boltzmann law as

Ithermal(t> = €thermalOthermal (T(t)4 - Téack) ) (427)

where, €thermal 1S the emissivity of the surface of the ejecta (~0.95 for a basalt at 1000 °C,
see tables 2.3 and 8.1 in Harris, 2013, for a review), othermal the Stefan-Boltzmann constant
(5.67 x 1078 W.m~2.K~%), T the brightness temperature (K) and Tgack the background
temperature (K) taken at the onset of the explosion O. The total thermal energy Eihermal
(J) is then estimated by

-
Ethermal = AFOV/ Ithermal(t)dtv (428)
0

where Afpoy is the area of the field of view of the radiometer (m?) and 7 the duration of
the explosion (s). Thermal energy is then very dependant on the background temperature
Track and the field of view area Aroy.

4.2.3a  Error on thermal energy

The thermal energy is the sum of the thermal energy per unit of time

N
Ethermal = z Eihermal = AFOVEthermaIUthermaI (1—;4 - Téack) dt. (429)
i=1
The squared error on the thermal energy per unit of time is (variance formula)
2 2 2
O-]%jéhermal = (Tz4 - Téack) ((fthermalathermaldt) O-?AFOV + (AFOVJthermaldt) Ufthermal + (AFOVEthermaIUthermal) 0’3,5) e
9 )
+ 9 (AFOVE€thermal Tthermal dt) (Tf + Téack) o, (4.30)

when considering no error on the Stefan-Boltzmann constant oihermal and leads to an error
on the total thermal energy of

(4.31)

UEthermaI =

thermal

N

2
g Opi
i=1

Example 4.2.1. This example illustrates the influence of the background temperature
Tgack- The area of the field of view is (2.39 4 0.32) m? for a distance to the vent of 100 m.
The maximum temperature at ¢ is 995K, and three background temperatures, 500 K,
520K and 700K, are used. All temperatures have an absolute error of 1 K. The sampling
rate At is 0.01s and we do not consider the error due to the efficient response time of
the radiometer. The emissivity has no error providing that the calibration of the Zn—Se
windows had been correctly made. The estimates of the total thermal energy is greatly
influenced by the background temperature (Table 4.3).

4.2.4 Ejecta velocity

The estimation of the ejecta velocity is often done using thermal video. However it is
harder to estimate ejecta velocity using a single temperature point such as for radiometers.
Several methods are discussed in Chevalier and Donnadieu (2015).
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Table 4.3 — Calculation of the thermal radiant flux depending on the background temperature.

Thack E}, ogi og B,
(K) (J) (J) (%)
500 1120.30 149.40 13.34
520 1107.40 147.70 13.34
700 903.50 120.60 13.34

€ to=to+dt
dz

U ejecta

t1 =to
-9

Figure 4.20 — Sketck for the estimation of ejecta velocity from simultaneous records from two
radiometers.

NOT AT SCALE

Estimations using only 1 sensor should be easy, in theory:

1. the first ejecta enters the field of view

2. the first ejecta reaches the top of the field of view, but there is not enough ejecta to
cover the whole field of view: first increase of the waveform to an inflexion point?

3. ejecta cover the whole field of view: second increase of the waveform to a maximum?

4. falling and cooling of the ejecta: decrease of the waveform, depends on the fall rate,
the cooling rate and the potential re-injection or not of hot material.

However, the methods that are proposed are not adapted for chopped signals.

In our case, it is more apropriate to estimate the ejecta velocity by using the delay of
an explosion recorded simultaneously on two radiometers measuring at different heights
(Sahetapy-Engel et al., 2008). At the time tjower, the first ejecta enter the field of view
of the lower radiometer; then at the time t,pper, the ejecta enter the field of view of the
upper radiometer (Figure 4.20). We can then estimate the velocity of the front of the
volcanic cloud, assuming the ejecta are thrown verticaly from the vent, i.e. the conduit is
not inclined below the vent and the wind is not significant.

The angle Ojower between the horizontal line passing by the sensor location and the inclined
line passing by the sensor location and the vent location is given by (Figure 4.20)

Olower = Sinil ( dz ) ) (432)

T'vent

where dz is the difference of elevation between the sensor and the vent.

The boxes, which protect the radiometers, are fixed with an angle © = 4° between the
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Table 4.4 — Estimation of the angle ),y of the radiometers with the horizontal plan and estimation
of the height dh at the distance of the vent. The errors are given by the variance formula. o, _, =
6.67m, 04, = 3.33m and og = 0.08° (dO© = 0.25°). The maximum velocity Ugjecta,max We can
estimate is given by 0h/0.25 (Low-pass filter at 4 Hz: 0.25s).

Tvent dz Orower Qupper éh Uejecta,max
(£6.7m) (+3.3m) ) ) (m) (m/s)
EA03 110 95 59.7 £0.16 - - -
PdF06 115 0 0.0+ 0.03 —4.0£0.09 8.0+ 0.5 32
YAS09 270 90 19.5+0.02 155+£0.09 18.0+0.7 72
YAS16 340 165 29.0£0.02 25.0+0.09 21.24+0.8 85

vertical inclination of the two radiometers. The angle 0,pper is

Hupper = elower - 0. (4.33)

The distance éh between the bottom of the field of view of each radiometer, for a distance
Tvent from the vent is (Figure 4.20)

Oh = Tyent (Sin (elower) — sin (Qupper)) . (4'34)

The distance 6k between the bottom field of view of each radiometer is independent from
the measurements and ranges from 8m to 21 m (Table 4.4).

The error on these parameters are given using the variance formula by

2 2
1 1 —dz 1
oo = || ———— | 2 [ | o2 (4.35)
lower dz 2 Tvent’
Tvent /1 _ dz_ Tvent , /1 — 4z
Tvent Tvent
O Gupper = aglower + o3, (4.36)
oh
O5h = 02+ 2t (€08? (Olower) 05 + €082 (Bupper) 5 , (4.37)
7’2 ¢ vent lower upper
ven

for Oiower, Oupper and 6h, respectively. We estimate the error on the distance and on the
difference of elevation are o, ., = 6.67m and o4, = 6.67m, respectively (dryent = 20m
and ddz = 20m).

The ejecta velocity is estimated by

oh
Uejecta = g, (4.38)

where 0t = typper — tiower is the delay observed between the records on both radiometers.
The estimates of the velocity is an averaged velocity on the distance §h.

The error of the ejecta velocity is estimated using the variance formula by

1)° 5h\*
auejectf\/ (&) o§h+<—5t2) T3t (4.39)

where o5 = 0, V/2 = 0.12s (dty, = respTime = 0.25s). The uncertainties on the ejecta
velocity are mostly due to the long response time of the radiometer (Figure 4.21). This
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Figure 4.21 — Estimation of the error on the ejecta velocity at Piton de la Fournaise, Yasur-2009
and Yasur-2016. a) Velocity as a function of the delay between both radiometers. b) Relative error
as a function of the delay between both radiometers.

response time gives the highest velocity that can be measured by the flying time between
both radiometers (Table 4.4).

Uejecta,max = 5h/reSpTime- (4.40)

The ejecta velocity can be calculated by the programme pgth_calcVelocity. The user
can choose to calculate the delay of an explosion from the two records by i) looking for
the beginning O of the event, ii) looking for the first maximum M; of the event or iii) by
cross-correlation between both signals.

Looking for the delay between the beginnings is the most accurate method because the
beginning of the event on thermal waveforms indicates when the first ejecta enter the field
of view of the radiometer. This delay gives then the velocity of the front of the volcanic
cloud entering the lower radiometer and the the upper radiometer. Looking for the first
maximum is a good alternative when we have difficulties to determine the beginning of the
event on the thermal waveform. However the estimation of the initial velocity of the ejecta
might be underestimated because of the deceleration of the ejecta. The cross-correlation
gives a mean delay between the record of the same explosion seen by the two radiometers.
This delay is very sensitive to the thermal waveforms and can be wrong because all the
ejecta seen by the lower radiometer can not reach the upper radiometer and because all
the fragments do not cool down at the same speed. The error is bigger when the height
between both radiometers is greater (i.e. the distance to the vent is larger in our case)

Our estimates of the velocity from the simultaneous records of explosions by the radiometers
is the velocity seen by the radiometers just above the vent. The top of the magma column,
where the gas pocket explodes, can be lower than the surface of the vent, i.e. lower than
bottom of the field of view of the lower radiometer (Figure 1.3). In that case we do not
have access to the initial velocity of the ejecta.

4.3 Image processing

Analysis of a series of images is very useful to study the dynamics of the volcanic cloud,
especially to estimate the upward velocity of the ejecta (front of the plume or particle per
particle).
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I use the Particle Imagery Velocimetry (PIV) method, on videos recorded at Yasur in 2009,
to get estimates of the upward velocity of the volcanic clouds providing that the scale of
the video is known.

The videos taken during the 2009 field campaign at Yasur were recorded by a Sony camera
(DSR-PD170P) with a resolution of 640 px x 480 px and 25 frames per second (fps). The
videos were synchronised with the GPS by filming the time on the GPS display.

4.3.1 Particle Imagery Velocimetry

The PIV methods consists in the comparison between two successive binary (i.e. black and
white) images, using spatial cross-correlation, to get the displacement of an object.

The cross-correlation is done on sub-images as we want to retrieve a field of velocities rather
than an averaged velocity over the whole image. The size of the sub-images is crucial as an
object can be tracked only if it remains in the same sub-image. To measure velocities up
to 100 m.s~!, we should be able measure a displacement of 100m, i.e. 330 px at a distance
of 270m (Yasur 2009). Moreover the size of the pixel on the video determines the size of
the smallest objectscal that can be seen by the method. At Yasur, in June 2009, the size
of the smallest object, here ejecta, is 30 cm.

I use DaVis-7.2 software (Lavision softwares) to process a multi-pass PIV. First, the
analysis is done with two passes on sub-images of 128 px to 128 px and an overlap of 50 %
(~39m x 36 m at 270 m), and then with two passes on sub-images of 64 px to 64 px and an
overlap of 50 % (~19.50m x 18.00 m at 270m). This constraints the maximum velocity to
38 m.s~!. The results is given as matrices of vertical and horizontal displacements. I save
the results as ASCII files to analyse them with MATLAB.

The analysis was done only for video-07 of the 2009-field campaign at Yasur. No zoom was
used during that video, then the scale of the pixel is perfectly well known. I retreive the
maximum upward velocity (Figure 4.22d and 4.23), in the sub-images that can accounts
for the field of view of both radiometers, from each ASCII files to build the upward velocity
of the ejecta around the field of view of the two radiometers (Figure 4.24).

The figures 4.22 and 4.23 shows the details of the PIV analysis of an explosion at Yasur
in 2009. The temporal evolution on the images is represented from left to right with
1 extracted frame each 10 frames, hence giving a delay between images of 0.40s. The
maximum velocity in the field of view of the radiometers is displayed in figure 4.22d
and 4.23d. The maximum velocity of ejecta, deduced from the PIV in the field of view of the
radiometers, is 13.30 m.s~!. This value is slightly under-estimated compared to the ejecta
velocity deduced from the flying time between the two radiometers at (16.4 4+ 1.9) m.s™'.
This can be explained because the video can also records ejecta going downward which
minimises the maximum velocity in the window. In the other hand, the radiometer is not
sensible to the motion but records the temperature of the objects in its field of view whose
the surface temperature srtongly depends on their size. Furthermore, the choice of the size
of the sub-images is such that the width of the sub-images is larger than the diameter of
the field of view of the radiometers (Sub-image (64 px x 64 px): 19.50m; droy = 4.71m).
We can not choose smaller sub-images, because it would limit the maximum velocity at
19m.s~ L
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Figure 4.22 — Calculation of ejecta velocity using PIV method. a) One image each 10 frames
recorded on video 6 at Yasur, in June 2009 (1 image every 0.40s). Maps of the b) horizontal and c)
upward velocities. Horizontal velocities are positive from left to right. d) Maximum of the upward
velocity in the field of view of the radiometers (Figure 4.24). The accurate times of the images is
marked on d) as dots whose color corresponds to the velocity.
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Figure 4.23 — Calculation of ejecta velocity using PIV method. a) One image each 10 frames
recorded on video 6 at Yasur, in June 2009 (1 image every 0.40s). Maps of the b) horizontal and c)
upward velocities. Horizontal velocities are positive from left to right. d) Maximum of the upward
velocity in the field of view of the radiometers (Figure 4.24). The accurate times of the images is
marked on d) as dots whose color corresponds to the velocity.

4.3.2 Gas volume fraction from the analysis of video frames

An RGB-image is recorded as a 3D-matrix whose 1st and 2nd dimension give the location
of a pixel and 3rd dimension gives a trio of values between 0 and 255 (between 0 and 1
when using the rgb-scale) that decomposes the colour of the pixel in red, green and blue
(Figure 4.27).

We can decompose each frame of the video (Figure 4.27a) in reds, greens and blues
(Figure 4.27b).

This decomposition allows us to convert each frame gray scales. Three gray scale exist:

1. the average scale (Figure 4.27cl):
GRAY ,ve = (RED + GREEN + BLUE)/3;
2. the lightness scale (Figure 4.27¢2):
GRAY iz = (min(RED, GREEN, BLUE)+max(RED, GREEN, BLUE))/2, it is an average
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Figure 4.24 — Approximation of the combined fields of view of the radiometers at Yasur, in June
2009.
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Figure 4.25 — Sketch of the RGB decomposition of the colours.

of the most and less prominent colours;

3. the luminosity scale (Figure 4.27¢3):
GRAY|;m = 0.21RED + 0.72GREEN + 0.07BLUE, it is a weighted average for human
perception.

The gray scales allow us to correct the red scale such as the pixels that really appear red
on the RGB-image keep a high red-index Idx (Figure 4.27d):

RED — GRAY + 255
255 x 2

IdXred—gray = (4.41)
These red-indexes highlight two surfaces depending on which gray scale the red scale is
corrected from (Figure 4.27d). The surface in yellows is cooler because hot ejecta are less
numerous. It highlights the contour of the volcanic cloud. The surface in reds is richer
in ejecta. We can count the pixels of each surface by defining two thresholds. The lowest
threshold, Nipr jow must be chosen to count the number of pixels of the surface Siotal of the
volcanic cloud. The highest threshold, Niyy high must be chosen to get the high density hot
surface Sejecta Of the ejecta.

We assume that the total volume and the ejecta volume are proportional to the total surface
and ejecta surface to the power 3/2 based on dimension analysis, respectively (Figure 4.26),
the exact coefficient in front of this relationships being found from the shape of the volume.
However, knowing this coefficient is unnecessary when calculating the gas volume fraction.
It can be expressed as

o 1 VOlejecta —1_ <Sejecta)3/2 —1_ <J\[thr,high>3/2 (4 42)
gas VO].totaI Stotal Nthr,low
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Figure 4.26 — Sketch of the estimation of the total and ejecta volume of the volcanic cloud. We
have approximated the surfaces as triangles.

A preliminary test can be done on red, green, blue and gray scales (Figure 4.28). We
assume that the threshold Ninr jow = 0.25 gives the total surface Sioral (Figure 4.28b), and
that the threshold Ninr high = 0.50 gives the surface of the ejecta Sejecta (Figure 4.28a).

Total surfaces between 2 x 102 m? and 5.70 x 10% m? are found using the red scale RED on
the video of an explosion at Yasur on June, 29th 2016 (06:37:59), while the total surface
on green, blue and gray scales does not exceed 3m?. The ejecta surface on the red scale
is up to 2 x 103m?. The gas volume fraction varies from 0.81 to 0.99 at the time of the

maximum total surface (2.28s).

We observe that the gas volume fraction varies with time during the explosion (Figure 4.29b
and Figure 4.30). It decreases to low gas volume fractions, when looking at the red scale,
before increasing again to high values of gas volume fraction (Figure 4.29b). We suspect
that this short decrease (~0.30s) is due to the sudden decompression of the gas bubble
that expelled hotter ejecta at the beginning that at the end of the explosion.

The red-indexes (corrected red scales) visually give well marked limits for both surfaces
(Figure 4.27). We choose visually the thresholds at 0.60 and 0.75 for the total surface and
ejecta surface, respectively.

Our best estimates are given when we correct the red scale by the luminosity scale (best
view of the envelope in figure 4.27d3) which gives a mean and median values at 0.96 and
0.97, respectively (Figure 4.30 and table 4.5). However the thresholds used to find the
envelopes can be adjusted to get better estimations.

We clearly see on figure figure 4.27a) and d3) that the hotter pixels, i.e. the yellow pixels
are not counted as ejecta. This bias is induced by our choice to use the red scale as a
reference. A more accurate estimation of the gas volume fraction could be done using a
combination of the red and green scales to obtain the reds and yellow pixel.

We propose another method to estimate the gas volume fraction, based on the gas flux
and the volume of the cone of ejecta (Section 4.5.3).

4.4  Seismic processing

Several volcanic processes can be responsible for the seismic events. The magma ascension
through rocks from depth causes fracturing and vibrations which propagate to the sensors.
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Figure 4.27 — Analysis of a video frame to get the number of pixel with hot liquids or solids. a)
Video frame (29-June-2009, 06:37:59.4) in RGB scale. b) Decomposition of the RGB-frame in 1)
red , 2) green and 3) blue. ¢) Conversion in gray scale: 1) average, 2) lightness and 3) Luminosity.
d) Red component corrected from the gray scale.

The formation and rise of large bubble of gas (Taylor bubble) also generate seismic waves
(Very Long Period: VLP, Nabyl et al., 1997; Aster, 2003). The explosion of a gas pocket
at the surface of the magma column may generate the magma motion around and under
the gas pocket and produce seismic waves which can propagate in the surrounding rocks
to the sensors. The emplacement of lava flows may also generates seismic waves (Hibert
et al., 2015).

These processes can generate compressive waves (P-waves), shear-waves (S-waves) and
surface waves (Love and Rayleigh) depending on their mechanism and depth. These
different types of waves have different properties such as their velocities and propagation
plane. For example, P-waves are faster than S-waves with velocities around 2.50km.s~!
and 1.40 km.s~! in magmatic rocks, respectively (ratio of 1.8 Scarpa et al., 2002).
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than a) 0.5 and b) 0.25. The equivalent surface is given for a distance of 270 m

The analysis of seismic records is complex because of the different types of waves (P, S,
surface) and the different processes.

Seismic sensors measure ground motions either in term of displacement, velocity or acceleration.
We need to measure the motion in 3 directions to obtain the full motion of the ground and

a record of the process or event. Three directions are often chosen as North-South (N),
East-West (E) and vertical (Z). They are also often transformed into radial and tangential
directions when the location of the seismic source is known or assumed to be below the
conduit.

Seismic records can be analysed component per component or all components simultaneously.

Table 4.5 — Results of the estimations of the gas volume fraction of a Strombolian explosion, based
on the count of pixels (29/06/2009 06:37:59.4).

Scale Min q Mean Median STD q3 Max at 2.28s
Red 0.433 0.747 0.763 0.784 0.101 0.812 0.883  0.807
Green 0.840 0.870 0.894 0.896 0.0318 0.910 0.997 0.865
Blue 0.969 0.984 0.992 0.995 0.0100 1.000 1.00 0.993
Average 0.761 0.957 0.958 0.963 0.0299 0.969 0.993  0.956
Lightness 0.593 0.926 0.921 0951 0.0797 0.956 0.968  0.920
Luminosity 0.758 0.933 0.936  0.941  0.0315 0.950 0.992  0.927
Red - Average 0.693 0.969 0.966 0.981 0.0543 0.988 0.995  0.970
Red - Lightness 1.00 1.00 1.00 1.00 0 1.00 1.00 1.00

Red - Luminosity 0.639 0.963 0.955 0.970  0.0611 0.980 0.992  0.964
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Figure 4.29 — Estimation of the gas volume fraction as a function of time for red, green, blue and
gray scales of the video frames. a) Proportion of the number of pixels having a scaled value above
0.25 and 0.50. b) Gas volume fraction deduced from the proportion of the number of pixel.

4.4.1 Very Long Period events and correction of the signal

Strombolian explosions generate high frequency seismic waves (>1Hz) as well as frequency
below 1 Hz (Nabyl et al., 1997; Aster, 2003). They also discuss the generation of the VLP
(0.50 Hz) such as the coalescence of the gas and the vibration of the gas pocket. VLP
signals are produced quasi-simultaneously with explosion quakes, suggesting that they
are intimately related to explosions. As explained before, the recorded signal is filtered
below 1Hz by the process of acquisition of the data (Section 3.2). A correction on both

signals from seismic stations is needed to enlarge the frequency response of the seismic
measurements.

The signal of YASH station is corrected using the corresponding transfer functions in the
frequency band 0.10 Hz-1Hz (Transfer function for YASH station, VMGD Figure 4.31).
We choose to not correct below 0.10 Hz to keep a good signal to noise ratio and to avoid
bias induced by the sudden phase shift at 0.10 Hz (Figure 4.31b).

The intrumental correction is not done yet for the seismic records from Melkem station.
It should be done soon as proposed below.

The quanterra Q330 digitizer of the Melkem station was not correctly configured. This lead
to the record of the ground velocity as a short period whereas the seismometer, a Trillium
40s, is broadband. Fortunately another seismic station, operated by Jean Battaglia and
Jean-Philippe Métaxian, was collocated to our station for at least one whole day on the
7th of February 2009 (Y32, e.g. Battaglia and Brenguier, 2016).

This station is composed of a Guralp CMG-40T broadband seismometer and a Kephren
digitizer (Agecodagis SARL). Both seismometers are close (<10 m) compared to the wavelength
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Figure 4.30 — Estimation of the gas volume fraction as a function of time for the red scale corrected
from the gray scales of the video frames. a) Proportion of the number of pixels having a scaled
value above 0.6 and 0.75. b) Gas volume fraction deduced from the proportion of the number of
pixel.

of the seismic waves (~250m at 0.10 Hz and ~7500m at 3 Hz). The signal sy3, from Y32
is corrected from the instrumental response of the seismometer (Figure 4.32).

The recorded signal sy from our Melkem station is filtered by the chain of acquisition
(Trillium 40 + Q330 badly configured, section 3.2). The convolution of the signal s = sy3p
with the filter from the chain of acquisition, in the time domain, gives the signal sy. In
the spectral domain, this is equivalent to

SM = Sy32 X TF, (4.43)
where Sy and Sysp are the Fourier transform (££t) of sy and sysp, respectively.

In theory, we can correct the short period signal sy using the transfer function TF directly
designed by

TF — M

= 4.44
Sy32 (4.44)

However, we need to smooth the spectra Sy and Sysp to get a consistent transfer function
(figure 4.34).

The spectra Sy, and S5, are smoothed spectra of Sy and Syszp, respectively, such as
(figure 4.35)

Sy = smooth (|Sh|) X exp (i X smooth(vn)), (4.45)

where n = {M, Y32}, |S,| is the amplitude of S, and ¢, the phase. The phase does not
vary for frequencies above 0.10 Hz (figure 4.35al and bl). This can be a bias due to the
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smoothing of the spectra. Another way to smooth the spectra is to calculate a spectrum
each 100s of the signal and to stack all spectra. However the phase of the signal is not
clearer (Figure 4.36). We then need to better constrain the phase of the signal.

The transfer function is then calculated by (figure 4.37)

S

TF = M (4.46)
SY32

assuming that the phase of each signal is correct and saved the same way the transfer
functions obtained from poles and zeros.

The amplitude of the function transfer, is obtained from the simultaneous records at two
close stations. This is highly consistent to the transfer function from the poles and zeros,
kindly given by Nanometric, of the Trillium 40T as a short-period (Correspondence with
Peter Devanney, table 4.6). However we see an un-consistency between the phases of the
two transfer functions. Note also that the transfer function given by the poles and zeros
(table 4.6) gives only the correction for the low frequencies (figures 4.37 and 4.38). We are
curently exchanging with seismologists in order to validate our method of calculation of
the transfer function and to resolve the issue we have with the phase of the signals.

The earthquakes that can potentially be recorded by seismometers are collected from the
USGS database (Table A.4). The records are manually corrected from these earthquakes
if needed.
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Figure 4.32 — Instrumental response of the Guralp CMG-40T seismometer.

4.4.2 Characteristic points on seismic waveforms

4.4.2a Definition of the seismic characteristic points

The characteristic points on seismic waveforms (of explosions) are shown on figure 4.39
and defined as follows:

O the beginning of the event,
Umax the maximum amplitude of the event gives the strength /intensity of each event,
Umin the minimum amplitude that directly follows the maximum amplitude,

E the end of the event.

These characteristic points can be define for volcanic explosion quakes (VEQ), long period
events (LP) and very long period events (VLP).

The only characteristic duration we define is the the whole duration O-E of the event on
the seismic records.

4.4.2b Determination of the limits O and E

The limits of an event are found in a part xpart of the signal. The part of the signal begins
dtBefore before the maximum and ends dtAfter the maximum.

Either the envelope of the signal [ENV] or the squared smoothed-envelope of the displacement
[ENVds2] is used to determine the limits of a seismic event (Equations (4.47) and (4.48)).
The former is well adapted for VLP and LP events which have lower frequencies than the
VEQ.

The limits on VEQ are the hardest to find due to the high frequency contents of the signals
(Figure 4.40a-b). The displacement presents less oscillations than the ground velocity but
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Figure 4.33 — Vertical component of seismic records at Yasur, from Mount Melkem. a) Signal of
reference from Y32 station (Guralp CMG-40T + Kephren, Battaglia and Brenguier (2016)). b)
Signal from our seismic station with a short-period set-up on the digitizer (Trillium 40T + Q330)
that is to correct.

is still too oscillating to use directly the envelope of the displacement (Figure 4.40c).
The envelope is smoothed with a sliding window of length envSmooth_1g to enhance the
envelope (removing high frequencies). The length of the window for the smoothing function
is proportional to the frequency of the events EventFrequency. The smoothed envelope is
squared to dilate the amplitude and have a better resolution (Figure 4.40d).

[ENV] : Env(u) signal envelope of the ground velocity.
(4.47)

[ENVA] : Env(d) signal envelope of the displacement,

[ENVds] : smooth(Env(d), envSmooth_lg) removed from high frequency,

[ENVds2] : smooth(Env(d), envSmooth_lg)? and dilated
(4.48)

Remark 4. We could also have chosen a root-mean-square threshold instead of dilating the
envelope.

4.4.3 Estimation of seismic energy

The seismic energy can be calculated depending on the type of wave with the two following
methods:
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Figure 4.34 — Fourier transform (fft) of the signal from both seismic stations on November, 7th
2009 (Figure 4.33). a) Y32 station and b) Melkem station (MLK).

1. the seismic energy from the signal energy considers body waves (Johnson and Aster,

2005),
2. the seismic energy from signal envelope considers surface waves (Hibert et al., 2015).

The key assumption is that on the type of seismic waves (P, S, surface).

4.4.3a Seismic energy from signal energy

That first method makes an estimates of the seismic energy using the signal energy
(section 3.1.2). This seismic energy from signal energy is based on the hypotheses that
1) the ground velocity is the response to the seismic kinetic energy at a location of the
volcano, 2) the induced ground velocity is due to pure body waves, 3) the propagation
of seismic waves is radial and isotropic and 4) we can neglect attenuation (Johnson and

Aster, 2005).

The potential energy is equal to kinetic energy because of energy conservation giving the
seismic energy Eseismic as a function of the ground velocity u(t):

-
Eseismic = 27"'7'ventprockcrock/ Sgeismicu2(t)dt7 (4-49>
0

where prock =2000kg.m ™3 and crock = 2500 m.s~! are the rock density and seismic P-wave
velocity into the rock and Segjsmic accounts for the site effects. The duration 7 is can either
be the duration of a seismic event or the duration of a sliding window.

Uncertainties mostly come from the site effects Sseismic and the choice of a fixed velocity for
P-wave propagation. Site effects are very important close to volcanoes because of important
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Figure 4.35 — Smoothed Fourier transform (5000-point smoothing) of the signal from both station
on November, 7th 2009. a) Y32 station and b) Melkem station (MLK).

impedance contrasts between the magma and the deep layers. Moreover seismic energy is
overestimated if the surface waves are significant. We consider that the attenuation can be
negligible at near field (<2km). In the other case, we need to correct the seismic energy
from the attenuation Ageismic such as

27T"“ventprockcrock erventrvent
Eseismic = Sselsmlc Aseismic('rvent) =exp| — s

selsmlc Crock Qseismic

(4.50)

where fevent is the frequency of the seismic events, and Qseismic the empirical quality-factor.
Qseismic is dependent on the event frequency fevent.

We can use Parseval’s theorem to get seismic energy in a specific frequency band because
the ground velocity u(t) is real, as for infrasonic energy. The calculation of seismic and
infrasonic energies are very similar if Seeismic = 1:

Einfrasonic < / (pac(t) - pair(t))2 dt Eseismic o / U(t)2dt~
0 0

4.4.3b Seismic energy from signal envelope

Seismic energy from the signal envelope considers that most of energy is dissipated by
surface waves (Love and Rayleigh waves). The seismic energy can be approximated in an
isotropic and homogeneous medium of propagation by (Hibert et al., 2015)

-
Eseismic_/ 27"'7'ventplayerhlayerclayerEn'VQ(u(t))eiﬂrventdtv (4-51)
0
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Figure 4.36 — Stacked Fourier transform (£ft) of the signal part of 100s from both seismic stations
on November, 7th 2009 (Figure 4.33). a) Y32 station and b) Melkem station (MLK).

where player = 2000 kg.m ™3 is the density of the shallow layer of thickness Player =
Clayer/ fevent and Clayer = 800 m.s~! is the velocity of surface waves in that layer. Env(u(t))
is the signal envelope of the ground velocity u and § is a damping factor. The damping
factor [ accounts for amplitude attenuation and is dependant on the frequency of the

event, fevent, a8

8= T fevent (452)

B Qseismicclayer,
with Qseismic the quality factor.

Note that efBTve”t, for this model, is equal to 1/Aseismic in the previous model for body waves
(Equation (4.50)) leading to

1

,
/ 27["'"ventPlayerhlayerclayerEnV2 (u(t))dt
0

Eseismic = A
seismic

These energies estimates are very similar.

4.4.3c Choice of the energy formula

I choose to estimate the seismic energy considering body waves (Section 4.4.3a) because

(i) Tam looking for compression-dilatation processes (bubble formation, rise and explosion),

(ii) the numerous and successive processes supply continuous body waves,
(iii) the surface waves have little time to expand because the seismic sensors are near-field

(500 m and 1500 m in 2009 and 2016, respectively)
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Figure 4.37 — Transfer function (blue) of the seismic station composed by a Trillium 40 and a
Quanterra 330 configured in short period. a) Amplitude and b) phase. The red line show the
transfer function from the poles and zeros kindly given by Nanometric (Correspondance with
Peter Devanney) and the amplitude is very consistent with the transfer function obtained by the
simultaneous records at two close stations. The peaks on the transfer function obtained by the
simultaneous records at two close stations account mostly for the volcanic signals.

(iv) it gives an analogy to infrasonic energy and the processing is easier and thus faster
(no need to calculate the signal envelope and there are fewer parameters).

4.4.4 Polarisation analysis

The polarisation analysis of the seismic waves, recorded by a three components seismometer,
gives the displacement of the particles induced by the seismic wave propagation. It allows
the identification and the interpretation of the different seismic phases (P-, S-waves, surface
waves), when the distance to the source is sufficient.

However the seismic stations at Yasur are very close to the source, (500 m and 1500 m, for
Melkem and YASH, respectively), and the identification of the different phases is difficult
(Table 4.7). We use the polarisation analysis, here, to estimate the azimuth of the source
and the incidence of the seismic wave at the station.

The diagram of polarisation (hodogram) of the North and East components gives the
azimuth « of the seismic source (Figures 4.41a, 4.42 and 4.43al).

We can transform the North and East components to radial and tangential components
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Table 4.6 — Poles and zeros of the transfer function of the LE-3Dlite MKII seismometer (Lennartz
electronic).

Trillium 40T short-period
Nanometrics

Poles —3.480 + 348 1
—86.300 + 0.00 7
—241.000 £ 178.00 ¢
—535.000 4 719.00 ¢
Zeros 0.000 + 0.00 %
0.000 + 0.00 %
—60.000 £ 0.00 1
—323.000 £ 0.00 1
—2530.000 + 0.00 %

| Sensitivity 400V/(m/s) at 1Hz

So I edited the Trillium 40 RESP
file from the IRIS DMC to change
the low corner frequency for short
period mode, Nanometrics engineers,
correspondent: Peter Devanney

1

Table 4.7 — Time delay between the P and S-waves assuming cf, = 2500m.s~! and ¢, =

1400 m.s~?!

Station Melkem YASH
Distance to the source (m) 500 1500
Arrival time delay (s) 0.15 0.47
Number of points at 100 Hz 15 47
Number of points after filtering under 25 Hz 3.75 11.75
25 Hz is the upper limit of the filters we use for seismic

data.

by a rotation of the North-East components with an angle o = 8 — 7 (Figure 4.41a)

R N
H ~ Map [ E] | (4.53)
where
Myp = [ cosa s O‘} . (4.54)
—SIino COoS«

The diagram of polarisation of the radial and vertical components (Figure 4.43b2) gives
the angle of incidence inc of the seismic waves at the station (Figure 4.41b).

We can assume a homogeneous medium from the source to the near-field sensor, for
simplicity. The path from the source to the sensor can then be approximated by a straight
line and the angle of incidence can be used to estimate the depth Z;,. of the source as

Zine = Tyent tan (inc). (4.55)

However, the minimum depth that can be estimated is constrained by the topography
(Figures 4.44 and 4.45), with a minimum depth, below the vents, of ~400m and ~25m
observed at YASH and Melkem stations, respectively. These depths correspond to angles
of incidence of 11.3° and 9.1° at YASH and Melkem stations, respectively. Note that only
the vertical component was working at Melkem station during the 2009-field campaign.
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Figure 4.38 — Instrumental response of the Trillium 40 seismometer.
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Figure 4.39 — Synthetic seismic waveform on the model of Yasur typical waveforms of explosion.

The seismic waves from shallower sources have more complex pathes. They probably travel
downward, following a path of high wave speed, before traveling upward to the station.
In that case they can have similar angle of incidence than deep source (i.e. below the
minimum depth given by the topography). Furthermore, the medium from the source to
the sensor is not homogeneous (Perrier et al., 2012).

This shows the difficulties to estimate the depth of a seismic event using only one sensor. We
could simulate the propagation of the seismic waves of a synthetic source at various depth
below the vents and obtain the diagram of polarisation of each simulation (Métaxian et al.,
2009). We could then compare the synthetic diagrams of polarisation with the diagram
obtained from YASH station to estimate the depth of the seismic source. Note that VLPs
are large sources triggered by the motion of a large volume of magma and that the angle
of incidence gives only the position of the center of this large volume of magma.

4.45 Monitoring volcano: introduction to RSAM and SSAM methods

Real-Time Seismic Amplitude Measurements (RSAM) and Seismic Spectral Amplitude
Measurements (SSAM) are often used to monitor volcanoes in near real-time (Figure 4.46).
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Figure 4.40 — Example of the signal envelopes of an explosion on seismic records [YASH-EHZ, 1 Hz
to 6 Hz|]. a) Ground velocity. b) Spectrogram of the ground velocity (WINDOW = 100, NOVERLAP =
90, NFFT = 1024, Fs = 100). c) Displacement (temporal integration of the ground velocity). d)
Normalised signal-envelopes. The limits of the event on the squared and smoothed envelope of the
displacement (thick red) are easy to distinct.

The RSAM averages the absolute value of the signal in a sliding window (as an example)
for each channel (e.g. Endo and Murray, 1991) and is quite similar to a RMS (Root-Mean-
Square) calculation (Figure 4.46a). The length of the sliding window is set to have a good
compromise between the time calculation and the accuracy of the RSAM.

The SSAM is sligthly more complicated as it performs a fast Fourier transform each 5s
and then averages the spectrum amplitude over 60s intervals in several frequency bands.
(e.g. Rogers and Stephens, 1995, Figure 4.46b-c). A pseudo-spectrogram is obtianed in
quasi-real time and any changes of frequency contents, which may indicate a changes in
the Strombolian activity, will be clear.
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Figure 4.41 — Sketch for the polarisation analysis. a) Calculation of the azimuth « to convert the
seismic components from North and East to radial and tangential components. b) Calculation of
the angle of incidence inc.

4.5 Combination of different type of data

One of the interest of the multi-disciplinary studies is to perform budget of energy. The
Volcanic Acoustic-Seismic Ratio of energy (VASR) is the most used of the parameters able
to quantify the budget of energy (e.g. Johnson and Aster, 2005). Here we calculate also
the Volcano Acoustic-Thermal Ratio (VATR) to assess the relative role of infrasonic and
thermal energies.

We use these multi-displinary studies to estimate the depth of the magma column from
the thermo acoustic delay and the mean ejecta size per explosion from the gas and ejecta
velocities.

The link of an event recorded by several sensor is done using the function LinkData
(Section 3.6.7).

45.1 Particle size

The comparison of ejecta and gas velocity is another way to discuss about the energy
partitioning. The kinetic energy of the gas and ejecta can be compared and can be used
to understand the two-phase dynamic.

The particle size can be estimated from the gas and ejecta velocities by a dimensionless
analysis of the equation of motion for a turbulent system (Steinberg and Babenko, 1978).
We assume that the particle of diameter Dp and density pejecta is carried with a velocity
Usgjecta by the gas flow of velocity Ugas and density pgas. The dimensionless equation of the
motion is solved for fragments having terminal velocities, i.e. the dimensionless weight of
the particle is equal to the dimensionless dynamic pressure of the gas. The particle size is
then given by (Steinberg and Babenko, 1978)

. 3Cp Pgas (

Dp =
49 Pejecta

Ugas - Uejecta)2 ) (456)

where C'p = 0.50 is the drag coefficient, pgas = 0.80 kg.m ™3 the gas density, g = 9.81 m.s~2
the constant of gravity and pejecta = 850 kg.m ™3 the density of ejecta.

This estimate of the ejecta size is very important as it is a key parameter for models of
plume dynamics. However, it is difficult to estimate some parameters in eq. (4.56), such
as the gas and ejecta densities and the ejecta velocity. We assume that the gas and ejecta
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Figure 4.42 — Transformation of a VLP signal at Yasur (20-Sep-2016 00:15:12) from its (N,E,Z)
components to its (R,T,Z) components. 1) Recorded signal (N,E,Z): al) North component, b1)
East component and c1) vertical component. 2) Transformation to (R,T,Z): a2) radial component,
b2) tangential component and c2) unchanged vertical component. Signals in the radial, tangent
and vertical plans are calculated using equations 4.53 and 4.54.

densities are constant in this study because our aim is to give a rough approximation of
the mean particle size per explosion. A more accurate study could have been done using
a range of values for the ejecta and gas densities (such as in, Harris et al., 2012) and a
Monte Carlo analysis.

45.2 Depth of the top of the magma column

The depth of the magma column AH, i.e. the height of the top of the magma column
into the conduit, is estimated from the thermo-infrasonic delay At = tihermal — tinfrasonic- A
simple sketch (Figure 4.47) is used to estimate the delays as

AH Ty
tinfrasonic = to + + ent (4.57&)
Cconduit Catm
AH Ty
Lthermal = o + U + = (4'57b)
ejecta Clight
0

where cconduit 1S the sound speed into the conduit and cjighy = ~3 X 108 m.s~! is the light
velocity. Equations (4.38), (4.57a) and (4.57b) give that the depth of the magma column
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Figure 4.43 — Diagrams of polarisation of a VLP at Yasur (20-Sep-2016 00:15:12). Particle
displacement in 1) the NEZ plans and 2) the RTZ plans. The colour scale gives the time
(figure 4.42). The diagram al) gives the azimuth « of the source (~152°). Signals in the radial
and tangent plans are calculated using equations 4.53 and 4.54. The diagram b2) gives the angle
of incidence inc (~27°, giving a source at ~900m below the vent when assuming a straight line
from the source to the sensor.).

Time (s)

a2) T b2)

AH is

(4.58a)

T'vent CconduitUejecta
AH = (tthermal — tinfrasonic )

atm / Cconduit — Uejecta

T'vent CeonduitON
_(Ars 4.58b
( Catm > OtcCeonduit — 0N ( )

Sound speed in the conduit The speed of sound in a homogeneous medium of compressibility
Bs, and density p is

1

4.59
(pBs)'/? 459

CcC =

The sound speed in the conduit considering a homogeneous two-phase flow between gas
and ejecta is estimated by (Wood, 1955)

1

: (4.60)

Cconduit =
1/2
(pconduitﬁs,conduit) /

where peonduit and Bs conduit are the density and the compressibility of the gas-ejecta mixture
calculated for a gas volume fraction agas by

Pconduit = CgasPgas 1 (1 - agas)pejecta (4613«)
ﬁS,conduit = OégaS/BS,gas + (1 - agas)ﬁs,ejecta
ges L~ Oges (4.61b)

- 2 . 2 .
PgasCgas PejectaCejecta
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Figure 4.44 — Topographic profils at Yasur volcano. a) From Melkem and b) from YASH
(Figure 4.45). The red and dashed vertical lines show the elevation for which the path to the
sensor can not be a straight line. The green and dashed vertical lines show the elevation for which
the path to the sensor can be a straight line. The profils are retreived from Google Earth, using
Geocontext (Geocontext, 2018).

Equations (4.60) and (4.61) give the sound speed in the conduit as

1
Cconduit = .
as 17 as
\/(agaspgas + (1 - agas)pejecta) ( & — + = >

(4.62)

K 2
PgasCqas PejectaCejecta

The proportion of gas and ejecta in the conduit impacts a lot on the sound speed (Figure 4.48).
For example, an ejecta volume fraction of 1.50 %o is sufficient to decrease the sound speed
in the conduit from 700 m.s~! to 350 m.s~!.

Error estimations on the depth of the magma column Uncertainties on the depth of the
magma column come from the sound speed in the conduit cconguit, the velocity of the ejecta
Uegjecta and the thermo-infrasonic delay At because of (i) inaccuracies in the detection of the
limits of the explosions and (ii) the relatively long efficient response time of the radiometer.

The error on that depth is estimated using the variance formula by

5 ( OAH )2 5 +( IAH )2 5 +(6AH)2 5 +<BAH>2 5
ag = I E— ag Ty. . ag g, e
AH atthermal tthermal atinfrasonic tinfrasonic arvent Tvent acatm Catm

AAH \? AAH \?
+( ) o? d_t+< ) ¥ (4.63)
OCconduit conaut 6Uejecta ejecta
We set
Tvent CconduitUejecta
AtAH:O = tthermal — Tinfrasonic + > AU =

Catm Cconduit — Uejecta




L2
~

B

114 CHAPTER 4. PROCESSING OF THE DATA

Google Earth

Figure 4.45 — Trace of the profils of figure 4.44.

. 2
Then we can write o4 ;; as

1 r2
2 — 2 2 2 2 vent 2 .
9AH =AU |:0—tthermal + Utinfrasonic + 02t O—Tvent + 4t GCatm
atm atm

+ AU?A?

2 2
1 1 1 1
( + U%ejecta + - Ugconduit (464)
Uejecta Cconduit — Uejecta Cconduit Cconduit — Uejecta

Example 4.5.1. At Yasur in 2016, the distance from the source to the vent is ryent = 340+
6.7m, the sound speed in the atmosphere is (340.00 & 6.66) m.s~!. We assume an ejecta
velocity of Ugjecta = (20.00 £ 1.75) m.s~! (Figure 4.21). The sound speed in the conduit
is estimated at (91.02 + 14.29) m.s~! for a gas-rich explosion (agss = 0.970 & 0.009). The
thermo-infrasonic delay is At = 1.48 s (median value of At) with an error oa; = 0.08s We
then estimate the depth of the magma column at (64.13 £7.97)m (12.4%).

453 Estimation of the gas volume fraction from the gas volume and scoria cone
volume

We can estimate the flux of ejecta @ejecta from the volume of the scoria cone Voleone and
the duration of the eruption Teruption using the data from Maurice and Bernard (1977)
(Table 4.8) by

Vol
Pejecta = —cone7 (465)

Teruption

giving the mean and median values of 124m3.h~! and 25m3.h~!, respectively. We
assume these values are also representative for the eruption initiated the 30th of August,
2006 because of the strong similarity of the eruptions we can observe.

The gas flux gas is estimated from the return time between two successive explosions
and the gas volume per explosions at Piton de la Fournaise (780m3.h~!, 275m3 h~! and
943m3.h~! for the mean, median and standard deviation values, respectively).
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Figure 4.46 — RSAM and SSAM calculation during the 2016-field campaign at Yasur for the
EHZ component. a) RSAM per 30min sliding window and SSAM (spectrogram) per 30 min
sliding window for b) the raw data and c) corrected data (between 0.10 Hz and 1 Hz) of the EHZ
components of YASH station (VMGD, 1500 m from the summit of Yasur.)

The gas volume fraction ag,s is estimated by

Pgas
Ogas = ———=>——— | 4.66
gas Pgas T Pejecta ( )

and has values of 86 % and 70 % when using mean and median values, respectively.

We perform a Monte Carlo analysis in order to get better estimates of the gas volume
fraction (See section 3.1.5). The input of the Monte Carlo analysis are the duration of the
eruptions Teryption = (15.8 & 13.4) d, the volumes of the cones Voleone = (43.9 & 98.3) m?3
and the gas flux pgas = (780 + 943) m3.h~!. We have chosen to use normal distributions for
these parameters. The results give an estimate of the gas volume fraction of (72.9 £ 24.3) %
(median: 81.00 %, figure 4.49).
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Figure 4.47 — Infrasonic and thermal (IR) wave propagation from the source to the sensor (Not at
scale).
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Figure 4.48 — Speed of sound in the conduit as a function of gas volume fraction and ejecta volume
fraction. For a pure gas, we consider the gas density at 1kg.m =3 and a sound speed of 700m.s~!
at 900 °C. We consider a sound speed of 2500m.s~! in a magma at 2000 kg.m 3.

Table 4.8 — Duration and cone volume of eruptions at Piton de la Fournaise (Maurice and Bernard,
1977) and estimation of the gas volume fraction assuming a gas flux of 780 m3.h~1,

Starting date Teruption (day)  Voleone (10°m?)  @ejecta (M>h™1)  argas (%)
09/06/1972 3 15 208 80
25/07/1972 18 12 27.80 100
07/09/1972 7 2 11.90 100
09/09/1972 14 7 20.80 100
10/10/1972 5 1 8.33 100
27/10/1972 3 1.6 22.20 100
01,/01/2001 8 20 104 90
01/11/1972 26 400 641 50
02/11/1972 15 7 19.40 100
07/11/1972 37 3 3.38 100
09/11/1972 14 3 8.93 100
15/11/1972 13 50 160 80
10/05/1973 28 100 149 80
04/11/1975 10 40 167 80
18/12/1975 50 20 16.70 100
19/12/1975 2 20 417 70

Mean 15.80 44 124 90
Standard deviation 13.40 98 177 10
Median 13.50 14 25 100

Total 253 700 116 90
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Figure 4.49 — Monte Carlo analysis: estimation of the gas volume fraction, at Piton de la Fournaise
from the ejecta flux, based on the volume of the scoria cone, and the active volume flux based on
infrasonic records (explosions, bubble vibration model).
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Chapter 5

A global inventory of Strombolian activity
calibrated at Erta’Ale, Piton de la Fournaise

and Yasur

A Jean et Rolande, parce qu’ils ont éveillé ma passion au travers des films de Katia et
Maurice Krafft.
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Abstract

Strombolian activity, widely spread across the world, is often persistent and have been
extensively studied. However, there is still lack of knowledge on thermal and infrasonic
energies and meaningful statistical analysis sometimes are difficult to obtain. Here we
discuss simultaneous records of infrasonic and thermal signals (radiometers with 1° viewing
angle) for understanding and quantifying Strombolian activity for the largest range of
strength of the activity. The aim of this work is three-fold. Firstly we give the range of
values of many physical parameters for the two end-members of Strombolian activity, such
as Erta’Ale (Ethiopia) and Piton de la Fournaise (Reunion island) on one side and Yasur
(Vanuatu) on the other side for the weak and strong Strombolian activity, respectively.
Thermal and infrasonic energies range from 2J to 4 x 10J and from 18J to 3.70 x 108 J,
respectively. Ejecta velocity (0.10m.s™! to 100 m.s™1), estimated from 2 vertically spaced
radiometers, is found to be in agreement with that estimated by Particle Image Velocimetry
on the images, despite the different window of measuring. Gas flux, emitted by the
Strombolian activity, range from 4 x 10°m3.h™" to 1 x 10" m®.h~!, among which 50 m?.h~1-
1 x 10°m3.h~! accounts only for the Strombolian explosions. Secondly, we show that
infrasonic measurements can be used to estimate the total gas flux as an alternative of geo-
chemical measurements (SO2 flux + gas composition ratio). The infrasonic measurements
are also a good alternative to estimate the gas flux of each species, including the very
reactive ones, when knowing the proportion of each species. Thirdly we show that despite
the large range of strengths of Strombolian activity the mechanism of magma fragmentation
remains the same. The interest of using continuous geophysical measurements, such as
infrasonic records, is to provide very accurate estimates of gas volume at high sample rate
and continuously for very long periods. This study has wide implications for quantifying the
impact of Strombolian activity on the local atmosphere dynamics and on local biochemical
cycles, in the ocean (through nutrient deposition).
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This chapter introduces a statistical study on the Strombolian activity that is recorded
worldwide. This chapter is written with the aim to be published soon. Certain parts
would be to moved in the appendices for the publication.

Yves Gaudemer (IPGP) has helped me to understand the Monte Carlo analysis for the
estimates of the uncertainties on the ejecta velocity from the thermal records and I have
extended the method to the estimation of the depth of the top of the magma column.

Pascale Besson (IPGP) has helped me to enlarge the calculation range of the gas volume
from gas measurements by including more data (section 5.7).

5.1 Introduction

The impact of volcanic eruptions on the climate is now known (e.g. Pollack et al., 1976;
Sigurdsson, 1990). Volcanoes release gases whose chemistry can interact with the atmosphere,
while being transformed into aerosols during transport. These gases also change atmospheric
radiative transfer and dynamics pattern and have an impact on bio-chemical cycles through
nutrient deposition in the ocean (Kent et al., 1999). For example sulphate aerosols are
responsible for acid rains, often reported on Tanna (Vanuatu) and cause several health
problems and crop damage (e.g. Cronin and Sharp, 2002).

Among gases that are playing a crucial role on our environement, some are released in
significant amounts such as the SOs, the HCI, etc., whereas others are present in minor
quantities such as halogens (F, Br, e.g. Mather et al., 2012; Zelenski et al., 2013; Jourdain
et al., 2016).

The SOs is produced at a few kilometre depth below the vent in minor quantities, compared
to COg or H2O but is now extremely measured close to volcanoes. Measurements occur
either during field campaign at many volcanoes (Bani and Lardy, 2007; Galle et al., 2003;
Barrancos et al., 2008, e.g.) or now in continuous at several volcanological observatories
such as Kilauea (United States), Stromboli, Vulcano and Etna (Italy) (Burton et al., 2014;
Vita et al., 2012), Piton de la Fournaise (Ile de la Réunion, France).

The interest of measuring the SO2 flux is that this gas species does not exist in the normal
atmosphere outside of human pollution. Elsewhere the SOy flux must have a volcanic
origin.

Another important piece of information is obtained using multi-gas and FTIR (Fourier
Transform Infra-Red spectrometer) devices. These two methods estimate the ratio of
diatomic gases such as CO2/SO2, HoO/SOy and HC1/SO; (e.g. Oppenheimer et al., 2006;
Métrich et al., 2011; La Spina et al., 2015). The oldest method, still the most frequent, is
that of multi-gas which is only done at a site of measurements. Therefore the estimates
are obtained after significant dilution. In contrast the FTIR method measure directly the
volcanic source at the vent providing a clear view.

The SO2 flux which is often only known at the order of magnitude due to uncertainties
such as the wind speed and with a strong averaging due to the few tens of minutes of the
recording, can be combined with the gas composition obtained from multi-gas or FTIR
measurements to obtain the released gas flux of each gas species which plays a crucial role
in the atmosphere dynamics.
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Alternatively, the gas volume produced by any volcanic activity can be estimated from
infrasonic measurements (Woulff and McGetchin, 1976; Vergniolle et al., 2004; Vergniolle
and Brandeis, 1996; Johnson, 2003). The amount of active degassing, that is due to over-
pressurised gas, and that of passive degassing, only sightly over-pressurised gas, can be
assessed. Knowing both gas volume is important as their gas composition is very different
due to a different depth of formation. These estimations of gas volumes include all gas
species released by volcanic activity.

The other factor that plays a significant role on the climate is the amount of ashes.
Volcanologists often estimate sizes in a range much higher than that inhaled to understand
the atmosphere dynamics (e.g. Gurioli et al., 2018; Gaudin et al., 2014b; Horwell and
Baxter, 2006). However this technical limitation is partially overcome by assuming that
the amount of tiny particles is proportional to the amount of the smallest detectable
fragments.

So far, the role of volcanic eruptions on the climate has only been studied for large Plinian
columns whose injection in the stratosphere level (Mather, 2015; Koyaguchi et al., 2009,
from 6km to 16km to 50km, e.g.). However the role of more minor eruptions, whose
eruptive columns remains in the troposphere (<6km to 16 km) have been mostly ignored
(e.g. Jourdain et al., 2016; Sellitto et al., 2017). But the persistent activity displayed by
some Strombolian volcanoes, may account for a significant yearly volume of reactive gas
released in the troposphere, so far often unknown.

Strombolian activity, whose various magma composition (e.g. Métrich et al., 2011; Lemma,
2017; Albaréde et al., 1997; Francalanci et al., 2004) lead to a wide range of magma
viscosity (e.g. Gaudin et al., 2014b; Schmincke, 2004; Hibert et al., 2015) and thus wide
range of activity, has been widely studied by numerous methods during short or long
periods at many volcanoes. The ejecta and sometimes the gas velocity have been deduced
from images (visible, thermal), radar, infrasounds, etc. Among the most studied volcano,
Stromboli stands out. If these parameters are well known at Stromboli, there is still lack
of knowledge on thermal and infrasonic energies.

The wide range of strength between the weak and strong Strombolian activity, here given
by Erta’Ale and Piton de la Fournaise on one side and Yasur on the other side, ranges
by several orders of magnitude on the explosivity, i.e. the distance reached by ejecta, the
maximum height, the gas volume and the amount of ashes produced by each explosion,
poses the question whether the mechanism of the Strombolian explosions is the same for
weak and strong explosions.

In this study we estimate the gas volumes from infrasonic measurements at three typical
volcanoes presenting Strombolian activity such as Erta’Ale and Yasur, both in persistent
Strombolian activity and Piton de la Fournaise whose semi-persistent activity in 2006
lasted for half of the year. Our choice of volcanoes has been based on covering most of the
tectonic contexts and also the full range of strength of Strombolian activity.

The aim of this quantitative and statistical study is three-fold. Firstly we give the range
of values of many physical parameters, including gas volumes, thermal and infrasonic
energies for the two end-members of Strombolian activity, such as Erta’Ale and Piton de
la Fournaise on one side and Yasur on the other side for the weak and strong Strombolian
activity, respectively. Secondly, we show that infrasonic measurements can be used to
estimate the total gas flux as an alternative of geo-chemical measurements (SOg flux +
gas composition ratio). Thirdly we show that despite the large range of strengths of
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Strombolian activity the mechanism of magma fragmentation remains the same.

5.2 Characteristics of Strombolian activity at Stromboli

The Strombolian activity, named after Stromboli volcano in Italy, is characterized by series
of mild Strombolian explosions. A Strombolian explosion is due to a large and over-
pressurised gas pocket rising the volcanic conduit and exploding at the surface of the
magma (Section 1.2.2).

Stromboli, 750 m high, is in persistent Strombolian activity for at least 14 centuries and is
now very well studied (Rosi et al., 2000). Its 3 craters can have from 5 to 15 active vents
at the same time. The mild Strombolian activity at Stromboli can be interrupted by much
stronger explosions, as during paroxysmal activity (Métrich et al., 2005; Andronico and
Pistolesi, 2010; Calvari et al., 2006, 2012; La Felice and Landi, 2011; Aiuppa et al., 2009;
Andronico et al., 2013, e.g. 05/04/2003, 15/12/2006, 15/03/2007, 07,/09,/2008, 08/11 /2009,
24/11/2009) or lava flows (e.g. Frebruary—March 2007 Ripepe et al., 2009; Aiuppa et al.,
2009).

The typical recurrence time of Strombolian explosions is 270s at Stromboli (13ev.h™!,
Delle Donne et al., 2006). Two types of Strombolian explosions are observed, indicating
that Strombolian activity can vary between the ash-rich and long lasting eruptions (10s to 20s),
that are driven by buoyancy (type 2 eruptions) on one side, and the short bombs and scoria-
rich eruptions (5s to 10s) that are driven by momentum on the other side (Patrick et al.,
2007). Furthermore a puffing activity was observed with low infrasonic amplitudes and
short return times (Colo et al., 2010; Ripepe et al., 2008). Ripepe et al. (2008) also find
that there is a common feeding system up to 550m above see level, for all 3 craters of
Stromboli.

Ejecta upward velocity ranges from to 10m.s™! to 150 m.s~! and their size can range

from 0.30cm to 100 cm (Gaudin et al., 2014b; Hort et al., 2003). Infrasonic amplitude

of explosions is up to 80 Pa at 350m (280 Pa at 100m). The gas output from Stromboli

is estimated at 6.10kt.d"1-12.30kt.d ! (6.20 x 105m3.h~!, Allard et al., 1994). Infrasonic

energy is estimated between 2.50 x 10* J.ev~! and 8 x 109 J.ev~! with an average of 1.60 x 10° J.ev~!
and a standard deviation of 1.80 x 105 J.ev—! (Marchetti et al., 2009).

In practice, the Strombolian activity is widespread worldwide with a range of strength.
Thus, we study the Strombolian activity at three volcanoes. Erta’Ale, Piton de la Fournaise
are analog for weak Strombolian activity and Yasur is analog for mild and strong Strombolian
activity.

5.3 Targeted Strombolian volcanoes

Infrasonic and thermal measurements were simultaneously recorded during 4 field campaigns
at Erta’Ale in March 2003 (EA03), Piton de la Fournaise in November—December 2006
(PAF06), Yasur in June 2009 (mild and steady activity, YAS09) and in September—November
2016 (mild to strong vigorous and unsteady activity, YAS16).

The lava lake of Erta’Ale are located north eastern of Ethiopia, in the Danakil depression,




128 CHAPTER 5. GLOBAL INVENTORY OF STROMBOLIAN ACTIVITY A\

northern Afar (Tazieff, 1994). The emitted magma is a low-differentiated and low-viscous
basalt (transitional basalt, 10 Pa.s, Lemma, 2017; Bouche et al., 2010). In March 2003,
the active lava lake in the southern crater had a low level of magma and a daily sinking of
the crust was observed (Bouche et al., 2010). Large bubbles were observed either at the
edges of the lava lake or at a specific location over the conduit. These bubbles produced
Strombolian explosions. We focus on the bubbles coming directly from the conduit as they
represent the direct input from the reservoir. Acoustic pressure and brightness temperature
were measured at 110 m from the centre of the lava lake for 5 days from March, 22 to March
27 (Figure 5.1a).

Piton de la Fournaise is a shield volcano on Réunion Island, France, in the Indian Ocean.
This hot spot volcano produces low-differentiated and low-viscous magma (basalts, 40 Pa.s
Albarede et al., 1997; Di Muro et al., 2014; Hibert et al., 2015). Most of the eruptions occur
in the Enclos Fouqué caldera since its formation 4745 years ago (Gillot and Nativel, 1989)
and can generate either lava flows, lava fountains or weak Strombolian explosions. The
eruption initiated on August, 30 2006 was recorded, for the last part of the eruption, using
thermal and infrasonic sensors at 115m from November, 18 to December, 31 (Figure 5.1b).
We focus on the 4-day Strombolian phase of the 10-14 of December 2006, during which the
signal to noise ratio was the best and the sensors working. Strombolian explosions were
located at the only active vent at that time.

Yasur volcano is a pyroclastic cone on Tanna Island, Vanuatu, in the Pacific Ocean. Yasur
persistent Strombolian activity is due to the subduction of the New Hebrides (Firth et al.,
2014). Stronger Strombolian explosions occur due to a more viscous and differentiated
magma (basaltic trachy-andesite, 10* Pa.s, Métrich et al., 2011; Gaudin et al., 2014b). A
first period of typical activity was recorded from June, 18 to July, 1 2009 using thermal
and acoustic sensors at 270 and 280 m, respectively (Figure 5.1c). We focus on the last few
days (from June, 28) where the quality of thermal records is optimum. The second period
was recorded at 340 m for almost two months from September, 15 to November, 10 2016.
Strombolian activity was there much more vigorous with alternation of quiet and strong
phases. We only get thermal measurements until October, 10 because of ashes, produced
during vigrous phases, covering the solar pannels and thermal sensor not abble to restart
automatically when the ashes were displaced by wind or rain. We then focus on the first
weeks of the data. During each acquisition several vents were active. We have chosen
to keep separately both acquisitions in order to illustrate the variability of Strombolian
activity at a same volcano.

5.4 Measurements

Measurements were recorded on a Geostar (Erta’Ale) and a RefTek 130 (Piton de la
Fournaise and Yasur) digitizers with sampling frequency of 75Hz, 1000 Hz, 1000 Hz and
100Hz at Erta’Ale, Piton de la Fournaise and Yasur 2009 and 2016, respectively. The
sensitivities of the digitizers for a gain of 1 is 0.15mV.bit~! and 1.59 x 1073 mV.bit~! for
the Geostar and the Reflek 130, respectively.

The acoustic pressure was measured by MB2000 (Erta’Ale) and MB2005 (Piton de la
Fournaise and Yasur) microbarometers (developed by the CEA-DASE). The sensitivity
of the MB2000 microbarometer is 5mV.Pa~! in the low frequency band [10~3 Hz-80 Hz|,
while the sensitivity of the MB2005 microbarometer is 1 mV.Pa~! in the band pass 1073 Hz—~
40Hz. Pipes, ~30cm length, were connected to air-entries and covered by scoria as a
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Figure 5.1 — Location of sensors at (a) Erta’Ale and (c) Yasur. Note that scales are different. (b)
Disposition of the sensors at Piton de la Fournaise, the radiometers in a home-made box on the
left and the microbarometer MB2005 on the right. The radius of the bubble, in (b), is around 2 m.

natural filter.

The microbarometers measure acoustic pressure or infrasonic waves from every directions
and thus from all active vents. The propagation of these infrasonic waves can be disturbed
by the wind or the topography.

The brightness temperature was measured using Cyclops 300AF thermometers (Minolta-
Land). These thermometers record infra-reds radiations (8 pm-13 pm) in a 1° field of view
with a sensitivity of 1°C.mV~! and an efficient response time of 0.19s (5.27 Hz). The
diameter of the field of view dpoy ranges from 1.92m to 5.93m and the area Apgy from
1.46 m? to 24.18 m? due to the different vent-sensor distances and different inclinations of
the sensors (Section 4.2.2).

At Piton de la Fournaise and Yasur, two radiometers were used simultaneously to record
the brightness temperature at two different heights above the vent. The angle between
both radiometers is fixed at 4°, leading to height differences AH from 8.02 to 21.15m
(Table 4.4). One should note that the gas and ejecta cloud of an explosion might not reach
the upper radiometer depending on the strength of the explosion.

Radiometers are sensible to the existence of hot liquids and solids and their temperature.
However, they do not record the gas, due to its very low radiation compared to that of
the liquids and solids. The gases can blind the radiometers because they do not let pass
the infra-reds (gas opacification). Moreover, due to their small field of view, the Cyclops
300AF record the ejecta from only one vent even if there are several active vents (i.e.
Yasur). This small field of view above the vent can also lead to uncertainties when the
wind blows the gas and ejecta mixture out of the field of view or when the explosion is
inclined.

The radiometers were put into boxes of protection with Zn—Se windows. These windows
work as filter and are invisible to infra-red radiations. In theory, these Zn—Se windows
let pass 85% of the infra-red radiations because they are polished on one face, and are
handled anti-reflections one the other face (face that is inside the boxes of protection,
only 70 % would have remain if the two faces would have been anti-reflection). These
windows oxidise due to acid gas and ash, leading to a decrease of the amount of infra-
red radiations passing through the windows and hitting the sensor. As the windows were
new and because of the weak activity at Erta’Ale and Piton de la Fournaise, we infer
the oxidation of the windows can be neglected during field campaigns in 2003 and 2006.
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Figure 5.2 — Stacked (a) infrasonic and (b) thermal waveforms of explosions at 1) Erta’Ale, 2) Piton
de la Fournaise and 3-4) Yasur volcanoes in June 2009 and Sept-Nov 2016, respectively. Note that
the time of Erta Ale thermal waveform which is 10 times longer than other thermal waveforms.

However, the calibrations before and after the field campaign of 2016 make us increase
the brightness temperature by a factor 2 for thermal records in 2016. We assume these
calibrations are also acceptable for measurements in 2009 because of the short time of the
experiments with available thermal data (3 days, here) and the relatively quiet activity at
that moment.

5.5 Methodology

5.5.1 Qualitative analysis of the waveforms

It is important to remember that microbarometers measure the acoustic pressure (~ gas
motion) from every direction, while radiometers can only record the temperature of ash
and ejecta in the small zone within their field of view. Then radiometers record explosions
only at one single vent while microbarometers record explosions from all vents.

Explosions seen on infrasonic records are impulsive due to the sudden decompression of
the gas pocket (figure 5.2a). The maximum acoustic pressure p*, i.e. the maximum
amplitude of the compressive phase, is lower than the minimum acoustic pressure |p~|
(minium amplitude of the rarefaction phase) at Erta’Ale and Piton de la Fournaise (p* <
Ip~|, Figure 5.2al1-2). However at Yasur the compressible phase reaches a lower acoustic
pressure than the rarefaction phase (p™ > |p~|, Figure 5.2a3-4). The infrasonic waveforms
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Figure 5.3 — Sketch of the topography of the South lava lake at Erta’Ale. (Adapted from Bouche
et al. (2010).)

at Erta’Ale are ~1 s long and are longer than infrasonic waveforms at Piton de la Fournaise
(~0.75s) and Yasur (~0.50s). The infrasonic waves have typical frequencies of 1Hz, 3 Hz
and 2Hz at Erta’Ale, Piton de la Fournaise and Yasur, respectively. The long rarefaction
phase observed on infrasonic waveform at Yasur in Sept-Nov 2016 can be due to the
response of any underlying bubble to the decompression associated to the explosion and/or
to the oscillations of the former cylindrical tail of the bursted bubble ((Figures 1.3 and 4.2
Kremers et al., 2013)).

The thermal waveforms at Erta’Ale are very long and are not only representative of the
Strombolian activity because even with a restricted filed of view, it reocrds the temperature
at the surface of the lava lake around the bursting bubble (Figure 5.2bl and 5.3). The
cold and quasi-solid crust of the lava lake breaks when the gas bubble reaches the surface
of the magma column and before the bubble explodes. The hot surface of the lava lake is
measured by the radiometer. After the explosion, it takes times for the crust to cool down.

The radiometers record the initial thrust (or spray as it is called in Harris et al. (2012)),
one or several closely spaced thrusts close in time, the mixture of the pyroclasts with
the atmosphere due to buoyancy effects and the fall and cooling of the pyroclasts. The
thermal waveform is then characterised by a short duration ascent of the temperature,
followed by one or several maxima. Then the temperature decreases slowly to reach
the initial temperature, or even sometimes lower temperatures due to gas opacification.
Thermal records at Piton de la Fournaise and Yasur are very similar with an increase of
the temperature faster than the decrease (Figure 5.2a2-4). The differences are due to the
duration of the emission (duration of the jet) and the duration of the buoyancy (hot ashes
in suspension).

5.5.2 Pre-processing

All records were re-sampled at 75 Hz, the lowest sampling frequency of the Geostar digitizer.

The infrasonic data were first pre-filtered between 0.01 Hz and 20 Hz to find the prevalent
frequency band of the Strombolian activity at the different volcanoes. We then apply a
second filter depending on the strength of the activity, the Strombolian activity frequencies
and the noise (0.50 Hz-5 Hz at Erta’Ale, 2 Hz-6.50 Hz at Piton de la Fournaise and 0.10 Hz—~
10Hz at Yasur). Thermal data were filtered above 4 Hz because of the efficient response
time of the Cyclops 300AF radiometer at 0.19s.

The detection of Strombolian explosions was performed using several methods depending
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Table 5.1 — Parameters of automatic detections. Numbers between braces indicates the order of
the Butterworth filter and the number of back-and-forth passes. Note that all data were resampled
at 75 Hz.

EA03 PdF06 YAS09 YAS16
Acoustic
Pre-Filter [2,1] 0.01-20 Hz 0.01-20 Hz 0.01-20 Hz 0.01-20 Hz
Filter [4,2] 0.50-5 Hz 2-6.50 Hz 0.10-10Hz 0.10-10Hz
Detection X-COIT X-COIT wlt:4-6 wlt:4-5
Threshold 0.80 0.90 2.5 2.5

) 23/03/03 . .
Details 14:94.381 10/12/06 LTA:1.34,1.05 LTA:1.63,2.38
21:38:47,
21:39:31
Number of events 1371 9387 15432 206 301
Number of events (>1Pa)* 864 8018 15405 206 082
Thermal
Calibration None None T(°C) x 2 T(°C) x 2
Low-pass filter [2,1] 4Hz 4Hz 4Hz 4Hz
Detection manual peaking STA /LTA STA/LTA
Threshold 1.2 1.5
Details - ATy =120°C STA: 28 STA: 28
AT, =70°C LTA: 308 LTA: 308

Number of events (RD1) 111 9263 10399 15254
Coupled detections
Number of events 17 2333 579 3591

* We set this minimum amplitude for detection to keep to avoid noisy signals.
t Bouche et al. (2010)

on the waveform (Figure 5.2), the data quality, the strength of the activity and the noise
(Table 5.1).

At Yasur, we use a STA/LTA detector on the coefficient of the wavelet decomposition of
level 4-5 (1.17Hz-4.69Hz at 75Hz) to detect the Strombolian events on the infrasonic
records at Yasur (11401 and 106 079 events in 2009 and 2016, respectively). We detect
1323 explosions in 2009 and 5079 in 2016 on thermal records using the STA/LTA detector
directly on the signal (STA: 1s; STA: 60s). The signal of the lower and upper radiometers
were processed independently as the explosive mixture might never reaches the field of
view of the upper radiometer (6h = 18 m~21m in 2009 and 2016, respectively). The low
ratio between the number of explosions detected on infrasonic or thermal records is due to
the multi-vent activity of Yasur the reduced amount of ejecta in gas-rich explosion or the
sometimes high background temperature (residual bombs around vents).

At Erta’Ale and Piton de la Fournaise, detections on infrasonic records were done by
cross-correlation using typical waveforms for each volcano. The typical waveforms were
selected by looking manually for signals on the infrasonic records. At Erta’Ale, we found
2827 events which fit at 85% the explosion discussed in Bouche et al. (2010) (23/03,/2003
14:24:38, figure 5.4a). At Piton de la Fournaise, an event must be correlated at 90% to
one of the typical explosions shown in figure 5.4b—c to be taken into account (10/12/2006
21:38:47 and 21:39:31). We thus detect 9387 Strombolian explosions on infrasonic data.

At Erta’Ale we had to look for thermal events manually because of the noisy records we got.
We detect 111 events we can process. We could not use the STA /LTA detector efficiently
at Piton de la Fournaise because of the numerous events on thermal records. Instead, we
consider all increases of the temperature as a potential explosion independently for both
records from the lower and upper radiometers. A first selection is done applying a minimum
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Figure 5.4 — Typical infrasonic waveforms of the explosions of gas pockets at a) Erta Ale and
b—c) Piton de la Fournaise. These waveforms were used to detect automatically explosions by
cross-correlation.

amplitude variation between the onset and the maximum of the explosion (lower: 120 °C,
upper: 50°C). Finally we only keep 9004 explosions seen on both radiometers. The
probability that an explosion is seen on the lower radiometer but not the upper one is
low because of the small distance between both radiometers (8 m against 18 m and 21 m
at Yasur) and because explosions are not inclined. We consider detections on infrasonic
records with maximum amplitudes under 1Pa are too weak to be kept because of the
general noise.

Links between explosions seen by the lower and the upper radiometers are defined by
looking for the closest detected event measured by the upper radiometer to an event
measured by the lower radiometer. The maximum allowed delay between both events
is given by the minimum ejecta velocity (0.10m.s~!) and the distance to the vent.

Coupling infrasonic and thermal detections is done by looking for the closest infrasonic
detection to a thermal detection. We impose the range of thermo-infrasonic delays i — tac
to be between —10s and 30s. The difficulty here is the very short time between explosions
at Piton de la Fournaise and Yasur volcanoes (Return times of 45s and 20s in average on
infrasonic at Piton de la Fournaise and Yasur, respectively).

The detection quantify the number of explosions and their amplitude (acoustic pressure or
brightness temperature). The duration of the explosions on infrasonic and thermal records
are determined using the envelope of the signal (Sections 4.1.1b and 4.2.1b). The duration
and amplitude of the explosions are key parameters to estimate the infrasonic and thermal
energies.

5.5.3 Infrasonic processing

We assume the Strombolian explosions are monopole sources and generate infrasonic waves
that propagate in all direction at the same speed and attenuate with a factor 1/ryent, Tvent
being the vent-sensor distance.

The infrasonic energy, in an homogeneous atmosphere is

2
27I-"nvent

(5.1)

Einfrasonic =

/OT (pac(t) - pair(t))2 dt

PatmCatm
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where ryent is the distance from the source to the sensor (m), patm is the density of the
atmosphere at the elevation of the volcano (kg.m™3), catm = VY RigTatm = 340 m.s !
the sound speed and (pac(t) — pair(t)) is the excess of pressure (Lighthill, 1978). Other
effects than the linear decay are neglected (e.g. viscosity of the medium, heat transfer,...).
Variations of pressure due to the weather, the elevation or the topography are also neglected.
The infrasonic power PWinfrasonic 18 obtained by dividing the infrasonic energy Einfrasonic by
the duration 7.

Woulff and McGetchin (1976) established the relation between the gas velocity Ugas and the
infragsonic power Pwinfrasonic from a dimensionless analysis of the Navier-Stokes equations
and assuming a monopole source; giving

P 1/4
Uoo — WinfrasonicCatm (5 2)
gas kpathWRg ) .

where k is an experimental constant equal to 1 and Ry is the radius of source, assumed to
be that of the bubble (m) (Vergniolle et al., 2004). The radius of the conduit Reonduit gives
a good estimate of the bubble radius Rp for Strombolian explosions because bubbles are
almost as large as the conduit. The greatest uncertainties on the gas velocity are associated

to the estimates on the bubble radius R}, because Ugas o< Rb_l/2.

The origin of the sound and estimates of the gas volume depends on the magma viscosity.
A gas pocket within a low viscous magma, such at Erta’Ale and Piton de la Fournaise,
oscillates when driving by an inner gas over-pressure, i.e. has small variations of volumes,
to restore equilibrium prior to breaking (Kobayashi et al., 2010; Vergniolle and Gaudemer,
2015). The oscillations generate the infrasonic waves when the gas remains trapped (vocal
cords, guitar strings). The pre-bursting parameters of the bubble (Ry o, Ly, AP,) can be
estimated using the model based on volume mode oscillations prior to breaking, called for
short the bubble vibration model, for the low-viscous magma at Erta’Ale and Piton de la
Fournaise (see Section 4.1.3c and Vergniolle and Brandeis, 1996). We assume a magma
viscosity of 10 Pa.s and 40 Pa.s (Lemma, 2017; Hibert et al., 2015) and a thickness of the
film of magma of 22 cm and 10 cm from visual observations (Bouche et al., 2010; Di Muro
et al., 2014) at Erta’Ale and Piton de la Fournaise, respectively.

In contrast, a high viscous magma, such at Yasur, confines the inner gas over-pressure
close to the surface, to an extent that bubble volume oscillations are suppressed for the
bubble to directly explodes at the surface. The explosion, i.e. the sudden decompression
of the bubble, generates the infrasonic waves. The bursting volume of the bubble can be
estimated by the two successive integrations of the acoustic pressure for the viscous magma
at Yasur (see Section 4.1.3b and Johnson, 2003) by

Voo =~ [ (27 (paclt) — pa(t) ar) at (53)

Patm

where Pstm and patm are the pressure and the density of the atmosphere that depends on
the elevation of the volcanic source. We call that model for short he gas flux model.

The gas volume per sliding window can be estimated from the gas velocity, assuming
that the gas pass through a disk of radius Reonduit during the duration of the event as
Volgas,o = WRgUgaST (see Section 4.1.3c and Vergniolle et al., 2004). This gas volume per
sliding window accounts for the active (explosions) and passive (inter-explosion) degassing.
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Figure 5.5 — a) Sketch for the estimation of ejecta velocity from simultaneous records from two
radiometers. b) Infrasonic and thermal (IR) wave propagation from the source to the sensor. (Not
at scale)

5.5.4 Thermal processing

The thermal energy is estimated from the brightness temperature and using the Stefan-
Boltzmann law by (e.g. Marchetti et al., 2009)

-
Ethermal = 6thermalo'thermaLAFOV/ (T(t)4 - Téack) dt, (54)
0

where, €thermal 18 the emissivity of the surface of the ejecta (~0.95 for a basalt at 1000 °C,

see tables 2.3 and 8.1 in Harris, 2013, for a review), othermal the Stefan-Boltzmann constant
(5.67 x 1078 W.m~2.K~%), T the brightness temperature (K), Tgack the background temperature
(K) taken as the temperature just before the explosion and Aroy the area of the field of
view (m?) of the radiometer. Thermal energy is then very dependent on the background
temperature Tgack and the field of view area Apoy.

The offset of the thermal signal on each detection corresponds to the entry of the first
ejecta into the field of view of the radiometer. The delay of the onset on the simultaneous
records from two radiometers at different elevation is equal to the flying time of the ejecta
between the lower to the upper radiometer. The ejecta velocity Ugjecta (m.s~!) at Piton
de la Fournaise and Yasur can be estimated by (Figure 5.5)

Tvent (Sin 61 — sin 02) (5.5)

Ue' =
jecta
tO,upper tO,Iower

Uncertainties are mostly due to the long efficient response time of the radiometers (Section 4.2.4).

We also perform a Particle Imagery Velocimetry (PIV, DaVis 7.2, Lavision Softwares)
calculation to compare the ejecta velocity from the flying time of the ejecta between both
radiometers and the ejecta velocity recorded on videos at Yasur in June 2009. We perform
the PIV using 2 passes on sub-images of 128 px x 128 px and 2 passes on sub-images of
64 px x 64 px with 50 % of overlaps of the sub-images. The video-camera was measuring
the same vent that the radiometers were and has a resolution of 3.33 px.m~! at the distance

from the vent giving a maximum velocity of 38 m.s~1.
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5.5.5 Thermo-infrasonic processing

The particle size, i.e. the equivalent diameter of the ejecta, can be estimated from the gas
and ejecta velocities by a dimensionless analysis of the equation of motion for a turbulent
system and for ejecta having terminal velocities (Steinberg and Babenko, 1978). We assume
that the particle of diameter Dp and density pejecta is carried with a velocity Ugjecta by
the gas flow of velocity Ugas and density pgas. The dimensionless analysis of the equation
of motion gives (i.e. the dimensionless weight of the particle is equal to the dimensionless
dynamic pressure of the gas; Steinberg and Babenko, 1978)

o 3CDppgas (

Dp =
4g,oejecta

Ugas - Uejecta)2 ’ (56)

where Cp = 0.50 is the drag coefficient pgas = 0.80kg.m ™3 the gas density, g = 9.81 m.s~2
the constant of gravity and pgjecta = 850 kg.m ™3 the density of ejecta. The main limitations
of the estimations of the particle size using eq. (5.6) lies mostly in the unknown dusty gas
density supporting the weight of the ejecta. The uncertainties on the gas and ejecta
densities and the ejecta velocities is such that we estimate a rough approximation of the
particle size. However these estimates of the ejecta size is very important as it is a key
parameter for models of plume dynamics.

The depth of the top of the magma column AH, i.e. the elevation of the top of the magma
column into the conduit, is estimated from the thermo-acoustic delay At = tihermal —
tinfrasonic Dy (Figure 5.5b, e.g. Ripepe et al., 2002)

(5.7)

T'vent CconduitUejecta
AH = <ttherma| — tinfrasonic >

Catm / Cconduit — Uejecta

where Ceonduit 1S the sound speed into the conduit.

The sound speed in the conduit, considering a homogeneous two-phase flow between gas
and ejecta and a dilute suspension, is estimated by (Wood, 1955)

1
Cconduit = .
\/(agasﬂgas + (1 — agas) Pejecta) ( e 4 1—ag235 )

PgasCqas PejectaCejecta

(5.8)

The proportion of gas and ejecta in the conduit impacts a lot on the sound speed.

5.5.6 Gas flux from SO, and gas ratio measurements

We can estimate the gas volume flux from the SO9 flux (COSPEC, DOAS, U.V. camera)
and gas ratio (FTIR, multigas) measurements. We consider only the most voluminous
species of gas: COq, HoO, SO and HCI.

The mass flux gx (kg.s™!) of each species X is calculated, from the mass flux gso, of the

SOs, given in kg.s~!, and the molar ratio [X] /[SO2], by
ax = X] 4so Mx

[SO2] ™ Mso,’

(5.9)

where Mx and Mgo, are the molar mass, in g.mol !, of the species X and SOs, respectively.
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Figure 5.6 — Identification of the different patterns of a boxplot. The colored boxes are limited by
the 25" and 75" percentiles (¢; and ¢3) of the data and thus contains 50% of the data. Vertical
thick lines show the median (50" percentile) and the white circle the mean of the data. Horizontal
thin lines correspond to the whiskers, such as the lowest bound is ¢; — 1.5(¢3 — ¢1) and the uppest
bound is g3 + 1.5(¢3 — ¢1). For a normal distribution, 99.3% of the data are within these whiskers.
Light dots around the whiskers show the outliers. You can refer to the MatLab documentation of
the boxplot function.

The gas volume flux of X (m3.s7!) is

ax .
PX

Volx = (5.10)

where px is the density of the species X, at the pressure P,y and temperature Tmagma,
calculated using the ideal gas law, by

PoamMx x 1073

Rig,moITmagma

PX = , (5.11)

with the universal molar gas constant Rigmo = 8.31 Jmol LK1
The total gas volume flux is obtained by summing the gas volume flux of each species

Pgas = Y _ Volx;, X; = {CO4; Hy0; SO4; HCIL}. (5.12)

7

An example can be found in appendix B.1.

5.5.7 Basic considerations: analysing a boxplot

We chose to present the results in boxplots instead of histograms (Figure 5.6). Firstly, it
gives more quantitative values such as the mean, the median, the 25" and 75" percentiles.
Secondly, due to the numerous cases and parameters, histograms would have taken many
pages and thus would have been less readable. Thirdly, it gives a good idea of the symmetry
of the distribution and of the values that are sightly abnormal.

A boxplot consists in a plain box which represents 50% of the data. The lower and upper
limits are the 25'"" and 75" percentiles, q; and ¢3 respectively. The median (g) is displayed
by the vertical thick line inside the box and is more or less aligned with the centre of the
box. The mean is shown by the white circle and can also be offset from the centre of the
box. When the mean and the median are aligned in the center of the box, the distribution
is symmetric. The whiskers defined by Wiew = ¢1 —1.5(¢3 —¢1) and Wyp = g3+ 1.5(¢3 —q1)
contains 99.3% of the data for a normal distribution and are at the edges of the horizontal
and thin lines on both sides of the box. The outliers spread out of the whiskers as dots
and show the abnormal values.



https://fr.mathworks.com/help/stats/boxplot.html

138 CHAPTER 5. GLOBAL INVENTORY OF STROMBOLIAN ACTIVITY A\

Infrasonic repose time (<2hr) Maximum acoustic pressure (Pa) Infrasonic duration (s)
0.1s 1s  10s 1min 10min 1hr 1 10 100 1000 10° 10° 102
857 ral) —HIc— 864 tb1) 10— at100m{ gg4 (c1) —O—
EAos 8017 Io- 8018 (—I0— 8018 -0
18697 10— 18699 o 17341 1 —O—
P"szoewg — - 206082 —llllo- 163909 | ——
\IMIISOQ 88 ra2) — 10— 111 b2) —0— 111 [€2) — 10—
vastg 9001 I'o— 9004 - 8864 r —1O—
1323 Io— 1136 o} 812 10—
5089 —l0— 4855 [AT=T T« O 4136 —Hl0—
0.1s 1s  10s 1min 10min thr 1 10 100 1000 100 101 102
Thermal repose time (<2hr) Maximum temperature variation (K) Thermal duration (s)

Figure 5.7 — Distribution of a) time interval between two successive explosions, b) maximum
variation of amplitude per explosions and c¢) duration of explosions detected on 1) infrasonic records
and 2) thermal records. The maximum acoustic pressure per event is scaled at 100 m Numbers in
y-axis indicates the number of events taken into account for the distribution.

5.6 Results

5.6.1 Distribution of the key parameters: amplitude, duration and repose time

The amplitude and the duration of Strombolian explosions and the repose time between
two successive Strombolian explosions are key parameters because they characterise the
Strombolian activity at a low level of data processing (figure 5.7). These key parameters
are the least error-prone results. The quality of the determination of theses key parameters
determines the quality of the calculations of the energies, the velocities and the volumes
per explosion.

The infrasonic repose times dtexplo range from 0.05 s to 6449 s (if dteyxplo < 2h, or 0.05s to 3248 s
if dtexplo < 1h) (figure 5.7al). The Strombolian explosions at Yasur are more frequent than

at Piton de la Fournaise or Erta’Ale. The mean and median repose times are [21.3,10.7]
and [17.1,10.1] at Yasur in 2009 and 2016 while the mean and median repose times are
[454,272] and [53.9,18.3], at Erta’Ale and Piton de la Fournaise, respectively. The median
values are similar for the infrasonic repose times at Yasur in 2009 and 2016. The mean
value in 2009, however is higher than the mean value in 2016 possibly because of the
duration of the quiet phases exceeds the duration of the vigorous phases (see figure 6.9).

The thermal repose times range from 0.27s to 7197s (if dteplo < 2h, or 0.27s to 3543 s
if dtexplo < 1h). (figure 5.7a2). The thermal repose times at Yasur are longer than the
infrasonic repose times because the infrasonic sensor records explosions from all vents while
the thermal sensor records explosions at two vents in 2009 (one almost behind the other
one) and 1 vent in 2016. The mean and median values in 2009 are almost twice the mean
and median values in 2016 (1 vents in 2016 against 2 vents in 2009; 2009: [198,138]; 2016:
[368,232]).

The maximum acoustic presssure per Strombolian explosion is up to 2268 Pa at 100m
(figure 5.7b1). The maximum acoustic pressure is higher at Yasur ([57,28] and [158,79])
than at Erta’Ale ([5.5,3.7])) or Piton de la Fournaise ([2.7,2.0]). The Strombolian explosions
at Yasur are stronger than at Erta’Ale or Piton de la Fournaise, as expected. This wide
range of the maximum acoustic pressures shows the variability of the Strombolian activity.
The Strombolian explosions at Yasur are stronger in 2016 than in 2009. These different
distributions at Yasur volcano, at different times, show the temporal variability of the
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Strombolian activity at a same volcano and highlight the need of giving lower and upper
bounds to the parameters that characterise the Strombolian activity.

The maximum acoustic pressure per explosion at Yasur is a good example to understand
the differences between the mean and median values. The mean value of the maximum
acoustic pressure at Yasur in 2016 is 158 Pa at 100 m. This mean value exceeds the 3rd
percentile (133 Pa) of the distribution of maximum acoustic pressure. The mean value of
the maximum acoustic pressure is increased by the less frequent but very strong explosions.
The mean value of a distribution is not revealing of its distribution when given alone. For
a normal distribution, the mean and the standard deviation values are self sufficient. For
assymetric distributions, the mean value must be given with additional values such as the
quartiles (q1, g2, q3) to represent the distribution.

The maximum temperature variation per Strombolian explosion is up to 795K. The
maximum temperature variation is larger at Piton de la Fournaise than at Yasur because
i) the magma is less differentiated, and then hotter at Piton de la Fournaise than at Yasur
and ii) because the background temperature measured between two successive explosions
is lower at Piton de la Fournaise than at Yasur. The radiometer is horizontal at Piton de
la Fournaise and then sees the sky behind the explosion while at Yasur, the radiometer is
inclined to the vent and sees the hot surface of the volcano. While we would have expected
Erta’Ale and Piton de la Fournaise to have similar distributions of the maximum variation
of temperature due to the initial temperature of the magma, we observe that Erta’Ale
lies below Piton de la Fournaise. One interpretation could be related to the bias of the
thermal measurements at the surface of the lava lake, whose background temperature is
always higher than the temperature of the Strombolian cone at Piton de la Fournaise.

The infrasonic durations reflect the frequency of explosions. The shorter the infrasonic
waveform is, the higher is the frequency of the explosion and so its energy. The typical
infrasonic duration is around 1s at Erta’Ale (figure 5.7c1). Explosions on infrasonic records
are shorter at Yasur and Piton de la Fournaise than at Erta’Ale. The explosions at Piton
de la Fournaise and at Yasur generates higher frequencies than at Erta’Ale and thus are
more energetic. The distribution of infrasonic durations is wider at Yasur than at Piton de
la Fournaise. The range of activity is then wider at Yasur than at Piton de la Fournaise.

The thermal durations of the Strombolian explosions are harder to interpret as thermal
signals are more complex than infrasonic signals due to the interaction of several mechanisms
(input of the ejecta into the atmosphere, buoyancy, falling down and cooling of the ejecta,
etc.). The thermal durations of the Strombolian explosions are very long at Erta’Ale
because of the recording of the lava lake temperature. The thermal durations of Strombolian
explosions at Piton de la Fournaise are shorter than at Yasur because i) the Taylor
bubbles are less voluminous at Piton de la Fournaise than at Yasur and/or ii) Strombolian
explosions are richer in ashes at Yasur than at Piton de la Fournaise and these ashes remain
longer in suspension than the scoria and iii) strong explosions can excite additionnal sources
of resonances and trigger an oscillating motion of the magma column that can be recorded
by the radiometer.

5.6.2 Distribution of energy, velocity and volume

The infrasonic and thermal energies are also good indicators of the strength of an explosion
(Figure 5.8a). Infrasonic energies range from 18J to 3.7 x 108J while thermal energies
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Figure 5.8 — Distribution of a) energy, b) velocity and ¢) volumes for 1) events detected on infrasonic
records and 2) events detected on thermal records. The ejecta velocity is estimated using their time
flight between the two radiometers, based on the onset of the explosion. The method to calculate
gas volume per explosion was chosen depending on the volcano and its typical waveforms: we use
the bubble vibration mode model to estimate gas volume at Erta’Ale and Piton de la Fournaise,
and the volume from two successive integrations of the acoustic pressure at Yasur. Numbers in
y-axis indicates the number of events taken into account for the distribution.

range only from 2J to 3.6 x 10% J. Infrasonic range is then much more dynamic (wide). As
expected, Strombolian explosions at Yasur have higher infrasonic energies than at Erta’Ale
and Piton de la Fournaise. Infrasonic energy is higher at Erta’Ale than at Piton de la
Fournaise. Thermal energy is higher at Erta’Ale due to the record of the lava lake surface.
However while temperature variations are larger at Piton de la Fournaise, we observe that
thermal energy is smaller. This is due to the fact that thermal duration are much longer
at Yasur (longer/bigger gas pockets and/or more ashes).

The gas and ejecta velocities reflect more the dynamic of the explosions than energies which
inform on the strength of the explosions. The difference between gas and ejecta velocities
reflects the two-phase flow behaviour of explosions with larger gas velocities than ejecta
velocities (Figure 5.8b). Indeed ejecta are set into motion by the gas decompression and
only the smallest fragments are abble to move at the gas velocity. Strombolian explosions
at Yasur have higher velocities than at Erta’Ale and Piton de la Fournaise, as expected.

However the long response time of the radiometers leads to large errors on the ejecta
velocity (Figure 4.21). The comparison of the ejecta velocity from the thermal records
with the ejecta velocity from the PIV analysis shows some difference but we observe the
same order of magnitude for both methods (Figure 5.9), despite some divergences that are
probably due to the larger window when using the PIV method than the diameter of the
field of view of the radiometers (Figure 4.24b). Moreover, the location of the video and
the radiometers is such that two vents were recorded during the field campaign in June
2009 (Figure 5.10). We assume that vents are separated by a distance exceeding twice the
conduit diameter for the vents to be maintained separated (>10m). The record of the
two vents can increase the uncertainty on the vent-sensor distance (ryent) and thus on the
estimates of ejecta velocity.

I was careful during the 2016-field campaign to target only one vent, but this is surely
available only when I stayed on Tanna (before the 20th of September). Vents could have
closed up or opened in the field of view of the radiometers after that date. At Piton de la
Fournaise, only one vent was active during the studied period.

As written above (§5.5.3), the method to calculate the gas volume depends essentially on
the magma viscosity. A gas pocket within a low viscous magma, such at Erta’Ale and
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Figure 5.9 — Comparison of the two methods to estimate the ejecta velocity. a) Velocity profile
from the PIV (black, video7-YAS09) the value of the velocities from the thermal records (red).
b) Comparison of the velocity from both methods. ¢) Comparison from of the velocity from both
methods (ZOOM). The cyan point is the example from video6-YAS09 (figures 4.22 and 4.22)

Piton de la Fournaise, oscillates to restore equilibrium and generates the infrasonic waves
when the gas remains trapped (bubble vibration model). In contrast, a gas pocket in a
high viscous magma, such at Yasur can not oscillates and generates the infrasonic waves
when exploding (gas flux model).

The gas volumes range from 1.3 x 102m? to 2.3 x 10*m? (Figure 5.8c). We observe the
stronger explosions of Yasur is due to longer gas pockets (more voluminous pockets but
the radius of the bubble is constrained by the radius of the conduit).

The comparison between the gas volume from the gas flux model and the gas volume from
bubble vibration model at Erta’Ale and Piton de la Fournaise gives a ratio between both
volumes of 0.13 and 0.25 at Erta’Ale and Piton de la Fournaise, respectively (Figure 5.11).
This shows how important is the choice of the appripriate model for the source of sound,
whose volume can only be correctly estimated by one method and not the two simultaneously.

The ratio of active gas volume (explosions) to total gas volume (explosions and inter-
explosion) gives a qualitative information on the efficiency of the passive degassing (inter-
explosion) and the strength of the explosions (Figure 5.8¢2). The strong difference of that
ratio observed at Yasur can be easily explained by a higher rate of explosions and the
occurence of stronger explosions in Sept-Nov 2016 (Figure 5.7al,bl), while the passive
degassing remains quite similar (Figure 5.18).

5.6.3 Considerations on the depth of the top of the magma column

We can calculate the depth of the explosions (i.e. the depth of the top of the magma
column), from the thermo-infrasonic delay. We assume, from the viewing of the videos,
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Figure 5.10 — a) Horizontal stack of a column of pixels, from the video frames, centered on the center
of the vent (video7-YAS09). b) Stack of the video frames of an explosion at Yasur using ImageJ
(Image/Staks/Zproject with maximum intensity). Explosion taken on video7-YAS09 (29/06,/2009
- 08:17:09). The angle designed in cyan gives a initial velocity of the explosion at ~66 m.s~! and
we measure a maximum height of ~100m.
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Figure 5.11 — Comparison between the gas volume from the gas flux model and the gas volume
from the bubble vibration model at a) Erta’Ale b) and Piton de la Fournaise.

that the mean gas volume fraction is 0.95 at Piton de la Fournaise and 0.50 and 0.97 at
Yasur for ash-rich and gas-rich respectively.

We assume the gas and ejecta densities are 0.8 kg.m ™3 and 850 kg.m 3, respectively (Harris
et al., 2012). The sound speed into the conduit, in case of an ejecta pure medium, is
assumed to be 2500 m.s~! (Kress and Carmichael, 1991). The sound speed into the conduit,
in case of a gas pure medium, is 742m.s”! and 768m.s~!' for magma temperature of
1100 °C and 1200 °C at Yasur and Piton de la Fournaise, respectively (Métrich et al., 2011;
Di Muro et al., 2014). The sound speed into the gas-ejecta mixture within the conduit is
then estimated between 45.5m.s~! and 131.5m.s~! (Table 5.2).

The estimates of the depth are widely spread because of the numerous uncertainties
(Figure 5.12b—c). The greatest uncertainty is due to the chopped signal of the radiometers
that accounts for the ejecta velocity and the thermo-acoustic delay (Figure 5.12a, figure 5.8b1
and figure B.2). The mean values seems to be over-estimated because of these uncertainties
while the median values are more consistent with the distribution of depths (Figure 5.12b4—
c4, table 5.3a).

We can not estimate the depth of the top of the magma column at the initiation of each
explosion, because of these large uncertainties. However we can perform a Monte Carlo
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Table 5.2 — Parameters for the calculation of the sound speed into the conduit at Piton de la
Fournaise and Yasur.

Trsgma  Chondut Coomauit Peas_ Peiecta Ogas Coomint

(°C)  (m/s)  (m/s) (kg/m’) (kg/m’) () (m/s)

PdF 1200 768 2500 0.80 850  0.95 107.20
YAS: gasrich 1100 742 2500 0.80 850  0.97 131.50
YAS: ash-rich 1100 742 2500 0.80 850 050  45.50

Table 5.3 — Estimates of the depth of the magma columns. a) Direct calculation (95 % of the data).
b) Monte Carlo analysis (95 % of the data).

a) Direct calculation (m) ¢ median mean std qs3
PdF06 —2.9 1.6 8.9 26.2 11.2
YASO09: gas-rich -5.1 0.4 9.5 58.8 11.0
YASO09: ash-rich -9.0 0.3 9.7 85.3 13.6
YAS16: gas-rich 0.6 33.7 63.1 114.3 89.9
YAS16: ash-rich 0.2 33.6 74.4  243.2 113.9
b) Monte Carlo analysis (m) ¢ median mean  std qs3
PdF06 —1.2 2.1 4.6 11.2 6.9
YAS09 -31.8 0.7 6.3 94.9 40.7
YASO09: gas-rich —29.0 0.9 6.2 70 37.4
YASO09: ash-rich —35.5 0.8 8.5 146.0 45.1
YAS16 —22.3 51.4 76.2 210 141.7
YAS16: gas-rich 55.2 59.3 59.8 6.1 63.9
YAS16: ash-rich —-30.7 54.8 74 350 162.2

analysis to take into accounts the uncertainties and give a range of value for the level of
magma (See section 3.1.5). Input parameters are normaly distributed with a mean p and
a standard deviation o (See sub-figures al) to b2) in figure 5.13 as an example. Other
example are given in appendix B.4). The results are given in table 5.3b. The median
depth estimated, for gas-rich explosions, directly from the data is 0.40m at Yasur in June
2009, while the median from the Monte Carlo analysis is 0.90m (Table 5.3). The error is
then not large. However, the error on the mean depth, for gas-rich explosions at Yasur in
June 2009, is bigger with an estimate of 9.50 m from the direct calculation and 6.20 m from
the Monte Carlo analysis. Note that, when the level of magma is very shallow as in June
2009, obtaining negative depth of the top of the magma column is part of the uncertainty.
The similar number of negative (30302) and positive (31353) values suggets that the top
of the magma column is very close to the surface (Figure 5.13).

The differences between the spreading of the results using the direct calculation or the
Monte Carlo analysis are large (Figure 5.14b—c). However error from the direct calculation
or the Monte Carlo analysis remains small for the median and mean values (Figure 5.14a).
Then, the estimation of the depth of the top of the magma column can be done using only
one of the proposed method.

The depth of the magma column is very shallow during the field campaigns (<100m). The
top of the magma column can be assumed, from the field observations and the estimates
of the depth, to be at the same level than the surface during the field campaigns at Piton
de la Fournaise and at Yasur in 2009. However, the top of the magma column, at Yasur
in 2016 is sightly deeper (~50m) than in 2009 (~0m). The difference of depth will be
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Figure 5.12 — Estimation of the depth of the magma column, considering fixed value of the gas
volume fraction for the calculation of the sound speed into the conduit. a) Thermo-infrasonic
delay. b) Depth of the explosions considering gas-rich explosions (ags = 0.95 and 0.97 at Piton de
la Fournaise and Yasur, respectively). c) Depth of the explosions considering ash-rich explosions
(crgas = 0.50 at Yasur).

discussed in the next chapter (Chapter 6).

The depths were estimated here considering that the conduit, below the targeted vent, is

not inclined. This hypothis seems valid at Yasur, in June 2009, as no prefered trajectories

were observed (figure 5.10, the stack is obtained using ImageJ and the command Image/Staks/Zproject
with mazimum intensity and can be compared to a long time exposure photo). I did not see

any inclination of the gas and magma mixture released during explosions at the targeted

vent in 2016 (observed from different point of view).

5.6.4 Budget of energy

It is interesting to look at the partionning between thermal and infrasonic energies, especially
because of the different spreading of these energies (Figure 5.8a and B.2). No trend appears
by comparing the thermal energy to the infrasonic energy (Figure 5.15a). However a clear
cut exists between the infrasonic energy of the weak Strombolian explosions at Piton de
la Fournaise and the infrasonic energy of the strong Strombolian explosions at Yasur. The
few points of comparable energies at FErta’Ale are probably due to strong bias because of
the difficulties, related to the weak signal to noise ratio, we had to link the few thermal
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Figure 5.13 — Monte Carlo analysis to estimate the depth of the magma column for gas-rich
explosions at Yasur in June 2009. a) Parameters: 1) rinfrasonic. — (98000 £ 6.67)m; 2) catm =

vent

(340.00 & 6.67) m.s~1; 3) rthermal — (270.00 £ 6.67) m; 4) 6; = (19.0 £0.8)%; 5) 65 = (15.0 £ 0.8)%;

vent

6) agas = 0.970 £0.009. b) Measurements on the records: 1) thermo-infrasonic delay and 2) delay
of the radiometers. c¢) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity.
d) Results: 1) depth below 0m, 2) all depth and 3) depth above 0m.

events to the infrasonic events. However the infrasonic energy at Erta’Ale fills the gap
between the infrasonic energy of the weak explosions at Piton de la Fournaise and the
infrasonic energy of the strong explosions at Yasur (Figure 5.8al and B.2a). The thermal
energy at Erta’Ale is bias from the appearance of the hot former bubble bottom, after the
explosion, which is not observed at Piton de la Fournaise nor at Yasur.

Marchetti et al. (2009) use the infrasonic and thermal energies to approximate the buoyant
energy Epyopant and gas-thrust energy Fgas thrust, such as

Egas—thrust = Einfrasonic, 513
E =80 ~E (5.13)
buoyant — Lithermal gas-thrust-

They made the implicite approximations that i) the infrasonic energy is only due to the
gas-thrust (i.e. there is no other processes responsible for the infrasonic energy), ii) the
gas-thrust energy is similar to the ejecta-thrust energy and iii) the buoyancy exists mostly
for ejecta (the radiometers are little sensible to the gas considering that they see the
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Figure 5.14 — Comparison of the depth estimates obtained from the direct calculation and obtained
from the Monte Carlo analysis. a) Comparison of the mean () and median (OJ). Comparison of
the spreading for b) gas rich explosions and c) ash rich explosions. The dotted lines show z = y.
Data are taken from table 5.3.

whole eruptive column). The gas-thrust and buoyancy energy partitionning highlights two
different trends for the Vulcanian activity (Santiaguito and Fuego shadowed in blue) and
the Strombolian activity (Villarrica and Stromboli sahdowed in pink) when plotting the
buoyant energy as a function of the gas-thrust energy (Figure 5.15b).

Our estimates of buoyant energies are smaller than the buoyant energy of Strombolian
explosions at Villarrica and Stromboli (data from Marchetti et al. (2009)). This is related
to the difference in the fields of view. Thermal measurements at Villarrica and Stromboli
were done using infra-red radiometers with a large field of view that contains the whole
eruptive column (15° from 29 m to 652 m) while the field of view of the radiometers we have
used at Erta’Ale Piton de la Fournaise and Yasur are small (1°: from 1.92m to 5.93m). Our
measurements reflects only what is directly out going from the vent and falling back into
the vent, and is thus less dependant on the state of the atmosphere (wind, temperature,
pressure, meteorologic conditions, etc.). In contrast, Marchetti et al. (2009) have a record
of additionnal mechanisms such as the falling and cooling down of the ejecta farther
from the vent and the whole buoyancy of the volcanic cloud averaged on a larger height
(Figure 5.15¢). Hence the name buoyant given for Ethermal — Egas-thrust iS Dot accurate in
our case and we can not directly compare their results with our results.

However, the relationship between Eipermal — Egasthrust and the infrasonic energy gives
the evidence that Strombolian explosions have a similar mechanism of fragmentation
despite the large range of intensity at Yasur and Piton de la Fournaisewhich give the
two end members of the Strombolian activity in term of intensity. By extension, this
result suggests that Stromboli and Villarrica, that clearly produce explosions different
from those produced by Vulcanian activity (Fuego and Santiaguito, Marchetti et al., 2009)
will be behaving similarly to Piton de la Fournaise and Yasur providing a 1° field of view
radiometer measuring just above the vent. Hence it is likely that Strombolian explosions
behave similarly worldwide. Note also that our observation at Yasur in June 2009 and
Sept-Nov 2016 are very similar despite the fact that the explosions were deeper in 2016
than in 2009.

The ratio of gas and ejecta velocities is another way to study the budget of energy and
characterise the two-phase flow dynamics of the Strombolian explosions. There are some
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Figure 5.15 — Budget of energy at Erta’Ale, Piton de la Fournaise and Yasur. a) Thermal energy as
a function of infrasonic energy. b) Buoyant energy as a function of the gas thrust energy with the
data from Marchetti et al. (2009) as the underlayer. The numbers within the parentheses indicate
the number of explosions displayed on the figure. c) Sketch of the difference of the field of view
area for two radiometers, at the same distance to a hot source, with their angle of field of view
equal to 1° and 15°.

events for which Ugjecta > Ugas. We do not expect to have events for which Ugjecta > Usgas
because we suppose it is the initial gas-thrust (i.e. the sudden decompression of the Taylor
bubble) which gives a part of its energy to the ejecta and thus the initial velocity to these
ejecta. These events with Ugjecta > Ugas have either i) their ejecta velocity which is over-
estimated, or ii) their gas velocity which is under-estimated either iii) wrong links between
the thermal and the infrasonic detections (we are missing a thermal or an infrasonic event
during the detection) or iv) are only buoyancy driven by a hot source and not by a too
small gas decompression.

The distribution of the velocity ratios at Piton de la Fournaise is unimodal while it is
bimodal at Yasur (Figure 5.16al-a3). We suppose then there is only one mechanism at
Piton de la Fournaise while there are probably two mechanisms at Yasur. This bimodality
was not seen previously. Perhaps the sole parameters we were looking at, maximum
amplitudes, durations, energies, are not self-sufficient to highlight this bimodality. Furthermore
the maximum amplitudes and the energies give the strength/intensity and not the motion,
and thus not the mechanisms.
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Figure 5.16 — Distribution of a) the velocity ratio , b) and the particle size at 1) Piton de la
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5.6.5 Inputs into the atmosphere

5.6.5a Size of the ejecta

Marchetti et al. (2009) suggest that the difference between Vulcanian and Strombolian
energy partitioning is due to the fragmentation mechanism and thus lead to different
particle sizes.Particle sizes are thinner for Vulcanian eruptions than Strombolian eruptions
because the fragmentation is more efficient (Marchetti et al., 2009). However, among the
same type of eruption, a large energy lead to large fragments (ejecta) because too low
energies can not throw big ejecta (Figure 5.16).

Yasur can eject bombs up to a fiew metres in diameter (Figure 5.16¢2-c4) and can also
eject very thin particles (ash, <1mm; table 5.4). These ashes are very light and can
travel far from the volcano and damage crops, pollute water or triggers ash-respiratory
and cardiovascular hazard, etc. (Hansell et al., 2006). The ashes at Yasur volcano can
have a significant impact on the inhabitants of Tanna Island i) because this volcano is
in persistent activity and ii) because the inhabitants are very dependent on their local
ressources (water, crops, etc). The mean size of ejecta can reach 5cm—10cm at Piton de
la Fournaise (Figure 5.16¢1,c4)). These mean sizes of ejecta, calculated from eq. (5.6), are
consistent with the field observations (see Figure 5.17 and Gurioli et al., 2018).

The mean particle size per explosion increases with the ratio of infrasonic energy to thermal
energy (Figure 5.18a). Note that the energies are only based on amplitude and duration,
while the mean ejecta diameter depends on the gas velocity, also derived from the infrasonic
waveforms, and on the ejecta velocity. We can then estimate a range for the mean size of
the ejecta knowing the thermo-infrasonic partitioning of energy. This is of great interest
because the danger from ejecta depends on their size. The smallest ejecta (ash) can be
inhaled and the biggest one (bombs) can injure people. We also see a clear departure
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Figure 5.17 — Bombs that have fall down on the crater rim of Yasur during the 2016-field
campaign. 1) Between 11:30pm, 15/09/2016 and 00:30am, 16/09/2016, UTC (10:03am and
11:30am, 16,/09/2016, local), low wind. 2) The 15/09/2016 before 11:30pm (during the night
between the 15/09/2016 and the 16/09/2016, local). a2) We can see the crater that was done by
the bombs. bl-c2) we can see the different texture of the bombs.

Table 5.4 — Nomenclature of the size of ejecta.

Name Size range ¢ scale®
Fine ash <0.06 mm >4
Coarse ash 0.06 mm—2mm  —1to4
Lapilli 2mm-64 mm —6 to —1
Blocks and bombs >64 mm <—6

Yo = —log, Dp/Do, Dy = 1 mm

from the trend for very large fragments (1 m) which are of the same order of magnitude
than the vent. The ratio of infrasonic and thermal energies also highlights the difference
between ash-rich (bottom left corner) and gas-rich (top right corner) explosions at Yasur
(Figure 5.18a). Figure 5.18a also shows that the smallest explosions at Yasur bear similarity
of that of the Piton de la Fournaise, despite having very different range of thermal and
infrasonic energies (Figure 5.8a).

5.6.5b Hourly gas flux

One of the aim of this study is to characterise the impact of the Strombolian activity,
worldwide, especially the gas volume input into the atmophere (Figure 5.18b). The gas
volume flux from infrasonic records can be separated into active degassing (explosions)
and total degassing (explosions and inter-explosions). The hourly gas flux of explosions
ranges from 5.30m3.h~! to 9.20 x 10°m3.h~! while total hourly gas flux ranges from
1.50 x 10*m3.h~! to 2.10 x 10" m3.h~! (Figure 5.18b). There is at least one order of
magnitude between the hourly gas flux from explosions and the total hourly gas flux. The
passive degassing (total - active) expulses more voluminous quantities of gas than the active
degassing (2-4 order of magnitude of difference).

The total degassing flux at Yasur is of the same order of magnitude in June-2009 and
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Figure 5.18 — Input into the atmosphere. a) Infrasonic to thermal energy ratio as a function
of particle size. b) Distribution of the active gas flux (explosions, plain boxes) and total gas
flux (explosions-+inter-explosion, empty boxes). The estimates of the gas flux from geo-chemical
measurements is shown in red, with the errorbars that give the minimum and maximum values
and the circles that gives the mean values (Erta’Ale: Sawyer et al. (2008b); Piton de la Fournaise:
Tulet et al. (2017); Yasur: Bani and Lardy (2007); Métrich et al. (2011)).

Sept-Nov-2016 (Figure 5.18b). However the active degassing is much more important in
2016 when the Strombolian activity was vigorous. We suggest that the activity in Sept-
Nov-2016 was stronger than in June 2009 because the passive degassing was less efficient
than in June-2009 (i.e. some thing pluges the conduit(s), the magma is more viscous).

We can also observe that, except for Erta’Ale activity, where the records are very noisy,
the gas volume flux from gas chemistry is of the same order of magnitude than the total
gas volume flux from infrasonic records (Figure 5.18b). This high level of noise show the
limits on the validity of the estimates of the total gas flux from infrasonic records.

5.7 Extrapolation to other volcanoes

The aim of this section is to characterise the Strombolian activity of various volcanoes as
weak, mild or strong from their known parameters (Table 5.5 and figure 5.19). We also wish
to provide a quantitative comparison on the total gas volume obtained from combining gas
chemistry (FTIR, multigas) with SO4 flux and from infrasound. The goal is also to classify
volcanoes as a function of their total degassing but also for each specific gas phase such
as major volatiles (HoO, CO2, SOy and minor species which may be very toxic or playing
a major role on climate or the oceans such as the hallogens mainly transformed into HCI,
BrO, HF, etc.

The maximum acoustic pressure is our reference to describe the intensity of the Strombolian
activity at a volcano because it is the most widely measured parameter (Figure 5.20a) and
it represents the strength of a Strombolian explosion. The classificication, discuted here,
is based on the references up to now.

Erta’Ale, Piton de la Fournaise and Villarrica clearly have a weak Strombolian activity
compared to other volcanoes (Figure 5.20a). We set the uppest limit of the weak activity
at 20 Pa (at 100 m) such as it corresponds to the largest explosions measured at Piton de
la Fournaise (Erta’Ale being very uncertain due to the high level of noise.).

We set the limit between mild and strong activity at 400 Pa, the uppest value of the
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Table 5.5 — Tectonic context and main rock type of various volcanoes known to have Strombolian
activity. Volcanoes in bold letters are the volcanoes studied here. Each information presented in
this table were found on the Global Volcanism Program web-site of the Smithsonian Institution
(Smithsonian Institution (2013)). The location of these volcanoes is shown on the map, figure 5.19.

Tectonic Inhabitants
Location context! Main rock type <30 km
Arenal Costa Rica CM Andesite / Basaltic Andesite 96 512 [ARE]
Benbow & Marum Vanuatu IA Basalt / Picro-Basalt 10 826 [AMB]
Erebus Antarctica HS Phonolyte 0 [ERE]
Erta’Ale Ethiopia CR Transitional basalt 8857 [EA]
Etna Italy 3P Trachy-basalt 1016 540 [ETN]
Heimaey Iceland OR Basalt / Picro-Basalt 2188 [HET]
Karymsky Russia CM Basaltic andesite 291 [KAR]
Klyuchevskoy Russia CM Basalt / Picro-Basalt 292 [KLY]
Massaya Nicaragua CM Basalt / Picro-Basalt 1914707 [MAS]
Nyiragongo Congo CR Foidite 1006 436 [NYTU]
Pacaya Guatemala CM Basalt / Picro-Basalt 2454 482 [PAC]
Piton de la Fournaise France HS Basalt / Picro-Basalt 246 792 [PdF]
Sangay Ecuador CM Andesite / Basaltic Andesite 15130 [SAN]
Shishaldin United States CM Basalt / Picro-Basalt 10 [sHI]
Stromboli Italy IA Basalt 3894 [STR]
Tungurahua Ecuador CM Andesite / Basaltic Andesite 183640 [TUN]
Tolbachik Russia CM Basalt / Picro-Basalt 225 [TOL]
Villarica Chile CM Basaltic andesite 35118 [VIL]
Yasur Vanuatu IA Basaltic trachy-andesite 24748 [YAS]

TTectonic contexts. Extension: [CR] continental rift and [OR] oceanic ridge; Compression:
[CM] continental margin and [IA] island arc; Intra-plate: [HS] hot-spot; [3P] triple point.

maximum acoustic pressure at Stromboli (Figure 5.20a). Shishaldin and Stromboli both
have a mild Strombolian activity. Whereas Nyiragongo and Pacaya have a weak Strombolian
activity. The other volcanoes are difficult to classify due to a lack of measurements.

We could find estimates of the infrasonic energy only for a few number of volcanoes
(Figure 5.20b). The infrasonic energy at Stromboli was estimated during a typical activity
(Marchetti et al., 2009) and can be taken as a reference for the mild Strombolian activity.
The number of estimates allows us to classify Erebus and Karymsky as mild to strong
Strombolian volcanoes (Johnson and Aster, 2005) and Villarrica as a weak Strombolian
volcano (Marchetti et al., 2009).

The maximum temperature variation, which is poorly documented (Figure 5.20d), and the
infrasonic duration (Figure 5.20c) do not reveal any clear trend.

The thermal energy is also poorly documented because the limits of the explosions (start
and stop) are often difficult to find (Figure 5.20e). Sufficient data were found only for
Stromboli and Villarrica (Marchetti et al., 2009) even if the direct comparison with our
estimates is biased because of the size of the field of view is very different (Section 5.6.4
and figure 5.15).

The thermal duration of Strombolian explosions depends mostly on the duration of the
explosion (i.e. the length of the Taylor bubble and the secondary effects due to the main
pulse in acoustic pressure), the duration of the buoyancy effects and the falling down of
the ejecta into the vent. This duration is lengthened at Yasur because we have longer gas
pockets than at Piton de la Fournaise (Figure 5.20f) and because of the quantity of ashes
is more voluminous than at Piton de la Fournaise.

The repose time between two explosions is strongly related to the accuracy we have on the
detection of the events. It is then not a good parameter to define the Strombolian activity
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Figure 5.19 — Location of the selected volcanoes (See table 5.5).

as weak, mild or strong unless the signal to noise ratio is large (Figure 5.20g).

The gas and ejecta velocity are poorly documented as two separated phases and relie on
different types of techniques (Figures 5.20j and 5.20k). The ejecta velocity is high at
Stromboli compared to the ejecta velocity as Yasur. Most of the estimates of the ejecta
velocity use different methods, such as Doppler radar or image analysis, than the time
flight of the ejecta between two radiometers (square data). The long efficient time of the
radiometer limits the highest ejecta velocity that we can measure.

This difference of the methods used to estimate the ejecta velocity might lead to errors
on the particle size (Figure 5.201). However orders of magnitude rather than accurate
estimates are sufficient here as the goal is to provide bounds for the weakes and strongest
Strombolian activity worldwide, despite the differences in the methods used.

It is also difficult to find estimates of the gas flux (Figures 5.20m to 5.200), often only
estimated as a SOs flux (Figure 5.20i). The gas flux, which can be deduced from the gas
chemistry (FTIR or multigas) combined to the SOq flux is very rarely estimated, a notable
exception being that of Yasur (Métrich et al., 2011). Here we have estimated the gas flux
from chemistry at various volcanoes based on data found in the litterature (Figure 5.201).
The total gas flux from infrasound records at Piton de la Fournaise and Yasur are consistent
with the total gas flux from gas-chemistry measurements (Figure 5.18b). The good bulk
agreement on the total gas flux obtained from infrasound and chemistry (FTIR or multigas
combined to SOg flux) suggests that continuous infrasound measurements could be easily
used to estimate total gas flux instead of SOy flux, difficult to measure in continuous and
the gas composition, never measured in continuous.

The yearly amount of gas emitted by the worldwide Strombolian activity is voluminous
despite the low gas flux, because the Strombolian activity is often persistent (Ambrym,
Yasur, Stromboli, Erta’Ale, etc.). We estimate SO2 gas flux at Yasur volcano (Vanuatu) to
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Figure 5.20 — Characterisation of the Strombolian activity at several volcanoes. Each black or red
empty circle represent a value found in the literature. Red circles show data for volcanoes that
rather do Vulcanian explosions. Blue empty circles represent the values from this paper. When
there are more than 10 values we add the quartiles (¢1, g2 = med and ¢3 as crosses) and the mean
(white-plain circle). More details are given for the SO» flux and the total gas flux from chemistry
measurements. The list of references for the data is given in §5.7. To be continued.

be around 683t.d~! (Bani and Lardy, 2007). The total volume of SO5 emitted by Yasur in
100 years is arround 25 Mt. Ambrym accounts for 13 % of the volcanic SOs worldwide with
SO gas flux that can reach 5kt.d~! in average (i.e. 1.83 Mt.year—! or 183 Mt/100year) and
is comparable to the gas flux at Etna (Bani et al., 2012; Allard et al., 1991). At Stromboli
between 400 and 800t of SOs are measured per day (i.e. 146kt.year—'-292kt.year—! or
14.60 Mt /100year—29.20 Mt /100year, Allard et al., 1994).

Twenty mega-tonne of SO were emitted during the 1991 eruption of Pinatubo (e.g.
McCormick, 1992; Hanu§ and Vanék, 1983), while 1982 El Chichon Plinian eruption has
released 3.30 Mt of SOy (Krueger, 1983) and 1981 Plinian Mt-St Helens eruption around
2Mt (Gerlach and McGee, 1994). However these explosive eruptions have large typical
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Figure 5.20 — Characterisation of the Strombolian activity at several volcanoes (continued).

return times (>100 year), reducing drastically the SO9 volume released in the atmosphere,
when averaged over several centuries.

References for the values of the Strombolian activity

e Ambrym [AMB]: Zielinski (2012); Allard et al. (2016b,a); Bani et al. (2012)

Arenal [ARE|: Garcés et al. (1998); Hagerty et al. (2000); Johnson (2003)

Erebus [ERE]|: Johnson and Aster (2005); Rowe et al. (2000); Johnson et al. (2008a);
Gerst et al. (2013); Johnson (2003); Johnson et al. (2004); Oppenheimer and Kyle
(2008)

Etna [ETN]: Vergniolle and Ripepe (2008); Spina et al. (2015)

e Heimaey [HEI]: Blackburn et al. (1976)

Karymsky [KAR]: Johnson and Aster (2005); Johnson and Lees (2000); Johnson
(2003)

Klyuchevskoy [KLY]: Johnson (2003)

Massaya [MAS|: Branan et al. (2008); Burton et al. (2000)

Nyiragongo [NYI|: Barriére et al. (2018); Sawyer et al. (2008a)

Pacaya [PAC]: Dalton et al. (2010)

Sangay [SAN]: Johnson and Lees (2000)

Shishaldin [SHI]: Vergniolle et al. (2004); Vergniolle and Caplan-Auerbach (2004);
Petersen and McNutt (2007)

Stromboli [STR]: Marchetti et al. (2009); Johnson (2003); Marchetti and Harris
(2008); Vergniolle et al. (1996); Vergniolle and Brandeis (1996); Patrick et al. (2007);
Colo et al. (2010); Ripepe et al. (2002); Delle Donne and Ripepe (2012); Blackburn
et al. (1976); Harris et al. (2012); Harris (2013); Gaudin et al. (2014b); Chevalier and
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Donnadieu (2015)

e Tungurahua [TUN]: Fee et al. (2010)

e Tolbachik [TOL]: Johnson (2003)

e Villarica [VIL]: Marchetti et al. (2009); Johnson et al. (2004, 2011); Gurioli et al.
(2008); Moussallam et al. (2016); Richardson et al. (2014); Sawyer et al. (2011)

5.8 Conclusion

The aim of this study is to provide bounds on many physical parameters to characterise the
Strombolian activity and give an idea of the impact of the Strombolian activity worldwide.
Indeed, our statistical study can only provide an order of magnitude but many of the
parameters were previously baddly known, such as the infrasonic and thermal durations,
hence energies, gas and ejecta velocities, etc.

We have deduced various parameters, for the Strombolian activity, from the thermal
(radiometers) and infrasonic records, such as the strength of the Strombolian explosions
(maximum acoustic pressure, infrasonic and thermal energies), their dynamics (gas and
ejecta velocities, durations) and their impacts on the environnement (gas volume, particle
size).

We have shown that the Strombolian explosions occur at shallow depth below the vent
(<100 m), despite the large error due to the long response time of the radiometers and the
uncertainties on the ejecta velocity.

The budget of energy, as defined by Marchetti et al. (2009) (buoyant energy as a function of
the gas thrust energy) highlights that the same mechanism of fragmentation is responsible
for all Strombolian explosions. However, this budget highlights the bias induced by the
size of the field of view of a radiometer, that leads to the records of different objects
and mechanisms. This budget of energy is then not sufficient to identified Strombolian
explosions.

The gas flux during Strombolian activity is lower than the gas flux during stronger eruptions,
such as Vulcanian or Plinian eruptions. However, the persistence of the Strombolian
activity, compared to the long return times of the explosive eruptions, leads to a gas
volume released during the Strombolian activity and explosive eruptions of the same order
of magnitude, when averaged on typical return time.

Our comparison of the various parameters for various volcanoes in Strombolian activity has
highlighted the difficulty to find available data, despite the numerous geo-physical studies
at Strombolian volcanoes. The parameters that are the most measured are the maximum
acoustic pressure and the infrasonic energy. These parameters give clear cut-off between
the weak, mild and strong Strombolian activity and can be summarised in the future by
the sole maximum acoustic pressure per event. The other parameters might highlight some
patterns, now unseen due to the lack of estimates.

A collaborative work or data base would enhance the catalogue we have started here, and
improve that quantitative study to characterise the Strombolian activity.
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Abstract

We use infrasonic, seismic and thermal records from two field campaigns at Yasur to
study the variability of the Strombolian activity. Strombolian activity during June 2009
field campaign was calm and steady while the activity during September-November 2016
was vigorous with an alternation of quiet and strong phases. While thermal analysis
seems to remain poor to understand the variability of Strombolian activity, the seismo-
infrasonic study highlights two couplings. In the first regime, called typical, the infrasonic
amplitudes and energies are small (<340Pa at 100m; <5 x 107 J), while in the second
regime, corresponding to the vigourous phases, both these parameters become much larger,
with a clear cut-off between the two regimes. This suggests the existence of two different
regimes associated to the behaviour of the foam layer trapped at the top of the magma
reservoir. In the typical regime, the gas flux from explosions remains below 1.50 x 106 m3.h~!
and the foam is probably stable (without massive coalescence events) and spreads towards
the conduit while releasing each of its small bubbles (13 um-14pm). In this case, the
large slugs observed at the surface probably results from progressive coalescence into the
conduit, likely to be initiated in the bottommost part of the volcanic conduit. In the
vigorous regime, the slugs are likely to be produced by a massive foam coalescence, whose
extent is limited by the magma viscosity. These deep slugs, whose infrasonic signature
is very similar among themselves and larger than those generated during typical activity,
leads to high seismic and infrasonic amplitudes due to their relatively deep formation.
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6.1 Introduction

One of the objective of the scientists is to understand the variability of the volcanic activity
and also to use that knowledge to develop efficient techniques to monitor volcanoes and
assess hazards. The variability of the volcanic activity can either result from changes
in the main parameters describing the eruptive activity or as a change in eruptive style
(i.e. lava flow, Strombolian, Vulcanian, Plinian, etc.). The variability of the eruptive
style is now well documented (e.g. Walker, 1973; Newhall and Self, 1982) despite some
subtitle transitions from one style to another (ex: Strombolian to Vulcanian, Strombolian
to Hawaiian; e.g. Jaupart and Vergniolle, 1988; Vergniolle and Ripepe, 2008). However the
temporal variability of the volcanic activity is more difficult to study either because few
eruptions occurs at a volcano during human life (e.g. Marzocchi and Zaccarelli, 2006) or
because long acquisitions of data are difficult to perform .

Nowadays more and more remote-sensing techniques allow the scientists to monitor volcanoes
that are difficult to access (difficult terrain, geopolitic conflicts), such as far-field infrasounds,
seismic or SO9 measurements from satellite (e.g. Carn et al., 2017; Coppola et al., 2016;
Matoza et al., 2017; Endo and Murray, 1991; Rogers and Stephens, 1995). These techniques
have the advantages to be performed whatever the volcanic hazards and can be deployed
for long periods of time. However the analysis of the data can be difficult because many
other processes can be recorded and because of the distortion of the signal due to the path
of propagation may occur (Example of the atmospheric effects, Tailpied et al., 2017).

Near-field remote-sensing measurements remain the most accurate techniques to monitor
the Strombolian activity especially because Strombolian activity consists in series of small
and short explosions at open-vent volcanoes (see Harris and Ripepe, 2007a) that are more
difficult to detect at long distance than stronger eruptions such as Vulcanian or Plinian
eruptions. However near-field techniques are more difficult to maintain for long times
because of issues such as the power supply, accessibility and the premature aging of the
instruments (oxidation, etc.). Nevertheless, the Strombolian activity is often persistent
such at Stromboli, Erebus or Yasur volcanoes (Rosi et al., 2000; Kyle, 1994; Firth et al.,
2014). Hence the necessity to understand the temporal variability of the Strombolian
activity to warn the major changes toward a more dangerous activity. For example,
Yasur has reached Vulcanian activity in 1994, 2004 and 2013 (Vanuatu Meteorology and
Geohazard Departement, 2018) and Stromboli also had parozysmal eruptions such as in
September 2008 and November 2009 (Calvari et al., 2012; Andronico and Pistolesi, 2010).

It is commonly admitted that a Strombolian explosions are generated by a large Taylor
bubble (i.e. a cylindrical bubble, filling most of the conduit, trapped up with a more
rounded noise) rising the conduit by buoyancy and exploding at the surface because the
pressure inside and outside the Taylor bubble is not at equilibrium. Two main models for
the formation of the large gas pockets and their rising dynamic are often discussed and
may coexist: (i) the rise speed dependant model and (ii) the collapsing foam model.

(i) The rise speed dependant model suggests that the formation of the large pockets is
due to the progressive coalescence of gas when it rises to the surface and consider a
homogeneous two-phase flow (Parfitt and Wilson, 1994; Parfitt, 2004).

(ii) The collapsing model proposes that large gas pockets are produced by the partial
collapse of a foam layer at the top of the reservoir, whose stability depends on the
magma viscosity, and then these pockets rise the conduit as a separated two-phase
flow with the viscous magma (Jaupart and Vergniolle, 1988, 1989).
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Both models agree that surface activity can change depending on gas contents.

We have shown in the previous chapter (chapter 5) that all Strombolian eruptions have the
same mechanism of fragmentation (see also Marchetti et al., 2009). Short-time and cyclic
processes of the Strombolian activity were also highlighted at Erta’Ale, Stromboli and
Etna indicating a similar mechanism for the Strombolian activity (e.g. Harris et al., 2005a;
Ripepe et al., 2002; Lautze et al., 2004). There has been several studies prompted by the
paroxysmal activity of Stromboli in December 2002-April 2003 (e.g. Métrich et al., 2005;
Calvari et al., 2006) and by its effusive activity on Frebruary 2007 (Ripepe et al., 2009;
Aiuppa et al., 2009). However, to my knowledge, there is a small number of studies focusing
on larger temporal variations of the Strombolian activity (VLP, SO, measurements, e.g.
Giudicepietro et al., 2009; Coppola et al., 2016), and none on multidisciplinary geophysical
studies, except for the study of Meier et al. (2016), which characterised only the surface
activity at Yasur (Doppler radar, infra-red videos and infrasound for 15 days).

We propose here to study the temporal evolution of the Strombolian activity at Yasur
to assess surface and deep mechanisms. Simultaneous and near-field infrasonic, seismic
and thermal data that were recorded during two field campaigns in June 2009 and Sept-
Nov 2016. The Strombolian activity was typical and steady during the ~15 days of the
field campaign in June 2009. However the Strombolian activity was unsteady during the
~50 days of the field campaign in Sept-November 2016, with an alternation of strong and
quiet phases of activity.

We first present Yasur volcanoes and the data acquisition during the two field campaigns
(Sections 6.2 and 6.3). We then explain the methods we use to study the temporal evolution
of the Strombolian activity at Yasur (Section 6.4). In section 6.5, we present the results
of our study, first by sole methods and then by combining the techniques. We explain the
temporal variation of the Strombolian activity observed here in section 6.6. Finally, after
a brief summary of this study we suggest future studies to better understand the temporal
variability of the Strombolian activity (Section 6.7).

6.2 Context

The New Hebrides subduction, part of the ring of fire, is very active with the Australian
plate diving under the Pacific plate with velocities up to 17 cm.year—! (Figure 6.1, e.g.
Calmant et al., 2003; Bergeot et al., 2009; Baillard et al., 2015). The Vanuatu archipelago,
which results from that subduction, is composed by 83 (volcanic) islands which can be
threatened by earthquakes or by volcanic eruptions. The Vanuatu Meteorology and Geohazard
Departement (VMGD) monitors 6 active volcanoes and quantifies their activity using alert
levels from 0 to 5 on the base of the seismic activity.

We focus on Yasur volcano located on Tanna Island in the south of the archipelago
(32000 inhabitants, World Health Organization Western Pacific Region, 2017), where the
subduction has a velocity around 12 cm.year—! (e.g. Calmant et al., 2003; Bergeot et al.,
2009; Baillard et al., 2015). Yasur is an open-vent volcano lying in Siwi caldera and is
in persistent Strombolian activity for 630-850 years, producing a basaltic trachy-andesite
magma (Firth et al., 2014; Métrich et al., 2011). This persistent activity was preceded by
a period during which the activity was stronger (Vulcanian, sub-Plinian) but the eruptions
less frequent (Firth et al., 2014). Old an buried lava flows also exist (Brothelande et al.,
2016a). Hence the necessity to understand the variation of the Strombolian activity.
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Figure 6.1 — Topography of the New Hebrides subduction zone.

Yasur produces high quantities of gas, 1.50 %-2.50 % of the volcanic SO of the troposphere,
but only half of the degassed magma has erupted since the past 1000 years (Bani and Lardy,
2007; Métrich et al., 2011). The magma that has not erupted is stored below Siwi caldera
and is probably responsible for the Yenkahe block resurgence (Métrich et al., 2011).

Minor events, that consist in weakly over-pressurized bursts occur continuously while major
events, less frequent, characterise the Strombolian activity at Yasur. These two types of
explosions are not clearly correlated and thus indicate the existence of two sources of
degassing (Spina et al., 2015).

An multi-disciplinary study have shown smooth variations of the surface activity at Yasur
during a 15-day field campaign in Aug-Sept 2008 (Kremers et al., 2013; Meier et al., 2016).
Ash-free explosions (figure 6.2a,b and d) occur when the infrasonic amplitudes are high,
spectral contents rich in high frequencies, whereas ash-rich explosions (figure 6.2¢) occur
when the infrasonic amplitudes are low and spectral contents poorer in high frequency.
Meier et al. (2016) also observed different infrasonic waveforms between both types of
explosions that are probably due to different explosion dynamics. Kremers et al. (2013)
have shown, from the inversion of the moment tensor of seismic records, that there is a
sole mechanism for the different craters. They also estimated slug length between 68 m
and 177 m, giving slug volume between 1.30 x 103 m? and 3.50 x 103 m? if we assume that
the radius of the slug is 2.50 m (radius of the conduit).

Previous thermal studies on the Strombolian explosions and the gas ratio also demonstrate
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Figure 6.2 — Strombolian explosions at Yasur during the 2016 field campaign. a) and b) Gas-rich
explosion. c¢) Ash-rich explosion. d) Almost simultaneous gas-rich explosion (left) and ash-rich
explosion (right).

the existence of two sources of degassing at Yasur (Bani et al., 2013; Oppenheimer et al.,
2006). The deepest source is rich in COy and SO, while the uppest source is rich in
HCl (Oppenheimer et al., 2006). Bani et al. (2013) proposed that the former source
produces Taylor’s bubble by massive foam coalescence and the latter source by progressive
coalescence in the conduit.

6.3 Data acquisition

Infrasonic and thermal measurements were recorded on a RefTek 130 digitizer with sampling
frequency of 1000 Hz and 100 Hz in 2009 and 2016, respectively (Figure 6.3). The sensitivity
of the RefTek 130 for a gain of 1 is 1.59 x 10~ mV.bit L.

The acoustic pressure was measured by MB2005 microbarometers (developed by the CEA-
DASE and sold by MARTEC). The sensitivity of the MB2005 microbarometer is 1 mV.Pa~!
in the band pass 1073 Hz-40 Hz. Pipes, ~30cm long, were connected to air-entries and
covered by scoria as a natural filter.

Additionaly we present infrasonic data from the permanent station on Mount Melkem
obtained for the long time series from 2003 to the end 2014 (Figure 6.3). The measurements
were done using a MB2000 (developed by the CEA-DASE and sold by TekElec) with
a sensitivity of 5mV.Pa~! in the band-pass 1073 Hz-80 Hz and recorded by a Geostar
digitizer with a sampling frequency of 75 Hz, before 2008 and by a Quanterra 330 digitizer
(Q330) with a sampling frequency of 100 Hz after 2008. The sensitivity of the Geostar and
the Quanterra is 0.15mV.bit ! and 2.38 x 10~ mV.bit !, respectively.
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Melkem

* Point of view

Figure 6.3 — Location of Yasur on Tanna Island (insert) and location of the site of measurements
at Yasur.

The brightness temperature was measured using two Cyclops 300AF radiometers (Minolta-
Land). These thermometers record infra-red radiations (8 pm-13pm) in a 1° field of view
with a sensitivity of 1°C.mV~! and an efficient response time of 0.19s (5.27 Hz). The two
radiometers were used simultaneously to record the brightness temperature at two different
heights above the vent and the angle between the radiometers was 4°. The radiometers
were put into boxes for protection with Zn-Se windows, that are transparent to infra-red
radiations providing that they are in perfect clean. Unfortunately these windows oxidise
due to acid gas and ash, letting less and less infra-red radiations pass through and hit
the sensor. The calibrations we did before and after the field campaign of 2016 make us
increase the brightness temperature by a factor 2 for thermal records in 2016. We assume
these calibrations are also acceptable for measurements in 2009 because of the short time
during which the thermal data are available (3 days, here) and because of the relatively
quiet activity at that time.

The time from the RefTek station is corrected for the 2016-field campaign because the GPS
of the RefTek station was broken. The time lag is calculated by cross-correlation of the
infrasonic signal from the MB2005 with the infrasonic signal of a MB3d microbarometer
(developed by the CEA-DASE and sold by SeismoWaves), that was installed close to the
MB2005 (<2m). The numerical MB3d microbarometer has an in-build GPS.

In June 2009, the ground velocity was recorded by a Q330 digitizer using a broad band
Trillium 40 (Nanometrics, lend by the CEA) from Melkem, at a distance of about 500 m
from the center of the crater (Figure 6.3). The sensitivity of the Trillium 40 is 1553 V/(m/s)
in the band-pass 40.20s-85.50 Hz. However we do not get the full dynamics of the
measurements because of a small mistake when configuring the Q330 digitizer that makes
the records to be filtered as short-period. The instrumental correction will be done soon
from the comparison of the measurements of the ground velocity done simultaneously by
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a colocated broad band seismometer in Frebruary 2009, to add the relevant low frequency
band. Additionnaly, we should have the poles and zeros of the short period filter applied
by the quanterra.

In Sept-Nov 2016, the ground velocity was measured from YASH permanent station,
belonging to the Vanuatu Meteorology and Geohazards Departement, at ~1500m from
the summit of Yasur (Figure 6.3), by a short period LE-3Dlite MKII seismoter (Lenartz
electronic) with a sensitivity of 400 V/(m/s) in the band-pass 1 Hz-80 Hz. The measurements
are also recorded by a Q330 digitizer. The records are corrected from the instrumental
response between 0.10Hz and 1Hz using the transfer function of the digitizer and the
seismometer.

6.4 Processing of the data

6.4.1 Pre-processing

All records were re-sampled at 75 Hz, the lowest sampling frequency of the Geostar digitizer
in order to make the analysis also valid for the long time series from 2003 to 2014.

The infrasonic data are first pre-filtered between 0.01 Hz and 20 Hz (2nd order Butterwoth
filter) to find the prevalent frequency band of the Strombolian activity. We then apply a
second filter (0.10 Hz—10 Hz, 4th order Butterwoth filter), which is adapted to the strength
of the activity, the frequencies of the activity and the noise at Yasur. Thermal data are
filtered above 4 Hz because of the efficient response time of the Cyclops 300AF radiometer
at 0.19s. Seismic data are filtered between 1 Hz and 6 Hz to look for the volcanic explosion
quakes (Battaglia et al., 2016).

Strombolian explosions, on infrasonic records, are detected using a STA/LTA detector on
the coefficients of the wavelet decomposition of levels 4-5 (1.17 Hz—4.69 Hz at 75 Hz) with
fixed LTA at 1.23 and 1.63 for the level 4 and 1.08 and 2.38 for the level 5 in 2009 and
2016, respectively. We detect explosions on thermal records using the STA/LTA detector
directly on the absolute signal (STA: 1s; STA: 60s). The signal of the lower and upper
radiometers were processed independently as a volcanic mixture (ash+gas) might never
reaches the field of view of the upper radiometer.

The links between explosions seen by the lower and the upper radiometers are performed
by looking for the closest detected event measured by the upper radiometer to an event
measured by the lower radiometer. The maximum allowed delay between both events is
given by the minimum ejecta velocity (0.10m.s~!) we thought exists and the distance to
the vent.

Coupling infrasonic and thermal detections is done by looking for the closest infrasonic
detection to a thermal detection. We impose the range of thermo-infrasonic delays tihermal —
tinfrasonic 10 be between —10s and 30s. Seismo-infrasonic detections are coupled assuming
a range of delays between —1s and 10s. The difficulty here is the closely spaced occurence
of the explosions in time.

The detection gives the number of the explosions and their amplitude (acoustic pressure,
brightness temperature or ground velocity). The duration of the explosions on the records
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are determined using the envelope of the signal. The duration and amplitude of the
explosions are key parameters to estimate energies.

In order to have an easy comparison of amplitudes, we have scaled all acoustic pressure and
ground velocities for a distance of 100 m, considering that seismic and acoustic attenuation
are both in 1/ryent in near field.

6.4.2 Infrasonic records

We assume the Strombolian explosions are monopole sources and generate infrasonic waves
that propagate in all direction at the same speed and attenuate with a factor 1/7vent, Tvent
being the vent-sensor distance.

The infrasonic energy in an homogeneous atmosphere is

2712 T
Einfrasonic = vent/ (pac(t) - pair(t))2 dit (6~1)
0

PatmCatm

where 7yen: is the distance from the source to the sensor (m), pam = 1.18kg.m ™3 is the
density of the atmosphere at the elevation of the volcano and cagm = /7VRiglatm =
340m.s~! the sound speed (Lighthill, 1978). Other effects than the linear decay are
neglected (e.g. viscosity of the medium, heat transfer,...). Variations of pressure due to
the weather conditions, the elevation or the topography are also neglected. The infrasonic
power PWinfrasonic 18 obtained by dividing the infrasonic energy Einfrasonic by the duration .

Woulff and McGetchin (1976) established the relation between the gas velocity Ugas and the
infrasonic power Pwinfrasonic from a dimensionless analysis of the Navier-Stokes equations for
dipole and quadrupole radiations and with an empirical coefficient. A similar analysis was
later done for monopole sources, estimating theoretically the coefficient for an hemisphere
and a flat surface (Vergniolle and Caplan-Auerbach, 2004). We obtain

P 1/4
U _ WinfrasonicCatm (6 2)
ges kpatm 27TR1% ’ ‘

where k is an experimental constant equal to 1 and R} is the radius of source, assumed to be
that of the bubble (m) (Vergniolle et al., 2004). The radius of the conduit Reonduit = 2.50 m
gives a good estimate of the bubble radius Ry for Strombolian explosions because bubbles
are almost as large as the conduit and do not expand sideways when rising (Figure 1.3).

The explosion, i.e. the sudden decompression of the bubble, generates the infrasonic waves.
The bursting volume of the bubble can be estimated by the two successive integrations of
the acoustic pressure for the viscous magma at Yasur by (see Section 4.1.3b and Johnson,
2003)

Voo =~ [ (270 | (paclt) — pai()) ar)at (63)

Patm

where Pytm = 97063 Pa is the pressure of the atmosphere that depend on the elevation of
the volcanic source (361 m at Yasur).

The gas volume per sliding window can be estimated from the infrasonic power, assuming
that the gas pass through a disk of radius Reonduit during the duration of the event as
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Figure 6.4 — Estimation of the active, passive and total gas flux. The gas volume from the infrasonic
power is under-estimated because of the use of a fixed bubble radius equal to that of the conduit
for simplicity. Note that we have used, here in the calculation, the active gas volume from acoustic
power, despite its underestimation of the real actif gas volume because the total gas volume from
acoustic power per hour is calculated using the conduit radius.

Volgas. o = TI'RgUgaST (see Section 4.1.3a and Vergniolle et al., 2004). This gas volume per
sliding window accounts for the active (explosions) and passive (inter-explosion) degassing.

Although it is easy to calculate the cumulative gas volume per given time, the limits of the
explosions (start and end) are difficult to find when the explosions do not radiate a sufficient
acoustic pressure. The gas volume per hour from active degassing (i.e. explosions) is then
estimated from the mean volume of gas per event and multiplying by the number of events
(Figure 6.4):

Volactive = mean(Volgas ey) Ney- (6.4)
The gas volume per hour from passive degassing (i.e. inter-explosion) is estimated by
substracting the cumulative gas volume of explosions per hour (from infrasonic power
in the frequency band 0.50 Hz-4 Hz) to the gas volume per hour from infrasonic power
in the frequency band 0.50 Hz-4 Hz; small explosions, whose gas volumes could not be
estimated due to uncertain limits are ignored (Figure 6.4). Note that we have used, here
in the calculation, the active gas volume from acoustic power, despite its underestimation
of the real actif gas volume because the total gas volume from acoustic power per hour
is calculated using the conduit radius. The total gas volume per hour is estimated by
summing the cumulative active and passive gas flux per hour.

6.4.3 Thermal records

The thermal energy is estimated from the brightness temperature and using the Stefan-
Boltzmann law by (e.g. Marchetti et al., 2009)

-
Ethermal = 6thermaIUthermaI-AFOV/ (T(t)4 - Téack) dt, (6'5)
0

where, €thermal 1 the emissivity of the surface of the ejecta (~0.95 for a basalt at 1000 °C,
see tables 2.3 and 8.1 in Harris, 2013, for a review), othermal the Stefan-Boltzmann constant
(5.67 x 1078 W.m~2.K~*), T the brightness temperature (K), Tgack the background temperature
(K) taken as the temperature just before the explosion and Apgy the area of the field of
view (m?) of the radiometer. Thermal energy is then very dependant on the background
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temperature Tgack, the field of view area Arpoy and on the choice for the limits of the
explosions.

The offset of the thermal signal on each detection corresponds to the entry of the first
ejecta into the field of view of the radiometer. The delay of the onset on the simultaneous
records from two radiometers with their field of view at different elevation is equal to the
flying time of the ejecta to rise from the lower to the upper radiometer. The ejecta velocity
Ugjecta (m.s™!) can be estimated by

Tvent (Sin @1 — sin O
Uejecta == ( ) . (6.6)
tO,upper - tO,Iower

Uncertainties are mostly due to the long efficient response time of the radiometers (Section 4.2.4,
e.g. Chevalier and Donnadieu, 2015; Harris, 2013).

6.4.4 Seismic records

We can estimate the seismic energy, assuming that the ground velocity is due to pure body
waves, by (Johnson and Aster, 2005)

E 27'f"r'ventforockcrock S A _ T feventTvent
seismic — seismic seismic(rvent) =exp| — )
selsmlc Crocsteismic
(6.7)

where prock =2000kg. m ™ and ¢k =2500m.s~! are the rock density and seismic P-wave

velocity into the rock, Aseismic is the attenuation and Seeismic accounts for the site effects
and are neglected here; Qseismic is the quality factor.

The main seismic frequency of explosions is estimated by looking for the maximum amplitude
of the signal spectrum of the explosion.

6.4.5 Combined methods

The particle size, i.e. the equivalent diameter of the ejecta, can be estimated from the gas
and ejecta velocities by a dimensionless analysis of the equation of motion for a turbulent
system and for ejecta having terminal velocities (Steinberg and Babenko, 1978). We assume
that the particle of diameter Dp and density pejecta is carried with a velocity Ugjecta by the
gas flow of velocity Ugas and density pgas. The dimensionless analysis of the equation of
motion for a tubulent flow gives (Steinberg and Babenko, 1978)

3Cp Pgas (

Dp =
49 Pejecta

Ugas - Uejecta)2 ) (6~8)

where Cp = 0.50 is the drag coefficient, pgas = 0.80 kg.m™3 the dusty gas density, ¢ =
9.81m.s™2 the constant of gravity and pejecta = 850kg.m™3 the density of ejecta. The
uncertainties on the gas and ejecta densities and the ejecta velocities is such that we
estimate a rough approximation of the particle size. However these estimates of the ejecta
size is very important as it is a key parameter for models of plume dynamics.

The depth of the top of the magma column AH, i.e. the elevation of the top of the magma
column into the conduit, is estimated from the thermo-acoustic delay At = tihermal —
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tinfrasonic by (Figure 4.47, e.g. Ripepe et al., 2002)

T'vent ) Ccondu itUejecta

Cconduit — Uejecta

(6.9)

AH = (tthermal - tinfrasonic +
Catm
where Cconduit 18 the sound speed into the conduit.

The sound speed in the conduit is estimated assuming a homogeneous two-phase flow
between gas and ejecta by (Wood, 1955)

1
Cconduit =
as l_ as
\/(agaspgas + (1 - agas)pejecta) < e 4 a% >

: (6.10)

2
PgasCqas PejectaCejecta

where agas is the gas volume fraction and visualy range between 0.50 % and 0.97 % on
videos. The proportion of gas and ejecta in the conduit has significant effects on the sound
speed (Figure 4.48).

The thermo-infrasonic delay At, measured at the distance 7yent, is corrected for value it
will have if the infrasonic and thermal sensors were located at 100 m:

AH = (At+ TVe”t> ( UejectaCconduit >

Catm Cconduit — Uejecta

Ts UgjectaCeonduit
= (Ats + ) < 2
Catm Cconduit — Uejecta
— Tvent

= Aty = At 4 2 Tvent, (6.11)

Catm

where At, is the thermo-infrasonic delay scaled at the distance of reference r; = 100 m.
The difference between the scaled and measured delays is —0.53 s and —0.71 s in June 2009
and Sept-Nov 2016, respectively.

We define the volcanic acoustic-seismic ratio (VASR) and volcanic acoustic-thermal ratio
(VATR) per sliding window by

RMSinfrasonic
VASR = ——nfrasonic 6.12
RMSseismic ( )
RMSinfrasonic
VATR = —infrasonic 6.13
RMSthermal ( )

respectively. The VASR and VATR per sliding window acount for the passive and active
activity (i.e. explosions and inter-explosions).

We define the volcanic acoustic-seismic ratio (VASReyvent) and volcanic acoustic-thermal
ratio (VATRevent) per explosion by

Einfrasonic
VASReyent = —mfrasonic (6.14)
Eseismic
_ Einfrasonic
VATRevent - ) (615)
Ethermal

respectively.
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Figure 6.6 — Summary of the detection on infrasonic records at Yasur from 2003 to 2016: a) Number
of event per hour. b) Maximum (blue dots) and minimum (red dots) acoustic pressure per event;
the curves show the mean of the maximum and minimum acoustic pressure of the 3 strongest
explosions. The infrasonic sensor is located ~500 m north-east from the centre of the crater. Gaps
in the records appear as gray rectangles with the dates of start and stop of the gap at the bottom
and at the top, respectively.

6.5 Results

6.5.1 Temporal variability

We have shown in the previous chapter (Chapter 5) that the Strombolian activity can vary
between volcanoes. We also have shown that the Strombolian activity can vary in time at
the same volcano with the data from the two field campaigns at Yasur (see figures 5.7, 5.8,
5.12 and 5.16 from previous chapter). In the present chapter, we focus on the temporal
variability of the Strombolian activity at Yasur.

The acoustic pressure is measured quasi-continuously by a permanent station on from
Mount Melkem, since 2003, at a distance of 500 m from the centre of the crater. The station
is partially broken since the cyclone Pam, in March 2015 and has not been repared yet.
The gas volume flux obtained from these almost 12 years of records, equivallent to 4.5 years
in continuous, also shows the temporal variability of the Strombolian activity, at Yasur, in
terms of total degassing (passive + active, figure 6.5). The number of events per hour and
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Figure 6.7 — Frequency contents of the infrasonic records during the two field campaigns at Yasur
between a) 0.10Hz and 10 Hz and b) 1Hz and 10Hz. Each vertical line corresponds to a spectra
per hour, and the number of vertical lines corresponds to the number of hours during the two field
campaigns. Note the different scale of the amplitude.

the maximum acoustic pressure per event show the temporal activity of the Strombolian
activity at Yasur in terms of active degassing (i.e. emitted by the Strombolian explosions,
figure 6.6). We observe that the transition from a quiet activity to a strong activity can
vary in duration and that the strong phases of activity can also vary in duration. We
are interested in finding precursors to these increases of the intensity of the Strombolian
activity.

We focus on the two field campaings at Yasur for which we have simultaneous infrasonic,
thermal and seismic records. We have chosen to present each data type before combining
them.

6.5.2 Infrasonic analysis

The results from the infrasonic processing during both field campaigns are shown on
figures 6.7 to 6.13.

The frequency contents of the infrasonic records present variations with time (Figure 6.7).
We observe phases of activity with dominant frequencies that are higher (2 Hz—4 Hz) than
during other phases. These phases dominated by high frequencies are associated to ash-
poor and strong Strombolian explosions (Meier et al., 2016). The infrasonic energy per
sliding window and by frequency bands also reveals that the frequency contents vary in time
(Figure 6.8). We also observe, sometimes, a high level of low frequencies (<25/06,/2009).

The frequency bands of detection (0.50 Hz-1.80 Hz and 1.80 Hz-4 Hz) are often dominant
over the two other frequency bands (0.10 Hz-0.50 Hz and 4 Hz-10 Hz) indicating that there
is a quite high signal to noise ratio on our records (Figure 6.8c). The high frequencies (4 Hz—
10 Hz) are very weak. However the low frequencies (0.10 Hz-0.50 Hz) can be dominant, such
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campaigns. No correction is applied on the gas volume flux. The significant level of the 0.10 Hz—-
0.50 Hz frequency band early in June 2009 is associated to bad weather conditions and oceanic
noise.

as before the 25th of June 2009. These low frequencies are probably due to the bad weather
and/or oceanic waves and decreases the signal to noise ratio. The quality of our data in
that case is deteriorated (Figure 6.9¢ and 6.10c).

We detect 172ev.h™! in average and the maximum acoustic pressure can reach 2270 Pa
at 100m (Figure 6.9a-b). The rate of explosions and the maximum acoustic pressure is
very variable in time and is correlated to the gas volume flux per sliding window in the
frequency bands of the explosions (0.50 Hz—4 Hz). The activity is almost steady during
the 15 days in June 2009. However we observe an alternation of quiet and strong phases
of activity in Sept-Nov 2016. We then wonder why or how the activity in June 2009 can
remain steady and why the activity in Sept-Nov 2016 is unsteady.

The infrasonic duration of the Strombolian variations also varies (0.20s-10s) but is not
as clear as the variability of the rate of explosions nor the maximum acoustic pressure
(Figure 6.9¢). Moreover the infrasonic duration is over-estimated when there are energetic
low frequencies (0.10 Hz-0.50 Hz). This bias makes us to reduce the maximum duration to
9.

The infrasonic energy and the gas velocity per explosion are well corraleted (Figure 6.10a—
b) because the gas velocity is proportional to the infrasonic energy to the power 1/4 and
because the Parseval theorem is used to estimate the infrasonic energy only between 0.50 Hz
and 4 Hz. This narrower frequency band corrects the bias induced by the low frequencies.
There is also a strong visual correlation between the maximum acoustic pressure and the
infrasonic energy and the gas velocity.
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Figure 6.9 — Key parameters of Strombolian explosions on infrasonic records as a function of time,
during the two field campaign at Yasur. a) Number of events per hour. b) Maximum acoustic
pressure per event, scaled at 100m. c) Duration of the explosions seen by the infrasonic sensor.
The red ellipses highlight periods during which the estimates are of bad quality due to the existence
of residual strong low frequency, 0.10 Hz—0.50 Hz despite the filtering.

However the gas volume per Strombolian explosion, calculated on the signal filtered between
0.10Hz and 10Hz, is often abnormously increased for the small explosions when there
are too much low frequencies because the two succesive integrations increase the offset
due to the low frequencies (Figure 6.10c and figure 6.11). We have chosen to keep the
wide frequency band, despite this bias, because the low frequencies have a small effect
on the strong explosions and because the strong explosions have information within the
low frequencies (tail of the infrasonic waveform). The over-estimated values of the gas
volume of the small explosions can be removed using the programme for the selection of
the explosions (see section 3.6.5).

One of the most important information is the gas flux that can be estimated either for the
active degassing (explosions), for the passive degassing (inter-explosion) or for the total
degassing (explosions + inter-explosion, figure 6.12). The gas flux from passive degassing
is 2-50 times the gas flux from active degassing. The active and passive degassing are
roughly correlated when comparing strong and quiet phases. However strong phases do
not always have the same increase for the active and passive degassing (see the thick crosses
in figure 6.12a-b)

The critical value of the gas flux above which the activity switches from quiet to strong
is 4.0 x 103 m3.s7! (passive: 3.6m>.s7!; active: 420m3.s7!, figure 6.12). The exact value
of the transition quiet—strong is extremely clear on the 21st of September 2016 where the
increase in gas flux starts progressively before its sudden increase. Using this value for
the critical gas flux also matches all transitions quiet to strong and strong to quiet. There
is a slight crossing of the transition on the 28th of June 2009 on the passive degassing,
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Figure 6.10 — Estimation of a) infrasonic energy, b) gas velocity and c¢) gas volume per event during
the two field campaigns at Yasur. The red ellipses highlight periods during which the estimates
are of bad quality due to the existence of residual strong low frequency, 0.10 Hz—0.50 Hz despite
the filtering.

suggesting that other small sources of degassing might exist.

The comparison of the degassing in the 0.50 Hz-1.80 Hz and 0.50 Hz-1.80 Hz frequency
bands highlights variations of the main frequency of the Strombolian activity with sometimes
higher amplitude in the 0.50 Hz-1.80 Hz band than in the 0.50 Hz-1.80 Hz (around the
25/09/2016) and vise-versa (around the 01/10/2016, Figure 6.13)

6.5.3 Thermal analysis

The results from the thermal processing are presented in figures 6.14 and 6.15.

The variation of the brightness temperature is up to 600 K during Strombolian explosions
(Figure 6.14a). However the maximum variation of the brightness temperature per explosion
does not have a clear temporal variations (Figure 6.14a) in contrast to the maximum
acoustic pressure (Figure 6.9b). The thermal duration per Strombolian explosion have
also little variations (Figure 6.14b). However we can observe an increase of the thermal
duration before the 20th of September that is followed by the shortening of the signal
between the 20th and 30th of September 2016 (Orange dashed lines in figure 6.14b). The
decrease in the duration of the thermal signals seems to be correlated to the strong activity
seen on infrasonic records during at that time (Figures 6.9 and 6.10). The shortening of the
duration can be explained by the existence of gas-rich Strombolian explosions that have a
too low quantity of ashes to stay above the threshold of detection of the radiometers for a
long time. This is consistent with the high frequency contents on infrasonic records during
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that period (Figure 6.7).

It is difficult to get information from the thermal energy per event and from the ejecta
velocity because the key parameters from the thermal records (maximum temperature
variation and thermal duration) give little information themselves (Figure 6.15), because
the measurements recorded by the radiometers are very sensitive to the number of ejecta,
their size and surface temperature within the field of view and because the gas opacification
can blind the radiometers (see section 4.2 and Gaudin, 2012). Moreover, the estimates of
thermal energy and ejecta velocity are easy biased because of the long efficient response
time of the radiometers (Sections 2.3 and 4.2.3a).

6.5.4 Seismic analysis

The results from the seismic processing is presented in figures 6.16 and 6.17.

The maximum ground velocity ranges from a few micrometres per second to a few millimetres
per second s(Figure 6.16a-b). We observe noticeable variations in time on the ground
velocity, although not very large, and some of them are at the same time than the variations
we have observed on infrasonic records. The seismic duration of the Strombolian explosions
ranges from a few seconds to a few tens of seconds and does not have clear variations
(Figure 6.16¢). We observe a bimodality on the distribution of the seismic duration with
a cut off around 10s (Figure 6.16d).

The seismic energy varies in time similarly to the variations of the infrasonic energy.
However, the coupling between infrasonic and seismic parameters does not seem to be
the same all time; for example higher seismic energy around the 15th of October than
the 25th of September (Figure 6.17a), whereas infrasonic energy reaches the same order of
magnitude the 15th of October and the 25th of September (Figure 6.10a).

We observe on the temporal evolution of the main seismic frequency of the Strombolian
explosions that the seismic records from June 2009 have not been corrected from the
instrumental response, yet (Figure 6.17¢). Two dominant frequencies appears at 1.75Hz
and 2.50Hz (Figure 6.17d). However there is no clear temporal variations of the main
frequency of the events.
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6.5.5 Thermo-infrasonic analysis

The thermo-infrasonic ratio of energy mostly depends on the infrasonic energy (Figure 6.18a)
because of the strong variations existing on infrasonic records (Figure 6.10a) and because
the thermal energy has little temporal changes (Figure 6.15a). A high ratio of infrasonic to
thermal energy indicates gas-rich explosions because the infrasonic measurements record
gas motion while the thermal measurements are measuring the amount and temperature
of hot solids or liquids above the vent and are less sensitive to the gas. The time of high
ratios of energy, i.e. of gas-rich explosions, is consistent with the previous observation on
the thermal duration and the infrasonic spectrogram (Figures 6.7 and 6.14b). Note that
the transitions from quiet to strong are very sudden and well marked.

The ratio of the ejecta velocity to gas velocity mirrors the ratio of infrasonic energy to
thermal energy (Figure 6.18b). During periods dominated by gas-rich explosions such as
the one around the 25th September of 2016, the gas velocity increases more than the ejecta
velocity, possibly because larger fragments are ejected (Figure 6.18c). The mean size of the
ejecta per event varies with both the ratio of energies and the maximum acoustic pressure
(Figure 6.18c). The stronger is the activity, the bigger the average size of ejecta can be,
with sizes up to 1.50 m in equivalent diameter.

The thermo-infrasonic delay is shorter during the 2009-field campaign than during the
2016-field campaign (scaled at 100 m, Figure 6.19a) indicating that the top of the magma
column is deeper in 2016 than in 2009. The calculation of the depth of the magma column
(Equation (6.9)) is biased by the efficient response time of the radiometers that enlarge
errors on the thermo-infrasonic delay and on the ejecta velocity. It is then difficult to
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correction is applied on the gas volume flux.

give an estimation of the depth from the estimates per event (Figure 6.19b). However the
estimates obtained from Monte Carlo analyses (Section 5.6.3) show that the depth of the
magma column remains shallow (2009: 0m-5m, 2016: 60 m—90m, figures 5.13 and B.4
to B.8)

6.5.6 Seismo-infrasonic analysis

The ratio of infrasonic to seismic energy (VASRevent) is correlated with the evolution of the
infrasonic energy (Figure 6.20). The variations of the VASR can be due to several sources
conditions (Johnson and Aster, 2005):

e a high density plume (i.e. ash-rich, ejecta-rich) produces a low VASR, while a low
density plume (gas-rich) produces high VASR;

e a high impedance contrast between the magma and the surrounding rock generates
lower VASR than a low impedance contrast;

e a long and narrow conduit (i.e. a deep source) produces a lower VASR than a short
and wide conduit;

e a large source region produces lower VASR than a small source region.

We assume that the source region remains small for all Strombolian explosions. The
impedance between the magma and the surrounding rocks is assumed to be constant (little
variations of the magma composition, temperature and gas volume fraction during the
period of observation). The variation of the VASR can be either be due to variations of the
plume density or to variations of the depth of the explosions. There are no visual correlation
between the depth of the magma column and the VASR (Figures 6.19 and 6.20b). We then
deduce that the variations of the VASR are mostly due to the variation of the plume density.
The phases with the highest ratio of infrasonic to seismic energy, i.e. the phases with low
density plume occur at the same time than our previous observations for the temporal
evolution of the gas-rich and ash-rich explosions (Figures 6.7 and 6.15a).
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Figure 6.14 — Key parameters of Strombolian explosions on thermal records from the lower
radiometer as a function of time, during the two field campaigns at Yasur. a) Maximum variation
of temperature per event. b) Duration of the explosions seen by the thermal sensor. The orange
dashed lines in b) show the trends that seems to exist.

6.5.7 Analysis of the simultaneous infrasonic, seismic and thermal records

The calculation of the RMS per sliding window of 30 min gives the temporal evolution of
the total degassing (active and passive degassing). (Figure 6.21). The infrasonic RMS is
correlated to the other infrasonic parameters such as infrasonic energy per sliding window,
maximum acoustic pressure, gas velocity and volume, etc. (Figure 6.21a. The thermal
RMS has a large and regular decrease in 2009 (Figure 6.21b). This decrease might be
either due to the oxydation of the Zn—Se window or due to the variation of the magma
level that was observed to be high at that moment. The thermal RMS does not have strong
variations in 2016 (Figure 6.21b). The little and cyclic variations (light red) are probably
due to the day-night cycle. The seismic RMS seems to be correlated to the infrasonic
RMS, however the variations are smoother (Figure 6.21c). The abnormaly large values of
the seismic RMS are probably not due to Strombolian explosions but due to an incomplete
correction of the earthquakes.

The ratio of energy based on the calculation of the RMS per sliding window (i.e. explosion
and inter-explosion), is quite similar to the ratio of energy based on the detections (i.e.
explosion, Figures 6.18, 6.20 and 6.22).

The figures 6.23 and 6.24 show the distributions of the key parameters from the different
techniques for all events detected on each record independently and for all events detected
quasi-simultaneously on the three records, respectively. The events that are detected quasi-
simultaneously on the three records were linked looking for the closest event from one record
to another (See the method in section 3.6.7). The distributions of the other infrasonic and
thermal parameters can be found in the previous chapter (Chapter 5). The distributions
of the other seismic parameters can be found in section 6.5.4.

We observe small variations of the distribution of the maximum acoustic pressure, the
infrasonic energy and the seismic durations when we compare all explosions (unlinked,
Figure 6.23) to explosions that are found on the infrasonic, thermal and seismic records
(linked, Figure 6.24). The link between the different techniques highlights a bimodality
on the maximum acoustic pressure and the infrasonic energy distribution. However the
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Figure 6.15 — Estimation of a) thermal energy, and b) ejecta velocity per event during the two field
campaigns at Yasur.

link between the different techniques erases the bimodality observed on the distribution of
the seismic durations. In summary, the typical repose time of explosions is best estimated
when using infrasonic, thermal and seismic records independently to one another (unlinked,
Figure 6.23). However when the three records are combined, the typical repose time,
although only for one specific vent, might suffer from the lack of detectins on one record,
due to noise. Furthermore, linking explosions on the three records unsure the best quality
of the detections. This reduces the number of small explosions, in practice much more
numerous than large explosions, thereby it enhances the two different modes on certain
histograms (Figure 6.24).

The high number of parameters makes the analysis of the results difficult. We then focus
on unlinked infrasonic data. Indeed, the temporal variations are clear and the variation
of the distribution, when considering all or only linked detections, is due to the fact that
the infrasonic and seismic sensors record the activity from all vents and the thermal sensor
only from one vent.

6.5.8 Phases of intensity

We have determined 34 phases of activity based on the number of detected events and the
maximum acoustic pressure per event. We can classify these phases as strong, intermediate
and quiet (Figure 6.25 and table 6.1). The strong phases can be long or short, lasting from
9h-65h and they can have a precursor (P05, P10). The strong phases can end suddenly
(P07, P21, P26) or progressively (P10, P16). Is the length of the strong phases, their
precursor and their end is an indicator for different mechanisms? We also observe that the
intermediate phases P33 and P34 are similar to the activity in June 2009 (P01) and thus
wonder if these phases P33-34 mark the beginning of a new steady period of activity such
as in June 2009.

A premilinary study on phases P02 to P08, that have very clear transitions between
the strong activity and the quiet activity, highlights two trends when comparing the
maximum acoustic pressure per explosion and the maximum ground velocity (Figure 6.26a—
b). Strombolian explosions with low maximum acoustic pressure have a wider range of
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Figure 6.16 — Key parameters of Strombolian explosions on seismic records as a function of time,
during the two field campaign at Yasur. Maximum ground velocity per event a) as a function of
time and b) the associated histogram. Duration of the explosions seen by the seismic sensor c) as
a function of time and d) the associated histogram.

maximum ground velocity than the Strombolian explosions with a high maximum acoustic
pressure. The limits between weak and strong explosions can be set at 340Pa for a
distance from the source of 100 m. This limits at 340 Pa is also valide when looking the
maximum acoustic pressure as a function of the maximum ground velocity for the whole
field campaigns (Figure 6.26c-d).

The trend with low maximum acoustic pressure (<340Pa at 100m) exists for all phases
indicating that there is a persistent mechanism that leads to the small Strombolian explosions.
The trend with the high maximum acoustic pressure is then due to a additional mechanism
that is superimposed to the persistent mechanism. This superimposed mechanism is
associated to stronger Strombolian explosions than for the persistent mechanism. These
observations are consistent with the observation of Spina et al. (2015).

We now focus on the distributions of the infrasonic delays, the infrasonic energy and the
gas volume for the strong explosions (>340 Pa) to characterise the strong phases of activity
(Figures 6.27 to 6.29 and figures C.5, C.8 and C.9 for an sole view of the strong explosions).

The distributions of the infrasonic return time of the phases P05 to P07 is very similar
for the strong explosions with the mode around 100s (Figure 6.27). The small explosions
are more frequent with a mode around 5s during phases P05 to P07. The distribution of
the infrasonic energy during these three phases is also very similar with a mode around
10° J for small explosions and around 5 x 107 J for strong explosions (Figure 6.28). The
distribution of the gas volume for the strong explosions has a mode at 2 x 10*m? per
event and at 2 x 103m? for the small explosions and is also similar for phases P05 to
P07 (Figure 6.35). The strong phase P05-P07 has been separated in three parts because
of the different number of events per 30 minutes and of the increase of the maximum
acoustic pressure from P05 to P07 (Figure 6.25b-c¢). However the distribution of the gas
volume per event and the distribution of the return time, for the strong explosions, are key
parameters because they characterise the gas flux responsible for these strong explosions.
Phases P05-P07 can be part of the same category called S1 for the strong explosions.

We can also associate phases P20-P21 and P25-P26 with a similar reasoning. The distributions
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at Yasur. Seismic energy a) as a function of time and b) the associated histogram. Main frequency
per event c) as a function of time and d) the associated histogram.

of the infrasonic return time, infrasonic energy and gas volume of P16, P20-P21 and P25-
P26 are also similar to the distributions of the infrasonic return time, infrasonic energy
and gas volume of P05-P07. Phases P16, P20-P21 and P25-P26 can then be part of the
category S1.

The distributions of the infrasonic return time, infrasonic energy and gas volume for the
strong explosions of the phases P10, P28 and P31 seems too different for these strong phases
to be part of the category S1. Both phases P10 and P31 have a precursor charaterised by
an intermediate phase that have an increasing activity (P09 and P30). These phases P10
and P31 have similar distributions and then can be part of the same category S2 for the
strong phases. The strong phase P28 does not seem to belong to S1 nor S2 when looking at
the distribution of the infrasonic return time of the strong explosions. However the modes
of the infrasonic energy and gas volume are similar to the values of P31. We then decide
to put P28 into S2.

The distribution of return time of the strong explosions during phases P01 and P33-34 are
similar despite the diffence of duration of these three phases (Table 6.1). The modes of
the distribution of the gas volume for the small explosions are similar for the three phases.
However the distribution of the gas volume during P01 has a bump with larger volumes
because of the bias induced by low frequencies (0.10 Hz—0.50 Hz) on the infrasonic records
(Figures 6.8 and 6.10c). The gas volume distribution is then not a good parameter to
characterise the small Strombolian explosions when there are too much bias associated to
low frequencies. The distributions of the infrasonic energy for the strong explosions during
phases P33 and P34 are similar but they have a lower mode than the infrasonic energy
during P01. We choose to put P01 and P33-34 in the same category I1, despite their small
differences (distributions), because they have explosions with maximum acoustic pressure
of the same order of magnitude and an infrasonic RMS similar (Figure 6.25a and c).

We choose to put P03-04 and P09 in the same category 12 because they occur at the
transition between a quiet phase and a strong phase with a progressive increase of the
activity and because the distribution of the infrasonic return and infrasonic energy for the
small explosions are similar during these three phases (Figures 6.25, 6.27 and 6.28). The
distributions for the strong explosions are slightly different because the transition have not
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Figure 6.18 — Ratio of energy from simultaneous thermo-infrasonic records during the two field
campaigns at Yasur. a) Ratio of infrasonic energy to thermal energy (VATR). b) Ratio of ejecta
velocity to gas velocity. ¢) Mean particle size per event.

the same duration.

The phases P12 and P18 have maximum acoustic pressure per event of the same order of
magnitude, higher than the maximum acoustic pressure of the other intermediate phases.
However, we can not put them with the strong phases because they both have a low
infrasonic RMS and they do not reach the critical gas flux neither for the active degassing
nor for the passive degassing (the peak corresponds to P16, Figures 6.12 and 6.25). The
distributions of the infrasonic return time, the infrasonic energy and the gas volume for the
strong explosions during phases P12 and P18 are very similar. Furthermore, we observe a
smoother decrease of the activity during phases P12 and P18 than during strong phasesof
categories S1 and S2. The phases P12 and P18 can then be part of the same category I3.

It is more difficult to built categories with the phases of quiet activity because we must
focus on the small explosions instead of the strong explosions. The small explosions are
more difficult to detect than the strong explosions. Then we have less accurate distributions
for the small explosions than for the strong explosions. However the phases P02, P08, P13,
P19 and P30 can be part of the same category Q1. The phase P15 can also be part of
Q1 because the distribution of the infrasonic return time, the infrasonic energy and the
gas volume during the phases P13 and P15 are very similar for the strong explosions. The
phases P22 and P24 are put together in category Q2.

The figure 6.30 summarises the main phases built based on the infrasonic parameters. The
detailed comparison of the distribution for the main phase is also available in tables C.1
to C.8. The detailed comparison of the distribution for the main phase is also available in
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tables C.1 to C.8.

It is also interesting to compare the infrasonic and seismic RMS per phases (Figure 6.31).
We can focus on the phases P02 to P08. The quiet phase P02 has low infrasonic and seismic
RMS. The infrasonic and seismic RMS then increase during the intermediate phases P03—
P04 to the strong phase P05. The infrasonic and seismic RMS continue to increase to the
strong phase P06. However, the seismic RMS decreases during the strong phase P07 while
the infrasonic RMS continue to increase. Finally the infrasonic RMS decrease suddenly to
the quiet phase P08 without any transition. The infrasonic and seismic RMS of the phases
P02 and P08 are of the same order of magnitude.

The construction of the figure of the infrasonic RMS as a function of the seismic RMS
highlights two trends (Figure 6.31). The trend for small infrasonic and seismic RMS
remains stable with time while the trend for the high infrasonic and seismic RMS vary.
This observation is compatible with the hypothesis of the existence of a mechanism during
the strong phases that is superimposed to a persitent mechanism.

We now look to the distributions of the most determinant parameters for explosions
that are recorded by the infrasonic and seismic sensors (Figures 6.33 to 6.35, 6.37, 6.38
and C.2). The advantage of looking for linked infrasonic and seismic detections is that we
are sure they are really due to Strombolian explosions. Using linked explosions is most
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and c) seismic. The seismic RMS is done on the seismic records corrected from earthquakes found
in the UGSS database.

appropriate because the detections on seismic records are not as easily done as for infrasonic
records, due to the slow start of the waveforms and a relatively long duration (Figures 6.23
and 6.24). However using solely linked detections is not the best way to estimate the
typical return time, best detected on unliked explosions on infrasonic records where the
detections are reliable. Furthermore the gaps on seismic records are more frequent than
on infrasonic records. This leads to inaccuracy in the histograms. The other advantage in
using explosions linked in seismic and infrasonic records is to provide the whole temporal
sequence, despite several gaps, in contrast to analyses done when infrasonic, thermal and
seismic signals were associated. While infrasonic records were fully analysed by unsing the
sole records, using explosions linked in seismic and infrasonic reduces the number of small
explosions below seismic detections. This also allows a more reliable analysis of the seismic
detections for its distribution and its comparison with a given explosion.

The proportion of strong explosions is, as expected, higher when combining infrasonic and
seismic events than when looking for all infrasonic events(Figure 6.32). The distribution
of hte infrasonic return time of the strong explosions (>340Pa at 100m) are very similar
when looking for all infrasonic events (unlinked, Figure 6.27) and for infrasonic events
linked to seismic events (Figure 6.33). However the distributions of hte return time are
veery different for small explosions with the bimodality of the distributions that disappears
when looking linked events.

The distribution of the infrasonic durations are (incredibly) very similar for strong explosions
when looking for unlinked (Figure C.11) and linked events (Figure C.12). The distribution
of the infrasonic durations look quite similar for small explosions when looking for unlinked
and linked events for phases P01-P15, P17-P19, P22, P24-26 and P33-34.

The distribution of the infrasonic energy are similar for strong explosions when looking
for unlinked (Figure 6.34) and linked events (Figure 6.34). We observe small differences
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Figure 6.22 — Ratio of RMS per 30 minutes during both field campaigns at Yasur. a) Infrasonic to
thermal RMS and b) infrasonic to seismic RMS.

of the distributions of the infrasonic energy of small explosions when looking for unlinked
(Figure 6.34) and linked events (Figure 6.34). The phases P01 has a longer tail for its
distribution of the infrasonic energy of small explosions when the events are unlinked than
when the event are linked. That longer tail is due to the energetic low frequencies (0.10 Hz—
0.50 Hz) during that phase (Figure 6.8). The phase P11 has also different distribution of
the infrasonic energy per small explosions when looking for unlinked or linked detections,
with the bump observed on the distribution of unlinked small explosions that increased
until it disappear on the distribution of the linked small explosions. This can be due to
the increase of the infrasonic energy in the 0.50 Hz—1.80 Hz frequency band (Figure 6.13).

The distribution of the gas volume are very similar for strong explosions when looking for
unlinked (Figure 6.35) and linked events (Figure 6.35). However the distributions of the
gas volume for the small explosions when looking for unlinked and linked events can be
very different due to the bias induced by the energetic low frequencies that is increased
because the gas volume doubly depends on the duration and the ampllitude of the signal
(two successive integration of the acoustic pressure).

The analysis of the distributions of the infrasonic duration, the gas volume and velocity of
the infrasonic and seismo-infrasonic detections is not unconsistent with our classification
except for P28 that seems to stand aside from all categories (Tables C.1 to C.5). The
analysis of the distributions of the seismic parameters per phase for seismic detections
linked to infrasonic detections does not reveals great unconsistency with our classification
(Tables C.6 to C.8). The small unconsistencies we have observed are often due to the lack
of data due to the seismic gaps.

6.6 Discussion

The activity at Yasur, in Sept-Nov 2016 had alternations of vigorous and quiet phases with
fast transitions from a state to another, whereas the activity in June 2009 was typical and
stable. In Aug-Sept 2008, Meier et al. (2016) also observed various states of the surface
activity at Yasur but with smoother transitions than in Sept-Nov 2016, and the level of
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Figure 6.23 — Distribution of a) infrasonic, b) thermal and c¢) seismic key parameters for all
Strombolian explosions during both field campaigns at Yasur, condering records as independent.
1) Amplitude, 2) delay between two successive events, 3) duration and 4) energy.

activity, based on the maximum acoustic pressure, does not exceed the level observed in
June 2009 (up to 900 Pa at 100m).

6.6.1 Coexistence of two mechanisms for the formation the large gas pockets

Our results highlight that there are at least two sources of degassing (seismo-infrasonic
distribution) and that the explosions can be ash-rich or gas-rich (frequency contents of
the infrasonic records, thermal duration, VATR and VASR per event). Small explosions
(<340 Pa at 100m) are the results of a continuous mechanism of degassing while strong
explosions are due to an intermittent mechanism that triggers a stronger seismo-infrasonic
coupling. These strong explosions are also probably richer in gas than the small explosions
(Figure 6.39, Meier et al. (2016)).

The distributions of the key parameters for the small Strombolian explosions are more
widely spread that the distributions of the same key parameters for the strong explosions,
especially the distributions of the infrasonic return times and the gas volume per event
(Figures 6.27, 6.29, C.5 and C.9). The second key constraint is provided by looking at the
emitted gas flux at the vent (Figure 6.12). For both active and passive degassing, there is a
critical value of the gas flux, 420m3.s~! and 3.60 x 102 m3.s™!, respectively, for which the
eruptive pattern switch from quiet to vigourous. These critical values are also the same
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Figure 6.24 — Distribution of a) infrasonic, b) thermal and c) seismic key parameters for all linked
Strombolian explosions during both field campaigns at Yasur. 1) Amplitude, 2) duration and 3)
energy. Each detection on infrasonic records is associated to the closest detection on thermal and
seismic records.

for the transition vigourous to quiet. The very short time scale at which the transition
from quiet to vigourous, but also from vigourous to quiet suggests that the transition is
triggered by the start of an instability which passes between off and on.

The extremely well constrained value of the critical gas flux, above which the regime is
vigourous, suggests that the key parameter for the instability is the gas flux. This strongly
points out to the instability of the foam layer at the top of the reservoir, which also has
the underlying gas flux as one of the key controlling parameters. We can therefore explain
the difference of regimes by the state of equilibrium of the foam layer, stable or unstable,
that is trapped at the top of the magma reservoir (Figure 6.40).

The foam is probably stable during the quiet and intermediate regime, i.e. there is no
massive coalescence event. The foam spreads toward the conduit progressively by releasing
small bubbles in the conduit. These small bubbles coalesce progressively into the conduit
while rising by buoyancy and can be impacted by several effects such as the rarefaction
wave propagating downward the conduit after an explosion at the surface of the top of the
magma column (Figure 6.40a).

During vigorous regimes, the foam layer a the top of the reservoir is probably unstable
because the critical thickness has been exceeded by the arrival of an additional gas flux
from below (Figure 6.40b). The most likely cause of the transition is an increase of the
underlying gas flux that was estimated at the surface at ~420m3.s~! for the small and
strong explosions. The strong resemblance of the infrasonic waveforms of the Strombolian
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explosions (correlation coefficient ~80 %, figure C.18) and the very peaked histograms on
their gas volume and typical return times suggest that our interpretation has catched for
the first time, several viscous massive coalescence events which are correctly quantified.

The existence of transitions from quiet to strong and vice-versa suggest that the underlying
gas flux is probably composed by a permanent background gas flux, that can vary on long
periods compared to our study, on which pulses of gas flux are superimposed. The gas flux
has also been shown to have periods of being turned on and off at Erta’Ale (Vergniolle and
Bouche, 2016) and at Etna (Vergniolle and Gaudemer, 2012).

The increase of the underlying gas flux, during strong phases, increases the rate of the
explosions, decreasing the delay between two successive explosions, such that the surface
of the magma column has no time to cool and form a thick crust and remain liquid. In
contrast, during quiet phases, the delay between two successive explosions is longer, and
a crust at the top of the magma column might potentially form. Hence, we observe more
ash-rich explosions during quiet phases than during strong phases (Figures 6.18 and 6.20,
Meier et al. (2016)).

The cumulative gas volume of the strong explosions during each strong phase (additional
gas volume) and the duration of the quiet phase preceding each strong phase (repose time)
are very well correlated (0.98, figure 6.41d). These volumes are surely accumulated during
quiet phases and released during the strong phases, when the foam layer at the top of the
reservoir is unstable. The proportionality of 1.45 x 105m®.h=! (~400m?.s71), between
the repose time and the additional gas volume gives an estimate of the additional gas flux,
that is responsible for the massive coalescence. This value is consistent with the critical
value of the active gas flux we have determined previously for the triggering of the strong
phases (Figure 6.12).
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The correlation between the cumulative volume and the repose time, when using the small
explosions to calculate the cumulative volume, is less good (0.76, figure 6.41c) because
small explosions are not generated by the massive coalescence at the top of the reservoir,
but are only led by the larger volumes of the strong explosions. Some phases of activity
were not take into account for this analysis due to their different patterns. For example,
we do not take into account phase P12 which is a phase of relaxation that is not well
characterised yet. However we assume that the system is stable again since the phase P13.
We also combine phases P17-19, including P18 because we suspect that P18 is similar to
P12, and because its short duration has little impact on the on the repose time P17-P19.

The coexistence of the two mechanisms of bubble formation discussed here is also consistent
with the previous study of Oppenheimer et al. (2006), which found out a deep source and
a shallow source of degassing from FTIR measurements and validates the proposition of
Bani et al. (2013) which said that the deep source produces Taylor’s bubble by massive
foam coalescence and the shallow source by progressive coalescence in the conduit.

The coexistence of the two mechanisms of bubble formation discussed here is also consistent
with the previous study of Oppenheimer et al. (2006), which found out a deep source and a
shallow source of degassing from FTIR measurements and validates the proposition of Bani
et al. (2013) which said that the deep source produces Taylor’s bubble by massive foam
coalescence and the shallow source by progressive coalescence in the conduit. Multigas
measurements at Stromboli over a 3-months period of typical Strombolian activity also
hilight a deep source of degassing (>4 km, rich in COy and a shallow source of degassing
(<1km Aiuppa et al., 2010). These two sources of degassing suggest the coexistence of
both mechanisms of bubble formation at Stromboli. However they both seemed to be
persistent during the whole period of measurements (Aiuppa et al., 2010). Further study
is therefore needed to validate the coexistence of the two mechanisms at Stromboli and
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Figure 6.27 — Distribution of the return time between two successive events per phase for all
infrasonic events. The phase number is indicated north-west of each subplot. The number of small
(<340 Pa) and strong (>340Pa) explosions is indicated, north-east of each subplot, in green and
red, respectively.

can be similar as the one we presented here for Yasur.

6.6.2 Bubble diameter in the reservoir

The initiation of the massive coalescence of the foam depends on the dimensionless height
hfoam, in the reservoir which is given by (Figure 6.40, Jaupart and Vergniolle, 1989)

1/4
3ans,res,ulfoam < 4O'b,tension )
)

agas,foampmagmagdb,res

(6.16)

hfoam = )
ﬂ-agas,foampmagmag

where Qgas,res, (gasfoam and dpres are the gas flux, the gas volume fraction (60 %)
and the diameter of the gas bubble into the reservoir. pmagma is the magma density
(2700 kg.m™3), g the constant of gravity (9.81m.s™2) and o tension the surface tension
of the bubble (0.10kg.s~2 for a wet basalt, Mangan and Sisson, 2005). The foam viscosity
[tfoam 1S proportional to the magma viscosity such as fimagma (Jaupart and Vergniolle, 1989;
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Vergniolle et al., 2004).

Hmagma
Ufoam = ) (6.17)
e (1 - O4gas,f’oam)5/2

The magma viscosity is calculated using the model of Shaw (1972), the 7 compositions of
Yasur products, magma temperature (1107 °C) and dissolved water content (1 %) given in
Meétrich et al. (2011). The magma viscosity ranges from 488 Pa.s to 1263 Pa.s with the
mean and median values at 930 Pa.s and 962 Pa.s, respectively and a standard deviation
of 309Pa.s. We use a rounded magma viscosity at 103 Pa.s, giving the foam viscosity
Mfoam = 9.88 X 10° Pa.s.

The critical gas flux, in the reservoir, at which a given stable foam becomes unstable, is
obtained when the dimensionless foam height exceeds the threshold,

= 1
hfoam = =, (6.18)

Cgeom
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with Cgeom the geometrical factor given by (Jaupart and Vergniolle, 1989):

S, S, 1/4
Ceom = <—log < Se”t> + Se”t - 1> , (6.19)
res res
where Syent = ﬂ-Rzonduit = 19.6 m? is the surface of the vent and Syes is the surface of the

reservoir. The surface of the reservoir, which is unknown at Yasur, ranges probably from
that at Erta’Ale (7.55 x 10* m?, Bouche et al. (2010)) to that at Kilauea (10°m?, Yang
et al. (1992)) with an intermediate value equivalent to that at Etna (2 x 10° m?, Vergniolle
(2008)). The dimensionless foam height ranges then from 0.56 to 0.61 (Table C.9).

The critical gas flux deduced from the infrasonic records can be calculated at the depth of
the reservoir (~1km when considering the magma depth of the Yenkahe resurgent domes,
Brothelande and Merle, 2015; Brothelande et al., 2016b) using the ideal gas law for a rock
density of 2700 kg.m ™3, giving critical values at 1.5m3.s71, 13.2m?.s7! and 14.8m3.s~! for
the active, passive and total degassing, respectively. We thus estimate the upper and lower
limits of the bubble diameter in the reservoir by combining eqs. (6.16), (6.18) and (6.19)
for the active and total gas flux, respectively. Values of the bubble diameter range range
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from 13 pm to 14 pm and from 7pm to 8 pm when assuming the active and total gas flux,
respectively (Table 6.2).The tables C.9 and C.10 and figure C.20 show the effect of the
variation of the magma viscosity, the surface tension and the surface of the reservoir.

In order to best compare our determination of bubble diameter at Yasur to that found at
other basaltic volcanoes, we have to return to eq. (6.16). This equation shows that the
main parameters controlling the transition between a stable and an unstable foam is the
ratio ogas/dpres due to the weak dependence on the gas flux and magma viscosity. We
choose now to use an overestimated value of the surface tension identical to that of the dry
basalts (0.36kg.s~2, Proussevitch et al. (1993)). In this condition, the bubble diameter,
estimated between 47 pm and 50 pm (Tables C.9 and C.10), is significantly smaller than
that of other basaltic volcanoes (Vergniolle, 2008; Vergniolle and Bouche, 2016), due to
the large viscosity and large gas flux present at Yasur (Table 6.2). Note also that the gas
flux at Etna is probably overestimated because it is deduced from the maximum height of
the lava fountains rather than from a direct estimation of gas volumes. Despite all these
uncertainties, the fact remains that the bubble diameter at Yasur is closer to the critical
radius at nucleation (see a review in Vergniolle and Gaudemer, 2015) than in the case of

other basaltic volcanoes.
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Table 6.1 — Phases of activity during the field campaigns at Yasur.

Start End Duration (hr) Strength Category
POl 18/06, 00hr  02/07/09, 00hr 336 I Il
P02  15/09, 00hr  20/09/16, 0Thr 128 Q Q1
P03 20/09, 07hr  21/09/16, 09hr 26 I 12
P04 21/09, 09hr 21/09/16, 14hr 5 I 12
P05 21/09, 14hr  24/09/16, 06hr 65 S s1
P06  24/09, 06hr  25/09/16, 19hr 36 S S1
PO7  25/09, 19hr  27/09/16, 12hr 42 S St
P08  27/09, 12hr  29/09/16, 08hr 44 Q Q1
P09  29/09, 08hr  29/09/16, 21hr 13 I 12
P10 29/09, 21hr  30/09/16, 17hr 20 S S2
P11 30/09, 17hr  02/10/16, 05hr 36
P12 02/10, 05hr 08/10/16, 15hr 154 I 13
P13 08/10, 15hr  09/10,/16, 10hr 19 Q Q1
P14 09/10, 10hr 10/10/16, Olhr 15 I
P15 10/10, 0lhr 11/10/16, 03hr 27 Q Q1
P16 11/10, 03hr 11/10/16, 22hr 19 S S1
P17 11/10, 22hr 12/10/16, 09hr 11 I
P18 12/10, 09hr 12/10/16, 19hr 10 I 13
P19 12/10, 19hr  13/10/16, 22hr 27 Q Q1
P20 13/10, 22hr  15/10/16, 05hr 31 S S1
P21 15/10, 05hr  15/10/16, 22hr 17 S S1
P22 15/10, 22hr  16/10/16, 19hr 22 Q Q2
P23 16/10, 19hr  17/10/16, 22hr 26 ? ?
P24 17/10, 22hr  22/10/16, 00hr 99 Q Q2
P25 22/10, 00hr 22/10/16, 14hr 14 S S1
P26 22/10, 14hr  24/10/16, 10hr 43 S s1
P27 24/10, 10hr  26/10/16, 08hr 46 Q
P28 26/10, 08hr 26/10/16, 17hr 9 S S27
P29 26/10, 17hr  27/10/16, 21hr 28 Q
P30 27/10, 21hr  28/10/16, 17hr 20 Q Q1
P31 28/10, 17hr 29/10/16, 05hr 12 S S2
P32 29/10, 05hr 03/11/16, 10hr 125 Q
P33 03/11, 10hr  04/11/16, 14hr 28 I Il
P34 04/11, 14hr 05/11/16, 09hr 19 I I1

6.6.3 Depth of the magma column

We expected a higher level of magma when the underlying gas flux is enough to produce
massive coalescence (Figure 6.40).

However, in June 2009, the level of magma is very close to the surface of the vent (i.e. the
bottom of the field of view of the lower radiometer, figures 5.12, 5.13, 6.19, B.4 and B.5
and field observations), whereas the critical value of the gas volume flux, for which the
massive coalescence can exist, is not exceeded. The thickness of the foam layer, in that
case can be maintained just below the critical thickness, so that the foam remains stable.

In Sept-Nov 2016, the level of magma is deeper below the surface of the vent (Figures 6.19
and B.6 to B.8). The vigorous activity, at Yasur, before our measurements in Sept-Nov
2016 (see the correspondance with Esline Garaebiti, appendix D.1), has probably already
emptied a part of the magma within the conduit, hence a lower level of the magma column.

Furthermore, a deeper magma level, below the surface of the vent, in 2016 than in 2009
does not only mean that the height of the magma column above the reservoir is lower in
2016 than in 2009. Indeed the progressive construction of the volcanic cone, due to the
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accumulation of ejecta at the surface, can be responsible for the apparent deepening of the
source (Figure 6.42). Note also that the resolution of our method to estimate de depth of
the magma column is not sufficiantly accurate to see the temporal changes (Figure 6.19).

6.7 Conclusion

We have processed ~ 70 days of infrasonic, thermal and seismic data in order to understand
the temporal variability of the Strombolian activity at Yasur.

We have shown that two mechanisms co-exist for the formation of the Taylor bubbles that
are responsible of the Strombolian explosions at Yasur:

(i) the progressive coalescence of tiny bubbles rising the conduit is persistent and probably
due to a constant and persistent gas flux,
(ii) the massive coalescence of the foam, accumulated at the top of the reservoir, is
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Table 6.2 — Bubble diameter in the reservoir at several basaltic volcanoes.

ans,res Method™ Mmagma Ogas db,res Ref‘L
(m3.s71) (Pa.s) (kg.s72) (pm)

Active degassing

Erta’Ale 2.3x107%-5.9x107° IN 10 0.36 400-600 1
Etna 5.2 x 1072-8.3 x 1072 IN 10 0.36 500-590 2
Yasur 1.5 IN 1000 0.10 13-14 3
Total degassing

Etna 1.9 x 1072-4.0 x 1072 LF 10 0.36 400-440 2
Kilauea Iki 2.0-2.9 LF 10 0.36 180-200 2
Mauna Ulu 2.7-3.9 LF 10 0.36 170-180 2
Pu’u Q% 0.5-0.5 LF 10 0.36 290-260 2
Yasur 14.8 IN 1000 0.10 7-8 3

*IN: gas flux from infrasonic records; LF: gas flux from the height of the lava fountain.
1: Vergniolle and Bouche (2016); 2: Vergniolle (2008); 3: this study.

intermittent and might be due to a temporarily and superimposed gas flux.

These two mechanisms lead, at the surface, to small explosions (<340Pa at 100 m) from
the former mechanism and strong (>340Pa at 100m) and regular explosions from the
latter mechanism, which have a different seismo-infrasonic relationships. Furthermore, the
strong explosions seems to be poorer in ash than the small explosions (VATR, VASR per
explosion, figure 6.39). This can be later explored by estimating the ejecta volume fraction
per event, using videos, based of the number/area of pixels representing ejecta in a referece
area.

The intermittent increase of the gas flux at depth can be observed on infrasonic records,
when the gas flux exceeds, in the reservoir (~1km), the critical values at 1.5m3.s71,
13.2m3.s7! and 14.8m3.s7! for the active, passive and total degassing, respectively. The
critial value of the active gas flux gives estimates of the bubble diameter in the reservoir
between 13 mm—14 mm. These estimates are consistent with the bubble diameters at other
basaltic volcanoes (Etna, Kilauea, Erta’Ale) and the size of bubbles at nucleation. We
also have shown that the additional gas flux can be estimated at 72.90m?.s™!, from the

cumulative gas volume during strong phases and the repose time between two strong phases.

Note also that the persistent gas flux, maintaining the progressive coalescence into the
conduit, must be sufficient strong to avoid the conduit to be blocked by magma cooling
and thus the accumulation of gas at depth.
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It would be interesting to perform similar studies at Stromboli and Erebus volcanoes, both
in persistent Strombolian activity, in order to

1. validate the coexistence of the progressive coalescence in the conduit and the massive
coalescence at the top of the reservoir,

2. find the critical values of the gas flux (passive, active) for foam layer to become
unstable,

3. find the critical value of the maximum acoustic pressure for the explosions to be
generated by the massive coalsence.
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7.1 Conclusions

Le traitement de données infrasoniques et thermiques & I’Erta’Ale et au Piton de la
Fournaise et de données infrasoniques, thermiques et sismiques et I’analyse de vidéos au
Yasur ont permis d’étudier la variabilité de Iactivité strombolienne selon deux axes.

7.1.1 Variabilité mondiale de I'activité Strombolienne

L’étude en parallele de 'Erta’Ale, du Piton de la Fournaise et du Yasur a permiS de
mettre en avant la variabilité de l'activité Strombolienne & 1’échelle mondiale avec une
classification en terme d’activité faible, intermédiaire ou forte. Le paramétre essentiel
pour cette classification, nous parait étre ’amplitude infrasonique liée aux explosions
stromboliennes. En effet, il est le paramétre pour lequel nous avons pu trouver le plus
de données et aussi parce qu’il est le parameétre le moins entaché d’erreurs ou de biais
par rapport a des paramétres tels que la variation de température qui dépend beaucoup
de la fenétre de mesure et de la sensibilité effective du capteur (radiométre ou cameéra
thermique) ou encore les énergies qui sont trés dépendantes de la détermination de la limites
des explosions enregistrées par les capteurs. La surprise vient de la difficulté & interpréter
quantitativement les signaux thermiques, qui pourtant doivent contenir de 'information
sur la vitesse et la quantité des éjecta dans le champ de vue des radiométres.

Nous avons ainsi pu déterminer que les volcans en faible activité strombolienne, tels que
I’Erta’Ale, le Piton de la Fournaise ou encore le Villarrica, produisent des explosions
stromboliennes dont I’amplitude infrasonique ne dépasse pas 20 Pa a une distance de 100 m
de la source. Les volcans en forte activité strombolienne, tels que le Yasur, Ambrym ou
I’Arenal, peuvent en revanche produire des explosions stromboliennes dont 'amplitude
infrasonique exceéde 400 Pa.

Cette étude a également permis de valider I'existence d’'un mécanisme unique de fragmentation
pour toutes les explosions stromboliennes, de faibles & fortes, & partir d’un bilan d’énergies
définies en terme d’énergie de flottabilité et d’énergie du jet initial. Ce bilan d’énergie
reste, cependant, insuffisant pour caractériser I'activité strombolienne, notamment parce
que nous manquons 25 % des explosions au Yasur, par rapport au bilan entre les énergies
infrasoniques et thermiques, et a cause du biais induit par la taille de la fenétre des mesures
thermiques (Figure 5.15).

Les estimations des flux de gaz émis au Yasur et au Piton de la Fournaise & partir des
données infrasoniques et celles & partir des données géo-chimiques permettent de donner
pour chaque catégorie d’activité, faible, intermédiaire ou forte, un ordre de grandeur du
volume total de gaz émis par heure et de quantifier 'impact de chacun des volcans, en
activité strombolienne, sur ’environnement. En effet, le flux de gaz de chacune des espeéces
chimiques, dont les espéces toxiques ou a effets de serre pour 'atmosph7re, peut étre
quantifié connaissant leur proportion d’émission (FTIR, multigas). Un volcan ayant une
faible activité strombolienne émet ainsi environ 10° m3.h~!, tandis qu’un volcan ayant une
forte activité strombolienne émet de 10°m3.h~! au Yasur a 3 x 10’m?.h~! & Ambrym.
Pour des volcans en activité persistante sur plusieurs siécles, comme le Yasur ou le Stromboli,
ces volumes de gaz, émis dans I’atmosphere, sont non négligeables.
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7.1.2 Variabilité temporelle de |'activité Strombolienne, I'exemple du Yasur

L’étude de D’activité strombolienne du Yasur, & partir de données infrasoniques, sismiques

et thermiques et sur ~70 jours, nous a permis de confirmer ’existence de deux mécanismes a
Pceuvre pour la formation des grandes poches de gaz responsables des explosions stromboliennes
(comparaison sismo-infrasonique). La coalescence progressive dans le conduit est probablement
le mécanisme persistant au Yasur et produit des explosions stromboliennes de faible amplitude
infrasonique (<340Pa & 100m). La coalescence massive de la mousse au toit du réservoir

est probablement le mécanisme intermittent, qui s’ajoute a la coalescence progressive dans

le conduit et qui produit des explosions stromboliennes plus fortes (>340Pa a 100m). Il
serait intéressant dans le futur de voir si un mécanisme similaire est & ’ceuvre sur d’autres
volcans en activité persistante strombolienne, comme le Stromboli ou 1’Erebus.

Nous avons estimé que seul le régime persistant existe tant que le flux de gaz en profondeur
reste faible, sous une valeur critique que nous avons estimé a 1.5 m3.s™!, & partir des données
infrasoniques. Ce flux de gaz critique nous a permis d’estimer la tailles des bulles de gaz
dans le réservoir & 13 pm—14 pm, valeurs qui sont cohérentes avec les tailles estimées dans
les réservoirs d’autres volcans basaltiques (Erta’Ale, Etna et Kilauea) et la taille des bulles
a la nucléation.

Nous avons également montré au Yasur que l'activité strombolienne peut produire des
explosions plus ou moins riches en cendres (spectrogrammes infrasoniques, comparaisons
thermo-infrasonique et sismo-infrasonique) et que les explosions les plus riches en gaz, c’est-
a-dire les plus pauvres en cendres, sont essentiellement produites pendant les phases ot la
coalescence massive est possible. Une analyse de polarisation, sur les données sismiques de
2016, pourrait permettre de quantifier autrement les deux mécanismes mis en évidence au
Yasur dans cette étude, en estimant la profondeur des VLP par exemple, et ainsi permettre
d’identifier les phases d’activité faibles et fortes par un simple traitement sismique.

De nombreux points restent encore a éclaircir malgré la quantité importante de données
qui a été traitée pendant cette thése.

7.2 Perspectives

7.2.1 Fraction volumique du gaz

Le type d’explosion, riche en gaz ou en cendre reste un point important a déterminer. La
fraction volumique de gaz par explosion nous permettrait de caractériser proprement ces
deux types d’explosions. La vitesse du son dans le conduit, qui est trés dépendante de
la fraction volumique de gaz, serait donc plus adaptée pour calculer la profondeur de la
colonne de magma sous la bouche éruptive (Section 4.5.2).

Plusieurs pistes sont & suivre pour I'estimation de la fraction volumique de gaz. L’analyse
de vidéo permet de compter le nombre de pixels ot il y a du liquide magmatique chaud
(Section 4.3.2). Nous savons qu’en 2009, un pixel de la vidéo fait environ 30.50 cm x 28.10 cm
(~0.09m?) au niveau de la bouche éruptive. La vidéo nous permet d’estimer la surface
chaude que l'on peut extrapoler en un volume en considérant que les fragments sont
sphériques. Nous pouvons également estimer le flux volumique d’éjecta, a partir du volume
du codne strombolien et la durée de ’éruption, comme au Piton de la Fournaise, pour le
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comparer au flux volumique de gaz (Section 4.5.3).

7.2.2  Signaux sismiques

L’étude, plus compliquée, des enregistrements sismiques peut étre poursuivie en cherchant
les signaux longues périodes (LP) et trés long périodes (VLP). Associés aux signaux
sismiques et /ou infrasoniques des explosions, ces LP et VLP peuvent permettre une meilleure
compréhension de I’histoire d’une poche de gaz, depuis sa formation jusqu’a son explosion.
L’analyse de polarisation des VLP, peut par exemple permettre d’estimer leur profondeur
et donc la profondeur de formation de la poche de gaz. Associée au délai explosion-VLP,
la profondeur du VLP permet d’estimer la vitesse d’ascension de la poche de gaz.

7.2.3 Classification des formes d’ondes

La recherche, sur une partie de la longue série temporelle (2003-2008), de formes d’onde

infrasoniques caractéristiques pour les explosions riches en cendres a été commencée durant

cette thése sans grand succés. Une recherche plus ciblée par rapport aux résultats, récents,

de I'étude de D’activité du Yasur peut étre envisagée. Notamment, la classification des

formes d’ondes sismiques, infrasoniques et thermiques ainsi que leur couplage peut permettre
de mieux contraindre les types d’explosions (riche en gaz, ou en cendre). Il faut, pour cela,

faire plusieurs séries de classes, par phase d’activité et par explosions faibles (<340 Pa) ou

fortes (>340Pa).

7.2.4 Renforcer la définition de I'activité Strombolienne

Il serait nécessaire de faire une étude multi-disciplinaire, similaire, sur une longue période
continue au Stromboli et & ’Erebus. Nous pourrions alors vérifier la coexistence de la
coalescence progressive dans le conduit et massive dans le réservoir. Les flux de gaz critiques
nécessaires pour rendre la mousse au toit du réservoir instable pourrons alors étre estimer
si nécessaire. Cela permettrait de renforcer, encore, notre intuition que les mécanismes liés
a Dactivité strombolienne sont communs & tous les volcans pouvant produire une activité
strombolienne et donc de renforcer la définition qualitative de I'activité strombolienne.

7.2.5 Surveillance

Cette étude ne nous a pas permis de mettre en évidence des précurseurs aux phases fortes
de 'activité du Yasur. Une étude plus précise des transitions de phases est donc nécessaire.
Par exemple I'estimation des flux de gaz par 10min plutét qu’une heure, pourrait déja
permettre de confirmer ou non la simultanéité des changements de flux de gaz actifs et
passifs.

La compréhension des biais des différentes techniques est aussi & explorer. Elle est en outre
indispensable pour développer les techniques les plus fiables possible pour la surveillance
des volcans en activité strombolienne.

Une perspective également trés intéressante et utile est la construction d'un catalogue
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collaboratif de données géophysiques et géochimiques de 'activité strombolienne. Ceci
permettrait de mieux quantifier les limites de l'activité strombolienne. L’objectif principal
de cette quantification est d’anticiper d’éventuels changements majeurs de 'activité volcanique
tels que l'occurence de phases paroxysmales (éruptions vulcaniennes), la formation de
coulées de lave, ou encore I'arrét, en surface, de 'activité.
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Table A.1 — Frequency bands of levels from 1 to 10 for the Daubechies wavelet with 5 null-moments
(db5) for signal at sampling frequencies of a) 75Hz and b) 100 Hz. Note that in both cases, the
levels 4 and 5 suits well for the infrasonic Strombolian explosions seen at Yasur between 1.80 Hz
and 4 Hz

a) fs="75Hz b) fs = 100Hz
level 1 18.75—37.50 Hz level 1 25 —-50 Hz
level 2 9.38-18.75 Hz level 2 1250-25 Hz
level 3 4.69—- 9.38 Hz level 3 6.25—-12.50 Hz
level 4 2.34—- 4.69 Hz level 4 3.13- 6.25Hz
level 5 1.17— 2.34Hz level 5 1.56— 3.13Hz
level 6 0.59—- 1.17Hz level 6 0.78— 1.56 Hz
level 7 0.29- 0.59 Hz level 7 0.39- 0.78 Hz
level 8 0.15— 0.29 Hz level 8 0.20— 0.39 Hz
level 9 0.07- 0.15Hz level 9 0.10- 0.20 Hz
level 10 0.04— 0.07Hz level 10 0.05— 0.10 Hz




Al

Transfer functions

241

Table A.2 — Poles and zeros of the transfer function of a—d) microbarometers and e—f) seismometers.

a) MB2000 b) MB2005
CEA-DASE CEA-DASE
Poles —206.69 + 0.0 i| | Poles —206.69 + 0.0 1
17770+ 1778 i 17770+ 1778 i
—430+ 819.6 ¢ —430+ 819.6 ¢
—4.00 £ 1116.7 1 —4.00 £ 1116.7 1
—0.06 + 0.0 1 —0.06 £ 0.0 1
Zeros —468 820.00 + 0.0 || Zeros —468 820.00 + 0.0 1
0.00 + 0.0 1 0.00 + 0.0 1
‘ Sensitivity 100mV.Pa~! at 1Hz ‘ ‘ Sensitivity 97mV.Pa~! at 1Hz

https://prod.sandia.gov/techlib-noauth/

access-control.cgi/2014/1420108.pdf

https://prod.sandia.gov/techlib-noauth/

access-control.cgi/2014/1420108.pdf

c) MB3a d) MB3d
Seismowaves, CEA-DASE Seismowaves, CEA-DASE
Poles —0.06 &+ 0.0 %] | Poles + 1
—156.25 &+ 0.0 =2 + 1
—142.22 + 706.2 1 + )
Zeros —1156.25 £+ 0.0 | | Zeros + 1
0.00 £ 0.0 < + i
| Sensitivity 20mV.Pa~' at 1Hz | | Sensitivity 20mV.Pa~! at 1Hz
https://prod.sandia.gov/techlib-noauth/
access-control.cgi/2014/1420108.pdf not-found
e) LE-3Dlite MKII f) Trillium 40
Lennartz electronic Nanometrics
Poles —4.440 £ 4.44 i| | Poles =272 £+ 218 4
—1.083 £ 0.00 =2 56.50 & 0 {
Zeros 0.000+  0.00 i “0tE 01
0.000 + 0.00 || Zeros 0 =+ 0 4
0.000 £ 0.00 =+ 0 = 0 i
51.50 £+ 0 )
| Sensitivity 400V /(m/s) at 1 Hz | !
| Sensitivity 1500V /(m/s) at 1Hz

https://www.osop.com.pa/wp-content/
uploads/2013/11/Manual _LENNARTZ_

STSMOMETROS . pdf

https://www.passcal.nmt.edu/webfm_send/

948
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A.2 Measurements for the calibration of the thermal system

Table A.3 — Radiometers calibration: Measurements of known temperatures before and after the
field campaign of September—November 2016. In 2016, we used a cooking plate set at its maximum
power (200°C) and the temperature was controlled by a handhold infra-red thermometer. First
experiments in 2017 use boiling water (100 °C). Second experiments use another cooking plate with
a maximum temperature at 400 °C. In 2017, the temperature was controlled by a FLIR camera.

Temperature Radiometer Zn-Se  Emissivity' Distance to Temperature
of calibration window the source measurements
(°C) (Serial number) (m) (°C)

Calibration 1: August 2016, cooking plate at 200 °C (handhold thermometer)
200 20002764 none 0.85 0.73 165.0
200 20002764 thin 0.85 0.73 123.0
200 20002764 thick 0.85 0.73 152.0
200 20003181 none 0.85 0.44 182.0
200 20003181 thin 0.85 1.13 116.0
200 20003181 thick 0.85 1.13 143.0

Calibration 2: November 2017, boiling water at 100 °C (FLIR)

100 20002764 none 1 0.95 88.6
100 20002764 thin 1 0.95 36.8
100 20002764 thick 1 0.95 42.2
100 20002764 none 0.85 0.95 96.1
100 20002764 thin 0.85 0.95 40.7
100 20002764 thick 0.85 0.95 44.9
100 20003181 none 1 0.95 85.6
100 20003181 thin 1 0.95 37.1
100 20003181 thick 1 0.95 41.0
100 20003181 none 0.85 0.95 91.1
100 20003181 thin 0.85 0.95 39.6
100 20003181 thick 0.85 0.95 45.7
Calibration 3: November 2017, cooking plate at 460 °C (FLIR)

460 20002764 none 1 0.95 399

460 20002764 thin 1 0.95 101.5
460 20002764 thick 1 0.95 128.5
460 20002764 none 0.85 0.95 444

460 20002764 thin 0.85 0.95 110.5
460 20002764 thick 0.85 0.95 138.7
460 20003181 none 1 0.95 370

460 20003181 thin 1 0.95 92.0
460 20003181 thick 1 0.95 114.5
460 20003181 none 0.85 0.95 409

460 20003181 thin 0.85 0.95 105.0
460 20003181 thick 0.85 0.95 131.0

TEmissivity configuration of the radiometer (etermal). It corresponds to the temperature measured
by the radiometer corrected by the emissivity as Trecords = Tmeasurement /Ethermal-
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A.3 List of Earthquakes (USGS)

Table A.4 — Lists of the earthquakes of magnitude 4 and above that occured at a maximum distance
of 1000 km from Yasur (USGS database)

Time Magnitude Distance Latitude Longitude Depth
(km) ) ) (km)
19/06/09 11:24:25.100 4.3 913.9 —11.7920 166.5560  254.8
20/06,/09 12:40:29.090 4.8 891.9 —12.1950 166.0610 44.1
25/06/09 00:09:24.130 4.4 50.5  —19.0990 169.6050 35.0
25/06,/09 06:43:48.050 5.2 29.1 —19.3060 169.2960 35.0
25/06,/09 11:45:09.490 4.8 41.2 —19.2650 169.1670 35.0
25/06/09 21:02:46.410 4.4 166.4  —20.9570 169.9150 81.5
26/06/09 07:42:14.410 4.8 571.5  —14.8110 167.3050  165.0
29/06,/09 11:56:33.210 5.1 260.2  —21.5740 170.6550  176.2
15/09/16 01:14:36.800 4.2 534.8  —15.0805 167.5240  109.7
15/09/16 16:02:57.360 4.4 463.7  —15.4826 168.3791 10.0
15/09/16 17:35:57.230 4.3 681.1 —13.5580 168.0111 10.0
16/09/16 09:22:08.480 4.8 844.1  —12.5070 166.4361 61.5
16/09/16 12:47:05.960 4.5 295.0 —22.0337 170.3742 11.8
17/09/16 03:31:58.780 5.8 438.1  —16.0566 167.4862 31.0
17/09/16 14:38:11.670 4.2 646.3 —13.9865 167.6088  223.4
17/09/16 16:47:01.750 4.5 328.0 —22.3345 170.4124 10.0
20/09/16 09:33:23.930 4.3 643.0 —14.0932 167.3768  177.6
20/09/16 09:55:55.520 4.5 892.7  —11.9637 166.6444 54.3
20/09/16 13:59:43.880 4.5 872.3 —12.2353 166.4330 83.9
20/09/16 22:31:31.740 4.8 492.7  —22.8078 172.6395 10.0
22/09/16 03:50:30.030 4.4 2447  —21.4517 170.5830  155.0
22/09/16 12:05:58.190 4.9 396.7 —16.2234 168.0297  166.3
25/09/16 15:41:18.580 4.4 812.1 —12.5831 167.0895 188.1
26/09/16 12:41:11.290 4.4 867.1 —19.5173 177.7195 10.0
26/09/16 21:15:09.910 5.2 860.4 —19.5756 177.6564 10.0
26/09/16 21:30:45.710 5.0 868.1 —19.5626 177.7301 10.0
26/09/16 21:45:20.580 4.7 840.6  —19.4821 177.4657 10.0
26/09/16 22:07:50.150 4.6 874.2  —19.6215 177.7892 10.0
28/09/16 17:16:12.160 4.8 981.1 —11.2155 166.3716  122.8
29/09/16 04:35:22.430 4.3 725.8 —13.7760 166.2217  218.6
29/09/16 12:53:04.480 4.4 199.9 —18.2892 168.0671 48.8
29/09/16 21:09:51.240 4.3 481.1 —15.8195 167.1027  138.7
01/10/16 03:33:02.380 5.1 752.9 —13.1076 167.1984  206.3
01/10/16 03:33:02.380 5.1 752.9 —13.1076 167.1984  206.3
01/10/16 10:37:59.810 4.8 837.8 —12.5309 166.5319 67.1
01/10/16 10:37:59.810 4.8 837.8  —12.5309 166.5319 67.1
01/10/16 18:42:49.580 4.5 647.2  —23.6095 173.9076 10.0
01/10/16 18:42:49.580 4.5 647.2 —23.6095 173.9076 10.0
01/10/16 18:44:29.580 4.3 822.6 —12.5154 166.9881  255.9
01/10/16 18:44:29.580 4.3 822.6 —12.5154 166.9881  255.9
01/10/16 20:06:44.590 4.5 705.7 —13.9513 166.2778 10.0
01/10/16 20:06:44.590 4.5 705.7 —13.9513 166.2778 10.0
02/10/16 12:01:40.440 4.4 507.1 —22.6114 173.0457 10.0
02/10/16 23:35:14.790 4.6 116.3 —20.5130 169.0744 40.9
03/10/16 01:45:37.830 4.2 409.7  —17.9330 172.9527 35.7
03/10/16 03:15:24.580 4.4 562.6 —14.9115 167.2744  131.7
03/10/16 22:56:21.900 4.4 496.4  —15.4758 167.4774  114.3
05/10/16 23:11:36.090 4.6 200.5 —21.2312 170.0732 110.9
06/10/16 16:09:28.490 4.3 507.6  —15.2428 167.7931 97.6
07/10/16 04:16:12.260 4.4 222.7 —17.8271 168.3263 63.3
08/10/16 00:14:29.020 4.5 1000.0  —11.1947 165.9324 35.0
08/10/16 11:02:42.910 4.4 634.4 —14.1559 167.4327  204.4
10/10/16 09:01:01.700 4.3 421.3  —22.9125 171.2702 10.0

Continued on next page
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Table A.4 — Continued from previous page

Time Magnitude Distance Latitude Longitude Depth
(km) ) ) (km)
10/10/16 23:19:35.530 4.5 232.2 —21.5255 170.0922 83.4
12/10/16 04:57:35.490 4.8 984.2 —11.6862 165.1774 34.7
13/10/16 22:56:08.230 4.6 365.4 —16.6920 167.6964 35.0
14/10/16 00:13:05.690 4.9 490.1 —22.7618 172.6553 10.0
14/10/16 03:15:04.400 4.4 845.1 —12.5603 166.2820 34.1
14/10/16 09:31:20.360 4.5 52.0 —19.0851 169.6083  264.3
14/10/16 22:30:30.420 4.8 835.7 —12.4055 166.9442 186.3
15/10/16 18:47:09.030 4.6 840.0 —12.2882 167.1957  229.5
16/10/16 00:37:49.370 4.3 139.3  —18.9264 168.2804 38.1
16/10/16 11:39:24.910 4.7 594.7 —14.5512 167.3932 196.6
17/10/16 03:50:46.930 4.5 778.4  —17.1347 176.3771 10.0
17/10/16 12:10:04.610 4.4 570.6 —14.7275 167.5443 137.4
18/10/16 01:53:26.620 4.1 393.7 —16.2590 168.0122 189.9
18/10/16 19:45:31.550 4.1 436.2 —15.6414 168.8809 243.6
20/10/16 10:33:05.060 4.4 108.6  —18.6505 168.9899  219.5
21/10/16 01:27:58.910 4.3 779.5 —12.5188 169.2688  604.7
22/10/16 07:34:41.420 4.4 565.1 —23.2467 173.1644 10.0
22/10/16 18:23:48.430 4.3 96.1 —20.2187 169.9965 98.7
23/10/16 04:15:46.070 4.3 517.9 —15.1730 167.7110  109.7
23/10/16 17:24:13.750 4.5 641.4 —14.1494 167.2644 165.7
25/10/16 06:16:54.240 4.6 780.1 —12.9611 166.8699 122.8
25/10/16 17:01:00.300 5.1 749.6  —13.7314 165.8501 30.5
26/10/16 12:43:26.870 4.1 130.1 —18.5630 170.1473 253.4
26/10/16 14:08:28.960 4.3 492.0 —15.6434 167.2195 98.6
27/10/16 21:59:09.190 4.4 368.9 —16.6617 167.6863 44.7
27/10/16 22:54:00.480 4.6 741.7 —13.2396 167.1212 218.7
29/10/16 04:21:33.280 5.1 592.3 —14.7943 166.8858 31.4
30/10/16 14:08:20.790 4.5 298.3  —16.9478 168.6665  226.0
31/10/16 17:22:35.170 4.5 730.9  —12.9559 169.2604  626.7
01/11/16 21:35:34.910 5.0 707.1  —13.6619 166.8781  109.6
02/11/16 15:50:18.820 4.4 945.4 —11.4631 166.6460 119.8

04/11/16 06:45:03.520 5.0 70.2  —18.9198 169.2618  211.9
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Global inventory of Strombolian activity

Chapter B

B.1 Example of the calculation of total gas flux from SO, and gas ratio
measurements

I use the data of the 29th of October, 2007 at Yasur from Métrich et al. (2011). The SO»
flux is 620t.d~! (7.18kg.s™!) and the CO2/502, H0/SO2 and HCl/SO2 molar ratios of
gas are 1.80, 120 and 0.53, respectively (Table B.1).

The molar mass of the gas species is 18 g.mol™!, 36 g.mol~!, 44 g.mol~! and 64 g.mol~!
for the HoO, HCI, CO2 and SO3, respectively. I calculate the gas mass flux using eq. (5.9)
at 8.88kg.s™1, 242.19kg.s7!, 2.14kg.s~! and 7.18kg.s~! for the HyO, HCI, CO5 and SOs,

respectively.

The density of the gas species, at magma temperature Tinagma = 1373 K and at atmospheric
pressure Pym = 97063 Pa, is calculated using the ideal gas law (Equation (5.11)) at
0.15kg.m™3, 0.31kg.m™3, 0.37kg.m™3 and 0.54kg.m~3 for the H,O, HCl, CO5 and SO»,
respectively. The gas volume flux per species is then estimated at 1583 m3.s7!, 7m3.s71,
24m3.s7 and 13m?>.s7! for the HyO, HCI, CO and SO», respectively and the total volume

flux is 1627 m3.s~! (Table B.1).

Table B.1 — Estimate of the total gas volume flux from geochemistry measurements. Example of
the 29th of October, 2007 at Yasur (Métrich et al., 2011). Thagma = 1373 K and Pam = 97063 Pa.
Rig mol = 8.31 J.mol 1. K1

Gas species  Molar mass  Density Molar ratio Mass flux Volume flux
(X) (gmol™")  (kgm™®) (IX]/[SO2]) (kgs™') (td™)  (m®s7')
H>O 18 0.15 120 242 20909 1583
HC1 36 0.31 0.5 2 185 7
CO» 44 0.37 1.8 9 767 24
SO2 64 0.54 1 7 620 13
Total - - - 260 22481 1627
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B.2 Histograms of the key parameters
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Figure B.1 — Distribution of the key parameters at the three volcanoes (histograms).
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B.3 Histograms of the energy, velocity and volumes
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Figure B.2 — Distribution of energy, velocity and volume at the three volcanoes (histograms).
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B.4 Depth estimates from the Monte Carlo analysis
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Figure B.3 — Monte Carlo analysis to estimate the depth of the magma column at Piton de
la Fournaise in December, 2006. a) Parameters: 1) rinfrasonic — (115,00 4 6.67) m; 2) Catm =
(340.00 4 6.67) m.s~1; 3) rthermal — (115.00 + 6.67) m; 4) 6; = (0.0 £0.8)°; 5) O = (—4.0 £ 0.8)%;
6) agas = 0.95 £ 0.01. b) Measurements on the records: 1) thermo-infrasonic delay and 2) delay of
the radiometers. c) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity.

d) Results: 1) depth below 0m, 2) all depth and 3) depth above 0 m.
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Figure B.4 — Monte Carlo analysis to estimatethe depth of the magma column at Yasur in
June 2009. a) Parameters: 1) rinfrasonic — (280.00 + 6.67) m; 2) catm = (340.00 & 6.67) m.s™;
3) rthermal — (270.00 & 6.67) m; 4) 6; = (19.0 £ 0.8)%; 5) 02 = (15.0 £ 0.8)"; 6) qgas = 0.970 & 0.009
and 0.50 + 0.03. b) Measurements on the records: 1) thermo-infrasonic delay and 2) delay of the
radiometers. c¢) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity. d)
Results: 1) depth below 0m, 2) all depth and 3) depth above 0 m.
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YASO09: ash-rich (100000samples) Pejocta=850 kg.m'3, Cojocta=2500 ms™, Pgas=08 kg.m, Cgas=T42 m.s!
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Figure B.5 — Monte Carlo analysis to estimate of the depth of the magma column for ash-rich
explosions at Yasur in June 2009. a) Parameters: 1) rinfrasonic — (980.00 4+ 6.67) m; 2) catm =
(340.00 % 6.67) m.s~1; 3) rthermal — (270.00 4 6.67) m; 4) 6, = (19.0 % 0.8)"; 5) 05 = (15.0 = 0.8)°;
6) igas = 0.50 = 0.03. b) Measurements on the records. 1) thermo-infrasonic delay and 2) delay of
the radiometers. c) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity.

d) Results: 1) depth below 0m, 2) all depth and 3) depth above 0m.
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Figure B.6 — Monte Carlo analysis to estimate the depth of the magma column at Yasur in Sept-
Nov 2016. a) Parameters: 1) rinfrasonic. — (340.00 4+ 6.67) m; 2) catm = (340.00 £ 6.67) m.s~; 3)
pthermal — (340,00 + 6.67) m; 4) 0, = (29.0 +0.8)"; 5) 65 = (25.0 +0.8)"; 6) rgas = 0.970 = 0.009
and 0.50 + 0.03. b) Measurements on the records: 1) thermo-infrasonic delay and 2) delay of the
radiometers. c¢) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity. d)

Results: 1) depth below 0m, 2) all depth and 3) depth above 0 m.
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YAS16: gas-rich (100000samples) Pejocta=850 kg.m'3, Cojocta=2500 ms™, Pgas=08 kg.m'S, Cgas=T42 m.s!
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Figure B.7 - Monte Carlo analysis to estimate the depth of the magma column for gas-rich
explosions at Yasur in Sept-Nov 2016. a) Parameters: 1) rinfrasonic — (340.00 + 6.67) m; 2) catm =
(340.00 % 6.67) m.s~1; 3) rthermal — (340.00 4 6.67) m; 4) 0, = (29.0 % 0.8)"; 5) Oy = (25.0 = 0.8)°;
6) cigas = 0.970 & 0.009. b) Measurements on the records: 1) thermo-infrasonic delay and 2) delay
of the radiometers. c¢) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity.

d) Results: 1) depth below 0m, 2) all depth and 3) depth above 0m.
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Figure B.8 — Monte Carlo analysis to estimate the depth of the magma column for ash-rich
explosions at Yasur in Sept-Nov 2016. a) Parameters: 1) rinfrasonic — (340.00 + 6.67) m; 2) catm =
(340.00 £ 6.67) m.s~1; 3) rthermal — (340.00 £ 6.67) m; 4) 6; = (29.0 £ 0.8)"; 5) 6o = (25.0 £ 0.8)°;
6) igas = 0.50 = 0.03. b) Measurements on the records. 1) thermo-infrasonic delay and 2) delay of
the radiometers. c) Intermediate estimates: 1) sound speed in the conduit and 2) ejecta velocity.

d) Results: 1) depth below 0m, 2) all depth and 3) depth above 0m.
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Chapter C

Temporal activity at Yasur
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C.1 Histograms of the Strombolian explosions per phase
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Figure C.1 — Distribution of the infrasonic duration per phase for all infrasonic events.
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Figure C.2 — Distribution of the infrasonic duration per phase for all seismo-infrasonic events. The
phase number is indicated north-west of each subplot. The number of small (<340 Pa) and strong
(>340Pa) explosions is indicated, north-east of each subplot, in green and red, respectively.
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Figure C.3 — Distribution of the gas velocity per phase for all infrasonic events. The phase number
is indicated north-west of each subplot. The number of small (<340Pa) and strong (>340Pa)
explosions is indicated, north-east of each subplot, in green and red, respectively.
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Figure C.4 — Distribution of the gas velocity per phase for all seismo-infrasonic events.

The

phase number is indicated north-west of each subplot. The number of small (<340 Pa) and strong
(>340Pa) explosions is indicated, north-east of each subplot, in green and red, respectively.
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C.2 Histograms of the strong Strombolian explosions per phase
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Figure C.5 — Distribution of the return time between two successive events per phase for all strong
infrasonic events (>340Pa at 100m). The phase number is indicated north-west of each subplot.
The number of strong explosions is indicated, north-east of each subplot, in red.
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Figure C.6 — Distribution of the return time between two successive events per phase for all strong
seismo-infrasonic events (>340Pa at 100m). The phase number is indicated north-west of each
subplot. The number of strong explosions is indicated, north-east of each subplot, in red.
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Figure C.7 — Distribution of the infrasonic energy per phase for all strong infrasonic events (>340 Pa
at 100m). The phase number is indicated north-west of each subplot. The number of strong
explosions is indicated, north-east of each subplot, in red.
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Figure C.8 — Distribution of the infrasonic energy per phase for all strong seismo-infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.




264 APPENDIX C. TEMPORAL ACTIVITY AT YASUR A\

400 10 o2 0] 10 [P0z | 0] *° [Poa 01500 0

3

200 20

o
=S
-
w
w
(9]
w
o
w
o
o
=
ik
(=]
(3%
w

0
&0 PO7 0 2 P08 0 & P09 100 (P10 0

200
50

o
s
w o
o
i
©
i
O —
L
o
m
- O
o
e
o

10 400 512 0] 1o [P13 o] *° [p1a g 2

192

200

4]
o
;
w
=0
(=]
(=] w
2
ok
(=]
—
(=] (=
v
e
L&)
o]
® o

Counts (x1 OD)
w
o o
L oo
o w
(5] o
3 ] ~
(3]
o L]
o ©
w0 o

—
(=]
oo

40 rp1g o] 20 [p1g 0 P20
173 81200 1

100

P16

0
100

-
(=]
-

P21 0 P22 0 0 P24 0 P25 0
100 7 43 0| 20 19 3
5 0.5 50
10
0 0 0 0 0
P26 0] 2 [pz7 5] %0 P28 o] ! o] '° P30 0
200 14fita 52 05 4| 10 70
10 10 0.5
100 5
0! 0 —J]‘Lﬂﬂm"— 0 0 0
40 B3y 5] 20 [pa2 01100 [pas3 0 P34 02000 [All 0
42 41 219| 20 88 194lr2
20 10 50
6 [ 000
0 JML

| 0 0 0 0
10° 10% 10° 10° 10% 10° 10° 10% 10° 10° 10% 10° 10° 10% 10°

| All | | Small | | Strong ‘ Vol (m®) All acoustic

Figure C.9 — Distribution of the gas volume per phase for all strong infrasonic events (>340Pa
at 100m). The phase number is indicated north-west of each subplot. The number of strong
explosions is indicated, north-east of each subplot, in red.
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Figure C.10 — Distribution of the gas volume per phase for all strong seismo-infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.
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Figure C.11 — Distribution of the infrasonic duration per phase for all strong infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.
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Figure C.12 — Distribution of the infrasonic duration per phase for all strong seismo-infrasonic
events (>340Pa at 100m). The phase number is indicated north-west of each subplot. The
number of strong explosions is indicated, north-east of each subplot, in red.
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Figure C.13 — Distribution of the gas velocity per phase for all strong infrasonic events (>340 Pa
at 100m). The phase number is indicated north-west of each subplot. The number of strong
explosions is indicated, north-east of each subplot, in red.
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Figure C.14 — Distribution of the gas velocity per phase for all strong seismo-infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.
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Figure C.15 — Distribution of the ground velocity per phase for all strong seismo-infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.
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Figure C.16 — Distribution of the seismic duration per phase for all strong seismo-infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.
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Figure C.17 — Distribution of the seismic energy per phase for all strong seismo-infrasonic events
(>340Pa at 100m). The phase number is indicated north-west of each subplot. The number of
strong explosions is indicated, north-east of each subplot, in red.
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C.3 Stack of all strong infrasonic events
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Figure C.18 — a )Stack of all strong events detected on infrasonic records at Yasur in Sept-Nov 2016.
b) distribution of the correlation coefficient of each strong event to the stack, with the boxplot.
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C.4 Classes of infrasonic waveform of the strong Strombolian explosions
per phase

The classification is done using the programme pg_classEvent with a minimum coefficient
of correlation at 85 %, a maximum of 10 classes per phases and a minimum of 20 events
per classes (Section 3.7).
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Figure C.19 — Classes, per phase, of infrasonic waveforms of the strong Strombolian explosions.
The red number at the bottom right indicate the mean correlation of the classe, the black and blue
numbers at the top right the number of events and the amplitude, in Pascal at 340 m (Parameters:
ThrCorr = 85 %, nClassMax = 85 and nEvMin_perClass = 85)
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C.5 Tables of comparison of the distributions

Table C.1 — Comparison of the distributions of the infrasonic duration per phase for infrasonic
events.

Category Small explosions Strong explosions

Q1: P02; P08 OK not enough data

Q2: P22; P24 ~ OK; LoF during P24 not enough data for P22; LoF in
P24

I1: PO1; P33-34 ~ OK not enough data in P33-34

12: P03-04; P09 bi-modality better marked in P09 P04~P09; P03# or not enough
data

13: P12; P18 bi-modality better marked in P12; bi-modality better marked in P12;

LoF in P12 LoF in P12
S1: P05-07; P16; P20-21; P25-26 bi-modality for P16 larger distributions for P20-21
S2: P10; P28; P31 P10 and P31 OK OK

OK means that the distributions are similar; ~ OK means that the distributions are quite similar
LoF means there are energetic low frequencies (0.10 Hz-0.50 Hz) during that phases that can induce a bias

Table C.2 — Comparison of the distributions of the infrasonic duration per phase for seismo-
infrasonic events.

Category Small explosions Strong explosions

Q1: P02; P08 OK not enough data

Q2: P22; P24 longer tail for P24 (LoF) ~ OK but not enough data for P24
and LoF during P24

I1: Po1; P33-34 ~ OK not enough data for P33-34

12: P03-04; P09 OK not so bad

I3: P12; P18 bi-modality of P12 better marked not enough data for P18

S1: P05-07; P16; P20-21; P25-26 large distribution for P16 than for mnot so bad

P05-P07; longer duration for P25
S2: P10; P28; P31 seismic gaps during P28 and P31 seismic gaps during P28 and P31

OK means that the distributions are similar; ~ OK means that the distributions are quite similar
LoF means there are energetic low frequencies (0.10 Hz—0.50 Hz) during that phases that can induce a bias
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Table C.3 — Comparison of the distributions of the gas velocity per phase for all infrasonic events.

Category Small explosions Strong explosions

Q1: P02; P08 OK not enough data

Q2: P22; P24 OK not enough data but OK

I1: PO1; P33-34 OK not enough data but not so bad
12: P03-04; P09 OK P04~P09, not P03

I3: P12; P18

S1: P05-07; P16; P20-21; P25-26

S2: P10; P28; P31

similar modes but bump that is not
on the same side of the mode

very narrow distributions; P16 and
P25 have a tail towards the high
values

all #; P10~S1; P16~P28

~ OK

OK

P10 and P31 OK; P28 not so bad

OK means that the distributions are similar; ~ OK means that the distributions are quite similar
LoF means there are energetic low frequencies (0.10 Hz—0.50 Hz) during that phases that can induce a bias

Table C.4 — Comparison of the distributions of the gas velocity per phase for seismo-infrasonic

events.
Category Small explosions Strong explosions
Q1: P02; P08 OK not enough data
Q2: P22; P24 OK not enough data
I1: PO1; P33-34 P33-34 OK; two modes for P01 not enough data for P33-34
(LoF?7)

12: P03-04; P09

I3: P12; P18
S1: P05-07; P16; P20-21; P25-26

S2: P10; P28; P31

P04 and P09 OK; P03 looks like
P02 and P08
~ OK

OK except for P16 that is very wide

not so bad

~ OK seismic gap

P05-07 and P16 OK; P20-21 and
P25-26 have higher velocities
seismic gap in P28 and P21; P10~
P20-21,25-26

OK means that the distributions are similar; ~ OK means that the distributions are quite similar
LoF means there are energetic low frequencies (0.10 Hz—0.50 Hz) during that phases that can induce a bias

Table C.5 — Comparison of the distributions of the gas volume per phase for seismo-infrasonic

events.
Category Small explosions Strong explosions
Q1: P02; P08 ~ OK not enough data
Q2: P22; P24 ~ OK; longer tail towards the high not enough data

I1: PO1; P33-34

12: P03-04; P09
I3: P12; P18

S1: P05-07; P16; P20-21; P25-26

S2: P10; P28; P31

values for P24 (LoF)

not so bad; part of the small of
P01 hidden by the strong but LoF
during P01

P03-04 OK; P09 not so bad

OK

wonderful bi-modality small/strong
except for P25-26; small OK except
for P25

P10 larger than P05-07

~ OK but not enough data P33-34

not enough data
seismic gap in P18

OK

seismic gap in P28 and P31; P10
has a bump that does not exists on
S1

OK means that the distributions are similar; ~ OK means that the distributions are quite similar
LoF means there are energetic low frequencies (0.10 Hz-0.50 Hz) during that phases that can induce a bias
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Table C.6 — Comparison of the distributions of the ground velocity per phase for seismo-infrasonic
events. Be aware that P01 and P02-34 were recorded from two different sites, with different sensors
and that the records of POl are not correct from the instrumental response, yet.

Category Small explosions Strong explosions

Q1: P02; P08 OK not enough data

Q2: P22; P24 ~ OK not enough data

I1: Po1; P33-34 OK ~ OK but not enough data

12: P03-04; P09 OK ~ OK but not enough data

13: P12; P18 seismic gaps in P18 seismic gaps in P18

S1: P05-07; P16; P20-21; P25-26 OK P05 and P07 slightly smaller than
other phases of S1

S2: P10; P28; P31 seismic gaps in P28 and P31 seismic gaps in P28 and P31; P10

at the same level than P06

OK means that the distributions are similar; ~ OK means that the distributions are quite similar

Table C.7 — Comparison of the distributions of the seismic duration per phase for seismo-infrasonic
events. Be aware that P01 and P02-34 were recorded from two different sites, with different sensors
and that the records of P01 are not correct from the instrumental response, yet.

Category Small explosions Strong explosions

Q1: P02; P08 OK not enough data

Q2: P22; P24 OK not enough data

I1: PO1; P33-34 lower mode for P33-34 not enough data for P33-34; two
modes in P01

12: P03-04; P09 OK not enough data

13: P12; P18 ~ OK but seismic gaps in P18 seismic gaps in P18

S1: P05-07; P16; P20-21; P25-26 ~ OK except for P26 P05-07 OK; longer duration during
P16; P20~P21; P25~P26

S2: P10; P28; P31 seismic gaps in P28 and P31; # S1  seismic gaps in P28 and P31

OK means that the distributions are similar; ~ OK means that the distributions are quite similar

Table C.8 — Comparison of the distributions of the seismic energy per phase for seismo-infrasonic
events. Be aware that PO1 and P02-34 were recorded from two different sites, with different sensors
and that the records of P01 are not correct from the instrumental response, yet.

Category Small explosions Strong explosions

Q1: P02; P08 OK not enough data

Q2: P22; P24 OK; #Q1 which has narrower not enough data
distributions

I1: PO1; P33-34 ~ OK not enough data in P33-34;

12: P03-04; P09 OK ~ OK but not enough data for P03

I3: P12; P18 ~ OK but seismic gaps in P18 seismic gaps in P18

S1: P05-07; P16; P20-21; P25-26 ~ OK; P06 stronger than P05 and larger for P20-21; larger again for
P07; P25-26 larger P25-26

S2: P10; P28; P31 P10~P05; P10 larger than P06-07; higher mode for P10 than

;seismic gaps in P28 and P31

S1;seismic gaps in P28 and P31

OK means that the distributions are similar; ~ OK means that the distributions are quite similar
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C.6 Bubble diameter in the reservoir

Table C.9 — Calculation of the bubble diameter in the reservoir for a critical gas flux at 1.5m?.s~!

in the reservoir (active degassing). The influence of the magma viscosity and the surface tension
is shown in figure C.20

Ogas Hmagma Hfoam Shes Cgeom Bfoam db,res
(kg.s72)  (Pa.s) (Pa.s) (m?) (pm)
0.10 10t 99x 101 76x10* 164 0.61 44
0.10 10! 99x 101 20x10° 1.69 0.59 42
0.10 10! 99x 10 1.0x10% 1.77 0.56 41
0.10 102 99x 102 76x10* 164 0.61 25
0.10 102 99x 102 20x10° 1.69 0.59 24
0.10 102 99x10%2 1.0x10% 1.77 0.56 23
0.10 102 99x10% 76x10* 164 0.61 14
0.10 103 99x10% 2.0x10° 1.69 0.59 13
0.10 103 99x10% 1.0x10% 1.77 0.56 13
0.10 104 99x10* 7.6x10* 1.64 0.61 8
0.10 10* 99x10* 20x10° 1.69 0.59 8
0.10 104 99x10* 1.0x10% 1.77 0.56 7
0.36 10! 9.9 x 10" 76x10* 164 061 158
0.36 10! 99x 10" 20x10° 169 059 153
0.36 10! 9.9 x 10" 1.0x105 1.77 056 146
0.36 102 99x10%2 76x10* 164 061 89
0.36 102 99x 102 2.0x10° 1.69 0.59 86
0.36 102 99x10%2 1.0x10% 1.77 0.56 82
0.36 103 99x 10> 7.6x10* 164 0.61 50
0.36 103 99x10% 2.0x10° 1.69 0.59 48
0.36 103 99x10% 1.0x10% 1.77 0.56 46
0.36 108 99x10* 76x10* 1.64 0.61 28
0.36 104 9.9x10* 2.0x10° 1.69 0.59 27

0.36 108 99x10* 1.0x10% 1.77 0.56 26
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Figure C.20 — Bubble diameter d; res in the reservoir as a function of the magma viscosity ftmagma
for dry magma (04 = 0.36kg.s™2, open symbols) and for wet magma (0gs = 0.10kg.s™2, plain

symbols). The critical gas flux is that of the active degassing (1.5m3.s~! in the reservoir.)

Table C.10 — Calculation of the bubble diameter in the reservoir for a critical gas flux at 14.8 m3.s~!

in the reservoir (total degassing).

Ogas Hmagma Hfoam Shes Cgeom Bfoam db,res
(kg.s72)  (Pa.s) (Pa.s) (m?) (pm)
0.10 10! 99x 101 76x10* 164 0.61 25
0.10 10! 9.9 x 101 2.0x10° 1.69 0.59 24
0.10 10! 99x 101 1.0x10% 1.77 0.56 23
0.10 102 99x10%2 7.6x10* 1.64 0.61 14
0.10 102 9.9 x10%° 2.0x10° 1.69 0.59 14
0.10 102 99x10%2 1.0x105 1.77 0.56 13
0.10 103 99 x 10> 7.6x10* 164 0.61 8
0.10 102 99x10° 2.0x10° 1.69 0.59 8
0.10 102 99x10° 1.0x105 1.77 0.56 7
0.10 104 99x10* 7.6x10* 1.64 0.61 4
0.10 10% 9.9 x 10* 2.0x10° 1.69 0.59 4
0.10 104 99x10* 1.0x105 1.77 0.56 4
0.36 100 99x10" 7.6x10" 1.64 061 89
0.36 100 9.9x10" 20x10° 1.69 059 87
0.36 100 99x10" 1.0x10° 1.77 056 83
0.36 102 9.9x10? 7.6x10* 164 0.61 50
0.36 102 99x10* 20x10° 1.69 059 49
0.36 102 9.9x10° 1.0x10° 1.77 056 47
0.36 10°  9.9x10° 7.6x10* 164 061 28
0.36 10° 9.9x10° 20x10° 1.69 059 27
0.36 10> 99x10%° 1.0x10° 177 056 26
0.36 104 99x10* 7.6x10* 1.64 0.61 16
0.36 10% 99 x10* 2.0x10° 1.69 0.59 15

0.36 108 99x10* 1.0x10% 1.77 0.56 15




280 APPENDIX C. TEMPORAL ACTIVITY AT YASUR A\




Chapter D

Vanuatu

D.1 Correspondance with Benjamin Simons (Auckland university) and
Esline Garaebiti (VMGD)

Esline: (15/08/2016) The Activity in Tanna these days is quite rough, approaching
the Yasur crater is almost forbidden.

Benjamin: (13/10/2016) The activity has benn VERY dangerous the last three days
so time in these areas. A large bomb landed only 1m from your east site yesterday and was
still hot when we arrived. The west has had bombs flying at low angles over the ridge for
many days. The time we can spend there is very limited.

Benjamin: (15/10/2016) Im really sorry to tell you that the activity is still very high.
Bombs landing in aoll directions. I have not been able to get to you’re stations. I can’t even
get to either of my sites (the weather post or ir site). As a result of this I think that my
cameras have stopped as the solar panels will be caked and hard drives full, and the weather
station will be completely chocked with ash. Im loosing a lot of data as well.

Benjamin: (17/10/2016) Some good and bad news. The good is that activity is now
getting back to normal levels. Rain and ash are still issues but we have been able to get to
the crater rim to check the eastern site. I cleared your solar panel today and noticed that
your mb 1s still operational. We haven’t been able to access the west rim yet but may have
a chance tomorrow.

Benjamin: (18/11/2016) Yasur is still quite low in activity. I am in the process of
arranging an activity log so will let you know when I finish it to give you an idea of how
the activity changed over the 3 months.

Benjamin: (30/01/2017) Good to know you now have the MB record. That’s interesting
about the levels of variation in pressure. I've been looking through my observation data and
noticed some real phases of higher magnitude and more frequent explosions as well as a few
periods of very low power and low eruption frequency.

281
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D.2 Alert bulletins

Table D.1 — VANUATU VOLCANO ALERT BULLETIN - TANNA ACTIVITY (Vanuatu
Meteorology and Geohazard Departement). The exclusion zones can be found in figure D.1. The

Vanuatu Volcanic Alert Level System is described in table D.2.

Year n° Date Level Extract Exclusion zone

2018 7T 24/09 2 Yasur volcano is continuing in the major unrest permanent zone
state. [...] Alert Level for Yasur has been at
the Level 2 since 18th October 2016.

2018 6  23/08 2 idemn. permanent zone

2018 5 11/07 2 idem. permanent zone

2018 4 07/06 2 idem. permanent zone

2018 3 25/04 2 idem. permanent zone

2018 2 19/03 2 idem. permanent zone

2018 1 30/01 2 Yasur volcano is continuing in the major unrest permanent zone
state. The Volcanic Alert Level remains at Level
2. [...] Alert Level for Yasur has been at the
Level 2 since 18th October 2016.

2017 11 08/12 2 Yasur volcanic activity continue to remain at permanent zone
the level of major unrest state. [..] Latest
observation and analysis of seismic data confirm
that explosions remain strong and volcanic bombs
may fall in and/or around the crater. Eruptive
vents may emitted volcanic ash and gas cloud.

Nearby villages from the volcano may affected by
ash falls and volcanic gas especially those exposed
to trade wind direction. Alert Level for Yasur
was at the Level 2 since 18th October 2016.

2017 10 31/10 2 idem. permanent zone

2017 9 29/09 2 idem. permanent zone

2017 8 30/08 2 idem. permanent zone

2017 7 21/07 2 tdem. permanent zone

2017 6 22/06 2 idem. permanent zone

2017 5 22/05 2 idem. permanent zone

2017 4 19/04 2 idem. permanent zone

2016 10 18/10 2 The Alert Level for Tanna Volcano is lowered to  permanent zone
Level 2.

2016 9 15/10 3 The Alert Level for Tanna Volcano has permanent zone,
increased to Level 3. This means that volcanic danger zone A
explosions could become more intense, volcanic
bombs may fall in and/or around the crater to
the parking area and volcanic gas and ashes can
also affect some villages especially areas exposed
to trade winds.

2016 8 10/10 2 The Alert Level for Tanna Volcano remains at permanent zone
Level 2.

2016 7 09/09 2 idem. permanent zone

2016 6 02/08 2 idem. permanent zone

2016 5 28/06 2 idem. permanent zone
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Table D.2 — Vanuatu Volcanic Alert Level System. From nvtp://uww.vngd.gov.vu/vmgd/inages/geo-nedia/docs/VVAL_

System-V2.0.png

5 very large eruption Danger beyond caldera, on entire and surrounding islands
and also a chance of flank eruption

4 moderate eruption Danger on volcanic cone, caldera and all island,
possibility of very large eruption and also chance of flank
eruption

3 minor eruption Danger on volcanic cone, within caldera and other

specific area, possibility of moderate eruption and also
chance of flank eruption

2 major unrest Danger around the crater rim and specific area,
notable/large unrest, considerable possibility of eruption
and also chance of flank eruption

1 | signs of volcanic unrest | notable signs of unrest, possible danger near eruptive
vents

0 normal No signs of change in the activity, limited danger

Figure D.1 - Yasur Safety Z0NnesS. From http://www.vmgd.gov.vu/vmgd/images/geo-media/docs/yasur_safety.pdf
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Résumé

L’activité strombolienne, caractérisée par des séries de petites explosions, existe dans le monde entier
et dans divers contexts tectoniques. La variabilité de ’activité Strombolienne est observée a 1’échelle
mondiale et & ’échelle d'un édifice volcanique. Deux études multi-disciplinaires nous ont permis de
caractériser la variabilité de 'activité strombolienne.

Une étude thermo-infrasonique a ’Erta’Ale (Ethiopie), au Piton de la Fournaise (Ile de la Réunion) et
au Yasur (Vanuatu) a permis de caractériser activité faible et forte & partir de nombreux parameétres
géophysiques. Le bilan énergétique thermo-infrasonique valide l'existence d’un mécanisme unique
de fragmentation pour activité strombolienne. Nous montrons aussi que 'activité strombolienne,
souvent persistente émet des gros volumes de gaz qui peuvent intéragir avec 'atmosphére. Ces volumes
moyennés sur quelques siécles sont équivalents aux volumes de gaz émis par de plus grosses éruptions
volcaniques, beaucoup moins fréquentes, telle que I’éruption du Pinatubo en 1991.

Des données infrasoniques, sismiques et thermiques acquises pendant deux mission de terrain au Yasur
révéle la coexistence des deux mécanismes de formation des bulles que sont la coalescence progressive
dans le conduit et la coalescence massive au toit du réservoir. La coalescence massive au toit du réservoir
est généré pour un flux critique au dela duquel la mousse de gaz au toit du réservoir devient instable.
Cette valeur critique permet d’estimer un diameétre des bulles dans le réservoir en accord avec les
valeurs données pour d’autres systémes basaltiques (Etna, Italie; Kilauea, USA ; Erta’Ale, Ethiopie).
Mots clés : Strombolien ; infrasons; thermique; sismique; Yasur; Piton de la Fournaise.

Abstract

Strombolian activity, characterised by series of small explosions at open-vent volcanoes, exists
worldwide in various tectonic contexts. The variability of the Strombolian activity can be observed on
a global scale and on the scale of a volcanic system. We performed two multidisciplinary studies to
characterise the variability of the Strombolian activity.

A thermo-infrasonic study at Erta’Ale (Ethiopia), Piton de la Fournaise (Réunion Island, France) and
Yasur (Tanna Island, Vanuatu) allowed us to characterised the Strombolian activity as small and strong
from numerous geophysical parameters. The thermo-infrasonic energy budget validated the existence
of a sole mechanism of fragmentation for all Strombolian explosions. The Strombolian activity, often
persistent, produces large volumes of gas that can interact with the atmosphere. These larges gas
volumes are of the same order of magnitude, when averaged on a few centuries, than the gas volumes
produced by larger volcanic eruptions, far less frequent, such as the Pinatubo eruption in 1991.
Infrasonic, seismic and thermal measurements during two field campaigns at Yasur highlighted the
coexistence of the progressive coalescence into the conduit and the massive coalescence in the reservoir
that are responsible for the bubble formation. The massive coalescence exists, when the critical gas
flux, above which the foam layer at the top of the reservoir becomes unstable, is exceeded. This
critical gas flux allowed us to estimate the bubble diameter in the reservoir and gave consistent values
compared to values obtained at other basaltic systems (Etna, Italy; Kilauea, USA; Erta’Ale, Ethiopia).
Keywords: Strombolian; infrasounds; thermal; seismic; Yasur; Piton de la Fournaise.
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