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AVANT-PROPOS

Comme pour beaucoup, les volcans représentent pour moi une fascinatiamatenf
les coulées de lave rougeoyante de I'Etna en 1973 y sont forcémewuptyue chose... Les
Sciences de la Terre et plus particulierement la Volcarmlsgnt alors devenues le fil
directeur de mes études, avec la ferme intention, des le callégedier le plus loin possible
cette matiere, au mépris du manque évident de débouchés ! CememtE{pour étre au
moins slre de ne rien regretter plus tard) m'a poussé a quifteruléé des Sciences de
Nantes qui enseignait naturellement beaucoup plus de sédimentolegte quagmatisme,
pour des régions plus sombres, mais plus volcaniques... A Clermont-Feard@doliverte de
vrais volcans au cours de stages de terrain (Massif Centraiml&ili, Etna, Piton de la
Fournaise) a été un ravissement. Marcher sur les couléaxdescentes de I'Etha en 1992
(pensée pour Guy Camus), s’intoxiquer au soufre du Vulcano, gérarisaesismique a 4
heures du matin a I'Observatoire du Piton de la Fournaise (raelean-Francois Lénat)
resteront d’'intenses et inoubliables souvenirs. L’incertitude eretJuBO2 sur I'obtention de
la bourse de thése suite a mon stage de DEA sur la modélisatmrrdessance du déme du
Piton de la Fournaise par injections de dykes m’a incité aichoi sujet de magmatologie
sur le volcanisme darc des Antilles, proposé au CRSCM a Orldarest clair que
l'irrésistibilité du sujet ne tenait pas dans sa locatiagjéographique, ni a priori dans son
programme de pétrologie expérimentale... mais plutét dans la psemde mission
d’échantillonnage sur la Montagne Pelée et sa fameuse éruption du 8 mai 1902.

La région Orléanaise est certes peu volcanique (a tous points ddavi¥)ntagne
Pelée a priori moins flamboyante et télégénique que le Pitam Beurnaise, et la pétrologie
expérimentale un domaine obscur de premier abord peu conviviall Mais keptage
d’échantillonnage en Février 1993, ce volcan va révéler toute sontigitéa une grande
diversité de styles éruptifs (et un pinceau a la place dutitraiel marteau pour
I'échantillonnage), un gros potentiel explosif (source de tant désieé scientifique depuis la
catastrophe du 8 mai 1902) et un délicieux planteur... Merci beaucoup aHanvéau et
Jean-Louis Bourdier pour cette initiation (au terrain, biensarfinatement, la pétrologie
expérimentale va devenir une véritable hygiéne de vie scientiflguseule approche en
laquelle on croit vraiment. Un grand merci & Michel Pichavant pgavoir transmis tant
d’enthousiasme face aux taches ménageres (passer l'aspirateue daros Bleu...), ainsi
gu'a Bruno Scaillet et Francois Holtz pour les discussions autouGrde Bleu. Cet
encadrement de travail privilegié m'a permis de réalisethése de doctorat dans des
conditions particulierement agréables.

Pendant les cing ans qui suivent, la Montagne Pelée est misen@+bgtau profit de
problématiques dynamiques de décompression et de fragmentation tiqagmegalisées au
cours de mon post-doctorat au Bayerisches Geolnstitut (BGBagesuth en Allemagne.
Trois premiéres années mémorables passées a exploser desl@thaans une bombe de
fragmentation, pour lesquelles | sincerely thank Don Dingwell pewonfiance qu’il m'a
accordée et vielen Dank a Oliver Spieler pour sa grande dislténiti précieuse aide
technique. Suit un an pour une initiation au jouet favori d’'Hélene Bureaslllle a enclume
de diamant, afin d’observer le dégazage in-situ des magmas!jiaris une derniere année
dédiée a la décompression des magmas de Soufriere Hills de Mangs®ur en étudier la
cristallisation et le dégazage, pour laguelle je danke Bahkthard Schmidt (und fur die
andere sieben Jahren auch).



Avec mon intégration en 2001 en tant que Chargée de Rechercl&T@ ous la
direction d’Elisabeth Lallier-Verges, mes premiers amours neyard : la Montagne Pelée et
son troublant potentiel explosif. Enrichie d’expériences dynamiques gaezalge et de
cristallisation par décompression, je tente (encore actuellemestexplications au moyen
d'une systématique d’expériences de décompressions. Tout n’estnpage résolu, et
pourtant, la Montagne Pelée est a priori un cas d’école, quand ontdanoainplexité de
certains autres systémes volcaniques... Force est d’avouer quésdeirs magmatiques
profonds a la dynamique éruptive, les volcans d'arc renferment uaincerdombre de
mystéres quant a la nature de leurs éruptions futures, dont I'élapidetque encore de
nécessiter quelques années d'étude. C'est pour tenir sur cette distgnee que j'ai besoin
du soutien de Rémi, Timothé et Lily...

L’objectif principal de mes travaux a été de recherclmigine de la dualité éruption
effusive / explosive que I'on observe freigquemment sur les volcans, @arce mémoire
présente une synthése de mes travaux de recherche de 1993 a 2008, @sentatijpn ne
suit pas I'ordre chronologique de leur réalisation, mais une logiqueetiament volcanique,
du réservoir de stockage du magma a I'éruption en surface. llpEsentés sous la forme
d’articles publies agrémentés d’'une a trois pages de résurdéseprojets qui les ont
complétés (stages de M1, M2, theses). Le mémoire se terminegarojets d'étude
envisagés pour les prochaines années.



PARTIE | - SYNTHESE DE L'ACTIVITE DE RECHERCHE

[.1- PROBLEMATIQUE SCIENTIFIQUE GENERALE

BN

A la suite de mon DEA concernant les volcans "rouges" a couléleselge me suis
intéressée au cours de mon doctorat aux éruptions trés expldsiggjereuses des volcans
"gris". De facto, de problématiques de surveillance et de poévdes éruptions, je me suis
intéressée a des problématiques de compréhension fondamentalécdessmes éruptifs. Le
volcanisme d'arc résulte de la subduction d'une plaque océanique sous enplagle
océanigue (ex : Arc insulaire des Aléoutiennes, du Japon, des Patiiiéss; Figure 1) ou
sous une plaque continentale (ex : Arc continental des Andes ou de la Chaine dessCascad
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Les volcans d'arc se caractérisent par une grande diversitdegeésuptifs, allant de
la croissance effusive de déme a des éruptions trés explosivesi Rar éruptions
magmatiques explosives, on peut citer les événements asstidssruction d’'un déme de
lave, telles que les nuées ardentes de déstabilisation geadieaiype Mérapi, les déferlantes
ou nuées ardentes dirigées latéralement de type Péléenasmaéées ardentes verticales de
type Vulcaniennes. Le paroxysme de I'explosivité est reprépanti&s eruptions Pliniennes,
caractérisées par I'émission en régime d’'une colonne de pgteslponceux. La description
de ces éruptions et des produits émis a été extensivemenestddis la littérature, parfois
sous des appellations différentes. La nomenclature des dynandéisméats et des dépots que
jutiliserai dans ce mémoire est explicitée dans les pulitatrassemblées dans le chapitre
suivant et est ici rappelée brievement dans le Tableau 1. Aud®lesr histoire, certains de
ces volcans n‘ont montré qu'un style éruptif particulier, aloes djautres alternent des
éruptions a démes et déstabilisations associées avec des értgtsorsplosives de type
Plinien. Certains volcans alternent méme de maniere réverssbityles éruptifs au cours de

la méme séquence éruptive.



Tableau 1. Nomenclature et succincte description deprincipales éruptions magmatiques et dépots
associés (facies dominant) du volcanisme d’arc.

Type éruptif  Degré Dynamique de mise en  Extension des Taille / Texture des

d’explo- place dépdts / pyroclastes (facies

sivité Granoclas- dominant)

sement
Déme effusif Extrusion du magma soud_ocalisés au ddme  Magma cristallisé et dense;
forme d’'un déme faible porosité (< 30 vol. %)
Nuée ardente peu Ecroulement gravitaire du Canalisés dans les Blocs millimétriques a
de type explosif dbéme avec légére auto- vallées métriques / trés cristallisés /
Mérapi explosivité faiblement vésiculés (< 30
vol. %)

Déferlante ou tres Explosion latéralement  Large débordement Cendres et blocs
Nuée ardente explosif dirigée a partir d'un déme des vallées / Peu decentimétriques / trés
de type sous forme d’écoulement granoclassement cristallisés / faiblement
Peléen trés turbulent vésiculés (< 30 vol. %)
Nuée de type moyen- Explosions verticales Faible extension, Cendres et blocs ponceux
vulcanienne  nent courtes et répétées a partidépdts canalisés  centimétriques / cristallisés /

explosif du déme sous forme dans les vallées + vésiculés (~ 30-70 vol. %)/

d’écoulements turbulents retombées Bombes en croltes de pain
Colonne et trés Colonne verticale en Trés large extension
retombées explosif régime trés riche en gaz des dépbts; bien  Ponces cendreuses a
Pliniennes calibrés centimétriques / trés peu
cristallisées / trés vésiculées

Coulées moyen- Coulées basales résultant Canalisées dans les(~ 60-80 vol. %)
ponceuses nement de la décroissance vallées;
associées explosif énergétique de la colonne granoclassement

Le probléme principal posé par le volcanisme d’arc est que I'qgenepas prédire le
style (ni la date) de la prochaine éruption d’'un systeme volcaniqupji @ngendre un haut
degré de complexité quant a I'établissement de cartes de risques pour lesqnzp@a n'est
généralement pas le cas du volcanisme de point chaud ou de sysrteesifs (ride
océanique ou continentale) pour lesquels les produits sont émis sousléoooelées ou de
fontaines de lave faiblement explosives. Pour ce dernier type densola problématique
volcanique n’est d'ailleurs pas vraiment de savoir sous quelle f@arertir le magma, mais
plutét de prédire temporellement et géographiquement le point gié@midu magma et la
nature et quantité de gaz relachés. Pour le volcanisme d'acasttine, la problématique est
bien en amont, au niveau de la compréhension des processus fondamentantxamarea
eruption effusive ou explosive et des causes des transitions souventebsatre ces deux
styles.

En raison de leur rareté et de leur dangerosité, I'observationedd@uptions est en
général difficile (rappelons nous le couple Kraft tentant d'obsemve déferlante de I'Unzen
en 1991). En revanche, lorsque cette observation est possible, les svdaoée la
compréhension des mécanismes éruptifs et des dépdts associés smldraimes. C’est
actuellement le cas de Soufriere Hills a Montserrat, volcaéreption depuis 1995, qui
permet peu a peu de mieux comprendre les mécanismes assocé&s@ions a dome de
type nuées vulcaniennes, de relier les caractéristiques des demhsamisme éruptif, et de
déceler les éventuels prémices des crises éruptives. Cettdlance active est plutot rare, et
de maniere générale pour ces volcans d'arc, les objets dont nous riisposo étudier les
eruptions sont quelques témoignages historiques et les produits éruptssng alors plus
difficilement interprétables en termes de dynamisme éruptéstimation des durées
d’éruption, du temps écoulé entre deux événements, et par conséqukelieséde temps de
remplissage des réservoirs et d’ascension des magmas.



L'avancement de la recherche dans le domaine de la comprétston du
volcanisme d’arc passe avant tout par l'investigation des procass pré- et syn-éruptifs
(du réservoir au conduit magmatiques). Ma contribution a cet effortollectif est I'apport
d'information par une approche expérimentale, dont la finalitéest de déterminer des
conditions de stockage et d'ascension des magmas d'arc enrntes de pression
(profondeur), température, conditions d’oxydoréduction, teneursen éléments volatils, et
des cinétiques des processus de dégazage et de cristdiba. La méthode est empirique,
consistant en une adéquation de composition et de texturetendes produits naturels
d'éruption et des produits obtenus par des expériencesiss des conditions parfaitement
contrblées. L'intérét apporté par I'expérimentation pour cete problématique est qu’elle
permet de replacer de vraies compositions de magma dans d@mditions magmatiques
réalistes, auxquelles on n'a pas acces naturellement dansvidcan. Elle est en ce sens
I'alliée idéale des études fines de terrains qui en cstituent le point de départ (par le
choix des produits et de la gamme de conditions expérimengsl a investiguer) et la
finalité (ce sont ces caractéristiques naturelles qui'faut reproduire expérimentalement)
et alimente en retour en base de données et en validatioaesdprocessus les modélisations
numeériques des processus éruptifs.

L’idée directrice de mes travaux de recherche a été@uléer si les raisons menant a
des éruptions effusives ou explosives étaient dues a des difedmcenditions de stockage
du magma, notamment des variabilités en teneurs initiales erdigsaus, ou si elles
résultaient de différentes évolutions des caractéristiqgues duaragrours de son ascension
dans le conduit volcanique (Figure 2).
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Figure 2. Schéma d'un volcan et processus pré- etrséruptifs associésLes numéros en bleu a droite font
références aux numéros des chapitres concernéssgaiocessus indiqués.



Le Tableau 2 présente les différentes questions que jaieragi@ relation avec la
problématique posée précédemment. Le plan du mémoire proposé ci-apigepenter mes
travaux de recherche ne suit pas cette chronologie, mais uectiend'étude des conditions
pré-éruptives puis des conditions d'éruption au travers des processuggdeage,
cristallisation et fragmentation magmatique.

Tableau 2. Récapitulatif chronologique de I'activié de recherche

Année  Fonction Institut Titre du projet Méthodologie
1992 DEA LMV, Croissance du ddome du Piton de la Fournaise M
Clermont-F (Réunion) par injection de dykes

1992 Doctorat (CRSCM) Détermination expérimentale des conditions préN E

1996 ISTO, Orléans éruptives de la Montagne Pelée (Martinique)

1996 Post- BGI, Bayreuth Fragmentation des magmas siliceux riches en E

2001 doctorat (Allemagne) bulles et cristaux
Etude in-situ du dégazage des magmas E M
Simulation de l'ascension des magmas par des E
expériences de décompression

2001 CR ISTO, Orléans Cinétiques d'ascension des magmas de la N E

actuel Montagne Pelée

Conditions pré-éruptives des trachytesdela N E
Chaine des Puys (Massif Central)

Rhéologie des magmas bulleux

I'I'I
<

Modélisation de la croissance des microlites de N
plagioclase

N = Approche naturalistd= = Pétrologie et Simulation expérimentalles = Modélisation numérique

[.2- CONDITIONS PRE-ERUPTIVES

L’étude des causes de I'alternance des éruptions a dome ehidmiest tout d’abord
recherchée au niveau des conditions de stockage des magmas d’anmerttau travers
d’éventuelles différences de teneurs en éléments volatils didaogde magma du réservoir.
Un magma riche en gaz dissous dans la chambre magmatiquepséeatiellement plus
explosif lors de I'exsolution de ces gaz qu'un magma initialenagmauvri en élément
volatils. La détermination expérimentale des conditions pré-éruptesegruptions Pliniennes
et a dome des éruptions récentes de la Montagne Pelée detilsigdar(Arc des Petites
Antilles) a constitué I'objet de mon sujet de thése a Orl€E982-1996). A I'époque, il n'y
avait qu'une publication existante sur la détermination expériteedés conditions pre-
éruptives d’'un systéme volcanique, i.e., Mount St. Helens (Rutherfaid £885), dont nous
nous sommes inspirés. Notre objectif était de définir un jeu de wmwlitde pression,
température, fugacité d'oxygene et de teneurs en élémentssvdlasibus réaliste pour la
chambre magmatique de la Montagne Pelée, par reproduction expéatenter® compositions
des phases en équilibre dans le réservoir (phénocristaux + liglitd¢sies baignant). Les
phénocristaux sont souvent chimiguement zonés, témoignant d'une histopiexe. Dans le



but d'étudier les conditions prévalant juste avant le déclenchemet€rdption, les
compositions de bordure de ces phénocristaux ont été privilégiéesplsde chance d'étre
en équilibre thermodynamique avec le liquide environnant. Cependanuage lisilicaté
baignant les phénocristaux dans la chambre magmatique ne@e/eepas sous sa forme
initiale dans les produits émis en surface, en raison du dégazagle I'éventuelle
cristallisation de microlites subis au cours de I'ascension dmmadans le conduit. Les seuls
témoins de ce liquide originel sont les inclusions vitreuses piéigssies phénocristaux lors
de leur croissance, a condition qu'elles n'aient pas subi de miaificapres leur piégeage

(Figure 2).
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Figure 2. Evolution de la
composition du liquide silicaté
en équilibre thermodynamique
avec les bordures des
phénocristaux au cours de
I'‘éruption. Le liquide silicaté
résiduel subit des modifications
de composition chimique,
notamment de sa teneur en
volatils dissous et en silice, par
dégazage et cristallisation des
microlites lors de son ascension
dans le conduit volcanique. Sa
composition originelle, en
équilibre thermodynamique avec
les compositions de bordures des
phénocristaux, a pu étre préservée
par les inclusions vitreuses
piégées lors de la croissance des
phénocristaux dans la chambre
magmatique, & condition que ces
inclusions vitreuses n'aient pas
subi de modifications post-
piégeage (fuite d'éléments
volatils, cristallisation ou
dévitrification).

L'intérét de connaitre la composition originelle du liquide s#icd@ns la chambre
magmatique réside dans le fait que c'est la phase qui coeiegitiments volatils dissous, et
gue la quantité et la nature de ces volatils a une influencgelser le processus de dégazage
du magma. De plus, l'adéquation des compositions des verres natuexigégtnentaux
constitue une ultime validation des conditions pré-éruptives proposéesadaasure ou un
désaccord de proportion ou de composition des cristaux expérimentawappart a
l'assemblage naturel est directement enregistré par la cdiopodu verre expérimental

(phase résiduelle).
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Ce type d'approche a été mis en ceuvre afin de détermirmenidisions pré-éruptives
de la Montagne Pelée par adéquation des produits naturels et expatir donnant lieu a
plusieurs publications :
- les caractéristiques compositionnelles et texturalespdaesuits naturels (Martel et al.,
2000a)
- les conditions pré-éruptives de la Montagne Pelée (Martel et al., 1998 ; présgmésy
- 'effet de I'eau et de la fugacité d’oxygéne sur les refetide phases des andésites entre 2 et
4 kbars (Martel et al., 1999).

Article présenté: MARTEL C., PICHAVANT M., BOURDIER J.-L., TRAINEAU H.,
HOLTZ F. & SCAILLET B. (1998) Pre-eruptive conditions and controlegplosive
volcanism at Mount Pelée (Martinique, F.W.Eprth Planet. Sci. Lett. 156, 89-99

Travaux réalisés dans le cadre de la thése de doctoraMARTEL C. (1996) Conditions
pré-éruptives et dégazage des magmas andésitiques de la MdredgméMartinique,
F.W.L.): étude pétrologique et expérimentalbese de I'Université d’Orléans, 250 p.
Direction: M. Pichavant, J.-L. Bourdier et H. Traineau.

Financements. Bourse MRT ;Moyens: Programmes Nationaux sur les Risques Naturels
(PNRN) de 1994 & 1997.

Au cours des derniers 5 000 ans de sa période récente d’actikténiagne Pelée a
alterné 6 éruptions pliniennes et 12 éruptions a déme, principalemerdralssances de
démes associées a des nuéees ardentes de type Mérapi et destdsfele type Peléen.
Rappelons ici la tristement célebre déferlante du 8 Mai 1902 guiireetla mort de 30 000
personnes et I'anéantissement de la ville de Saint Pierrel-é&rier 1993, nous avons
echantillonné 3 dépodts pour mener les expériences d'équilibre de [ghdéme en place de
1929, des blocs lithiques de la déferlante du 8 Mai 1902 et des ponces e detombée
Plinienne (P1, 650 ans BP), texturalement et compositionnellementsentatifs des
évenements respectifs, (roche totale andésitique, ~61 pds% I$t@me CIPW pour les 3
échantillons: ~Q#Ab30rsAnygHy;sDisllm,). La porosité totale des échantillons, la
proportion modale et la composition des phénocristaux, la composition tendar en
éléments volatils dissous des verres résiduels et des inclugitnses des phénocristaux,
ainsi que les compositions des microlites de ces échantillondéoanhélysés (Martel et al.,
2000a). Ces échantillons naturels ont été fondus et hydratés en viexpdegences de
cristallisation en autoclave a chauffage interne (ISTO,aDggsous contrdle des conditions
de pression, température, fugacité d'oxygéne et teneur dilsviilssous. La comparaison des
assemblages et des compositions des phases naturelles eherfades a permis de définir
un jeu de conditions de stockage du magma andésitique de la Montégmeadeamtique pour
les trois types éruptifs investigués (dome de 1929, déferlart®0f retombée Plinienne de
P1), a savoir une pression de_Q.5 kbars, une température de 875-900°C, une fugacité
d’oxygéne deANNO+ 0.4-0.8 et 5.3-6.3 pds% d’eau dissoute dans le liquide silicatigési
de composition rhyolitique (75-77 pds% $)Goit une activité d’eau d’environ 0.9 (faible
sous-saturation). Par conséquent, nous avons conclu que la bifurcatiotegréraptions
pliniennes et éruptions a déme de la Montagne Pelée n’était plisbaea a différentes
conditions de stockage du magma dans le réservoir magmatique, notamment un#éésdegabil
teneur en gaz dissous (comme il peut exister pour des chambres magnatigresvolume,
tel le Bishop Tuff; Dunbar et Hervig, 1992). De fait, les caugekatternance entre les styles
éruptifs est ici plutot a rechercher au niveau de différences des conditiegsuptives.
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Abstract

Differences of eruption regimes in silicic volcanoes, e.g. effusive versus explosive, have commonly been ascribed either
1o stratification of volatiles in the magma storage region or to gas loss through permeable conduit walls. Recent Plinian and
Pelean eruptions of silicic andesite magmas from Mt. Pelée (P1: 650 yr B.P., 1902, 1929) show no systematic variations in
bulk rock and phenocryst and glass compositions. Rare coexisting Fe~Ti oxide pairs in Pelean products yield T between
840 and 902°C, and ANNO between +0.4 and +0.8. Pre-eruptive melt H,O contents, calculated from plagioclase—melt
equilibria, span values from 1.9 to 5.5 wt%. Glass inclusions from the Pl Plinian fallout have H,O contents between
4.2 and 7.1 wt%. In contrast, the Pelean inclusions have H,O contents commonly <3 wt%, due to post-entrapment
modifications upon eruption. Phase equilibrium studies allow pre-eruptive conditions to be precisely determined and
demonstrate that recent eruptions, either Plinian or Pelean, tapped magmas with melt H,O contents of 5.3-6.3 wt%, stored
at 2 £ 0.5 kbar, 875-900°C and ANNO = +0.4-0.8. Differences in eruptive style at Mt. Pelée are unrelated to systematic
variations in pre-eruptive magmatic H,O concentrations. but may be caused by contrasting modes of degassing in the
conduit. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: eruptions; magmas; experimental studies; Mount Pelée

1. Intreduction domes has been based on the existence of pre-erup-

tive volatile gradients in the tapped magma body

Arc volcanoes are capable of various styles of
eruptive behaviour and of generating hazards of
different types and magnitude. Understanding the
factors that control eruptive styles and influence the
transition between explosive and effusive eruptions
1s necessary for hazard assessment. A commonly
proposed explanation for a sequence of initial explo-
sive Plinian eruptions followed by effusion of lava

* Corresponding author.

[1,2]. Recently, the volatile stratification model has
been challenged and alternative explanations have
been developed, assuming magma bodies with uni-
form volatile distributions. Mechanisms of gas loss
through permeable conduit walls have been proposed
to control the transition from explosive activity to
dome formation [3-5]. The degassing model has re-
ceived widespread recognition, yet several aspects
have been criticized [6] and the model needs to be
checked against well-characterized eruptive systems.

0012-821X/98/$19.00 © 1998 Elsevier Science B.V. Al rights reserved.
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One way to distinguish between the volatile strat-
ification and degassing models is to determine the
pre-eruptive volatile (H,O being the most important)
content and distribution in magma bodies tapped by
eruptions of different styles from a given volcano.
Although there have been several determinations of
pre-eruptive conditions in silicic magma chambers
[7], few studies have attempted to relate in a sys-
tematic way the pre-eruptive volatile concentrations
with the textural characteristics of eruption prod-
ucts and eruptive style. Differences in pre-eruptive
volatile concentrations have been demonstrated be-
tween Plinian tephra and ignimbrite from both the
Bishop Tuff and the Lower Bandelier Tuff [8-10]. In
contrast, other studies [3,11] have shown that domes
can be formed from H,O-rich melt, provided that
the eruptive environment allows the magma to de-
gas passively, rather than explosively. The variably
explosive deposits from the Taupo eruption were
demonstrated to be derived from a magma that was
homogeneous with respect to H,O [12]. A lack of
correlation between pre-eruptive HO content, de-
termined from melt inclusions in phenocrysts, and
explosivity has been demonstrated on two examples
of peralkaline rhyolite [13,14].

Mt. Pelée is a key example of an active an-
desitic volcano. Recent activity includes both Plinian
and Pelean (dome-forming) eruptions, providing an
excellent opportunity to compare pre-eruptive H,O
contents between these two strongly contrasted erup-
tive styles. In this paper, compositional data on phe-
nocrysts and glasses are used together with new
experimental data to determine the pre-eruptive con-
ditions for both Plinian and dome products. Our new
data on Mt. Pelée indicate that differences in erup-
tive regime are unrelated to systematic variations of
H,O concentrations in the magma storage region, but
instead reflect contrasting modes of degassing during
ascent.

2. Mt. Pelée: recent activity and description of
samples

Mt. Pelée (Martinique, FWI) is one of the active
stratovolcanoes of the Lesser Antilles island arc.
The 1902 dome-generated pyroclastic flows were
among the first to be directly observed and described

anywhere [15-17]. Since then, Mt. Pelée has been
the type volcano for Pelean eruptions involving lava
dome growth and associated nuées ardentes. A key
aspect of the recent activity at Mt. Pelée is the duality
of eruptive styles. The stratigraphic record for the
last 13,500 years reveals alternating phases of Pelean
(lava domes, block-and-ash flow and lithic surge
deposits) and Plinian eruptions (pumice flow and
fallout deposits) [18,19]. ‘Reverse’ transitions from
lava extrusion to a Plinian regime may also occur, as
illustrated by the 650 yr B.P. P1 eruption [20]. These
two eruptive styles generate various hazards, with, in
the case of the Pelean eruptions, the possibility of
laterally directed surges [21], as in the May 8, 1902
eruption responsible for the loss of 30,000 lives and
the destruction of the town of St. Pierre.

Samples representative of both Plinian (pumices
from the Plinian fallout and upper pumice flow of
the P1 eruption) and Pelean (lithic clasts from the
P1 basal and May 8, 1902 surges, and samples from
the 1929 lava dome and block-and-ash flows) erup-
tive styles were collected for detailed studies [22].
Products of the recent eruptions from Mt. Pelée
are uniformly silicic andesites, except for the pres-
ence of mafic enclaves [17,23]. New analyses con-
firm the older data and demonstrate no significant
change in whole-rock major element chemistry with
eruptive style. The rocks are crystal-rich pyroxene
andesites [17,23], with phenocryst modal propor-
tions ranging from =35 to 55 vol%, in agreement
with older modal data {17}. The phenocryst and
microphenocryst assemblage is plagioclase (2944
vol%), orthopyroxene (4-9%), magnetite (1--2%),
clinopyroxene (<1%), amphibole (<1%) and il-
menite (trace). Olivine is found only in mafic en-
claves [17,23]. Amphibole shows systematic resorp-
tion to orthopyroxene—plagioclase—magnetite assem-
blages, a textural feature noted in previous studies
[17].

Compositions of phenocrysts were determined in
both Plinian and Pelean products. Plagioclase phe-
nocrysts are typically zoned [17,23]. Rim compo-
sitions (assumed to be in equilibrium with a melt
having the composition of the matrix glass) range
from Ansyss for the 1929 dome and block-and-ash
flows, to Anss_gy for the P1 samples, from either the
Plinian fallout or basal surge; the compositions for
the May 8, 1902 surge are intermediate (Table 1).

13



(1998) 89-99

C. Martel et al. / Earth and Planetary Science Letters 156

"PoUILLIdAD

10U = pu :aynouew u FQLag = JN ‘euaxorddoyuo ur (QISTN = ug (uomisodwod wiy) asedoiderd ul 8QUSTYe) = Uy isse[ xuew = [y tuotsn[oul sse8 = 1 ‘034
se 9] 18101 = 'Qay 151Ut Jo aunssaid oyt 1' paRInA{Ed 1apng ONN AP Jo “Of Soj — “0f Fo| = ONNV ‘162] adoososoim uerdoly & yuam paddmba juswnnsur O/ 19[03IN
® U0 pauliofiad 21am SIUAWAINSEIW WLI] YL (%M §'OF o4a [eouk[eue) sesse[d prepurls onijoLyl 221yl 3y} Uolssas aqoidosotw uodfe Yora ur FuizAeue Aq pasoidun
sem [97] poysw aocualdIp-£q YL ‘(94m TOF Jold [eonA[eur) [¢7] uoijenn mYssL{-|JeY AQq pauluLLp se ‘QIH %M £€°9 PUB 65 ‘66| Suluteiuod pue ‘sasserd
XIIEW 39[3d A AW wol} pazisaypuAs Ajeiuswpadxe ‘sasse[d ougjoAys saly) Jo Isn 3y UO Paseq S1am Spoydw yiog YLLd Aq pue ‘suoioesy [MSAIO ySiy yum sagmeyd
[eluswiIadxa pue sadures Suieaq-a11[01dI *aZIs U1 Wil (7> SUOISN[OU] JOJ POYIdW 0UIIP-LQ oYl A A[UIRW PaUTLLIIAP dIam sasse]d Jo suaquod OFH sno1pAyue 94001
01 pazijewou are OIH 1daoxa sUONBNUSOUOD 3PIXQ) ‘[7] uonesdt Y pue BN I0J suoil3a103 Fuipnout sanbiuyds) payusiiqeisa-|jaa Juisn paurelqo eep godordius uonosfR
are sasAjeur [[e ‘QSY doy daoxyg [gz] wouy 38ins Zog[ ‘8 AB a1 JoJ suoniisodwios 1naudeA ‘pailo 1Un 1SE3] Yl JO SULISL UT (S133deIq Ul 1aquinu) UOIIBIASD pJepuels ayl
iim 101301 USAIS a1e sanfea STFRISAR 31 ‘3|qE[IRAR a1 sasAeur ajdufnw usyp ‘sdjdures gzl 2u 1daoxa uomnoss Uiy awes Y ul pazkjeue siskidouayd pue sasseld [eInjeN

9 (1)gy 86 (1) 8¢ (L1 Wog (Mee Mro (g0 @Ly DLy (90 (£)669 Lo+/see/1nre
89 (D¥S  (1)og 79 e I't ¥ o £0 9T €€l 0 oL §0+/5L8/1C
(ML s WLs  ©18s Mz eg Woe Wio (oo ©ge Wy o @ 1€ $0+/006/TT
(oL (Des 09 (@19 WKL Hge @Wse 1o 80 @se €Syl OO0 WYIL L'0+/006/0°C
€)yes (Mg 9¢ (IDS'S (1)sz Wese M9z (DI1o WFro ©Te (D9El @S0 (§)9EL +0+/006/27°C
pu S 129 ¢S e b€ §T 70 €0 LT €¢l £0 6L 0/006/1°C
68  (0) 89 19 (19 (Wsz Mer (D17 Wroe @+ @D%1 (DTT (€0 (€ 1'8L $T+/088/0C
{ONNV/Jo/d)
siuawiadxy
pu ¥ ey 61 1o €0 9l Lzl £0 €9 W
(VoL ¥S s 10> A vy Ll 10 +0 4 1'gl €0 8L [ smop use-pue-3o0iq 6761
69 4 SS ol 't 1'¢ 1l 70 ¢0 €¢ $'6 0 0'8L I o31ns 7g61 ‘g AeN
pu (PO @6¢ (€T W10 s ST (Hogl e (W ¥SL W
(0oL N9 9¢ 67 Tt '+ 91 10 90 Ay L1l €0 1'9L I a31ns 4
pu (N6l (D8 Wzt @Woo Weo (@Te 9T WT0 (DLIL W
(0) 69 €S 8¢ ray 1T 8¢ T 0 $0 Le 0¢l 0 $CL I noqrey 1d
sionpouad uordnay
(plow)  (plow)  (piow) (31m)  (3p) () (9p) () (gm) (gpm) (BIM) (M) (9pIm)
W ug uy O%H O™  O%N orD  OUN OB ‘084 OV oIL s AdAL
s1sAroouayd SassE|N)

sjuatadys p31dafas ur pue a9ed YA JO suondnia ues]dd pue uelui]d 1uaoar ul saseyd [erounn Sunsixs0d pue $asseld Jo suomsodwo)

[ siqeL

14



92 C. Martel et al. / Earth and Planetary Science Letters 156 (1998) 89-99

Orthopyroxene phenocryst compositions range be-
tween Ens; and Ensg irrespective of textural type
(Table 1), except in the 1929 dome where com-

pnclpnnc up to Engs are found., These magnesian

Sakan

compositions are 1nterpreted to reflect re-equilibra-
tion of orthopyroxenes under near-surface oxidizing
conditions. Orthopyroxenes are either homogeneous
or weakly zoned, with core-to-rim variations <6%
En. Magnetites are generally homogenous, except in
the 1929 dome samples where they contain exsolved
ilmenite lamellae. The COi“‘upOShiOi‘nS of unexsolved
magnetites range between Mtgs to Mty (Table 1) in
all eruption products analyzed.

Glass inclusions are abundant in plagioclase, but
can also be found in orthopyroxene phenocrysts.
They have average sizes of ~20 um, rarely ex-
ceeding 50 pm. Inclusions in phenocrysts from the
Plinian products are generally light brown in colour
and they often contain a bubble. In contrast, most

af tha innln frn tha Dala A
O1 ua® INCiusioHnsS o Uil railan l_uuu.uh\o arc Ci-

ther partially or totally crystallized. Matrix glasses
in Pelean products contain microlites in varying pro-
portions. In the May &, 1902 surge and 1929 dome,
the matrix glasses are almost completely crystal-
lized. In contrast, microlites in matrix glasses from
the Plinian products are either absent or present in

smail proportions (<i0% vol). Both matrix giasses
and glass inclusions have rhyolitic composition (Ta-

hle 1). Inclusion and matrix (ﬂacepe from the P1

ILIQ L

eruption have nearly identical major element com-
positions (Table 1). In contrast, most glasses from
the 1902 and 1929 Pelean products have higher SiO,
and K;O, and lower Al,O3; and CaQ, than the P1
glasses (Table 1), the difference being attributed to
post-entrapment modifications and crystallization of
microlites in the Pelean pl“OuuCtS The representative
glass analyses shown in Table 1 are for: (1) glass
inclusions with no visible signs of crystallization
and leakage; and (2) matrix glasses either microlite-
free (P1 fallout and surge) or the least modified by
the crystallization of microlites (1929 block-and-ash
flows). The lack of large variations in bulk rock
and phenocryst and giass compositions constituies a

first indication of near-identical magma chemistries
and r\fP-PﬂlnTl\'IP conditions. irresnective of eruptive

Qi LU VI UL MUIIGILIVIRS, 1l WOpvuL Vi Lalapai
¥V

style.

3. Using eruption products to constrain magma
storage conditions: results and iimitations

Various methods may be Pmn]nvpd to constrain

A LAY ASaes 1 v

pre-eruptive magma storage condltlons in intermedi-
ate to silicic systems [7]. Mineral-mineral equilibria
yield precise results for parameters such as 7 and
fo,, but melt H,O contents obtained by using ei-
ther dehydration equilibria or mineral-meit (such
as plagioclase—melt) equilibria are generally much
less ‘pi'eClbU, giVéﬁ the uncertainties in cxpe‘nmemal
calibrations and solution models for solid and melt
phases. These latter calculations also require values
for pressure and temperature (and sometimes fo,).
At Mt. Pelée, the presence of ilmenite microphe-
nocrysts is exceptional and this limits the use of
coexisting Fe—Ti oxides to calculate pre-eruptive
temperatures and fo,. The available Fe-Ti oxide
data for recent eruptions are compiled in Table 2.
For internal consistency, all T-log fu, data are re-
calculated using the same formulations of the oxide
geothermobarometer [27,28]. The two formulations
used yield ANNO values (ANNO = log fo, —log fo,
of the NNO buffer, calculated at a reference pressure
of 2 kbar) in good agreement, but temperatures differ
from each other by at least 40°C (Table 2). Here,
calculations after {27] are preferred because, when
applied to experimentally crystallized Mt—Ilm pairs,

T doo fa \rnlnPc 1n r‘lr\ep aoreement “nfh pvnpﬂ_
£ —108 jO, agrv AP

mental conditions are obtained (Table 2). Tempera-
tures for the 4 natural Fe~Ti oxide pairs available
are between 840 and 902°C, the two new pairs from
1929 block-and-ash flows lying in the middle of the
range (865 and 880°C, Table 2). Redox conditions
are moderately oxidizing, slightly above the NNO
buffer (ANNO = +0.4-0.8). For comparison, one
Fe-Ti oxide pair from an andesite sample of the
historical eruptions of Mt. Pelée [17] yields a tem-
perature of 969°C and a log fo, of —10.2 (ANNO
= +0.4). It is stressed that the T — log fo, data for
recent eruptions (Table 2) pertain to Pelean products
only.

With temperatures estimated from Fe-Ti ox-

ides, melt H,O contents can be determined from
nlnonnplqcp_mplt pthhrm Housh and Luhr f’)()]

studled the distribution of albite and anorthite com-
ponents between plagioclase and melt as a function
of the H,O content of the melt between 1 and 4
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Table 2
Fe—Ti oxide compositions in recent andesites from Mt. Pelée
Eruption: 1902 1929 1929 1929 Experiment
Style: Pelean Pelean Pelean Pelean P/°C/ANNO
Sample: 6 12 MT35Z MT35Z 2.1/900/0
Phase: Mt Ii it iim Mt iim it Ilm Mt iim
Si0s 0.05 0.00 0.02 0.02 0.11 0.34 0.10 0.08 0.68 0.20
TiOs 10.67 46.54 18.61 4424 1051 45.44 10.34 46.11 13.79 46.64
AL O, 2.33 0.00 2.33 0.00 2,12 0.21 2.46 0.23 3.29 0.15
FeO, 80.52 48.70 81.63 51.86 79.74 50.88 80.64 50.72 70.15 46.02
MnO 0.57 0.78 0.63 0.82 0.40 0.73 0.53 1.06 0.64 0.79
MgO 1.40 232 1.11 1.62 0.84 1.86 0.86 1.70 1.31 2.29
Cr204 0.08 0.07 0.00 0.00 - - - - - -
Total 95.62 98.34 96.33 98.56 93.72 99.46 94.93 99.9¢ 89.86 96.09
Mt (mol%) 71 - 71 - 69 - 70 - 56
Hem (mol%) - 14 - 18 - 16 - 15 - 12
Calculations after {28]
T (°C) 800 841 832 821 816
log fa, (bar) -133 -12.1 -12.5 -12.7 -13.6
ANNO +0.6 +0.9 +0.7 +0.7 -0.1
Calculations after {27]
T (°C) 840 902 880 865 899
log fo, (tear) -12.7 ~11.1 ~11.7 -12.0 ~12.2
ANNO +0.4 +0.8 +0.5 +0.5 03

Compositional data for samples 6 and 12 taken from [23]. Duration of the experiment: 327 h. ANNO calculated at 2 kbar.

kbar. Here, both the albite—melt and anorthite—melt
formulations [29] are applied to calculate the H;O
content of the melt, for temperatures of 850 and
900°C, and assuming a pressure of 2 kbar. For the
P1 eruption, plagioclase rim and matrix glass com-
positions from either the fallout or surge are used
{Table 1). The albite—melt expression {29] yields

melt H-O contents of 5.5-5.0 and 4.1-3.8 wt% (de-

nending on the nlagioclase rim composition nced\

Praniig Ui uul PRGeIUS GRS i VURLIPAISaU W

for 850 and 900°C, respectively. Melt H,O contents
obtained from the anorthite—melt expression [29]
are lower by 1-2% in comparison with the albite—
melt expression (3.0-2.8 and 2.1-1.9 wt% for 850
and 900°C, respectively). Thus, calculated pre-erup-
tive melt H;O contents span values from 1.9 to
5.5 wt% in the temperature range considered. How-
ever, although plagioclase—melt equilibria [29] fail

ta nraovide nracice actimatac af malt H. ) ~rantante
s lJAUVlu\« ‘.ll\«\,lo\./ WILZLIAULW S UL AREwd L JIZU \Iulll\flllo’

it Is interesting to compare the relative differences
between eruptions. For the 1929 Pelean products,
(plagioclase rim and matrix glass compositions from
Table 1), melt H-O contents calculated for the same

P-T conditions as above are lower by 0.5 wt%
than for P1. Overall, the plagioclase-melt equilib-
rium modelling supports a maximum difference in
pre-eruptive melt H,O contents of 0.5 wt% between
recent eruptions, either Plinian or Pelean.

Use of hornblende dehydration equilibria to cal-

culaie fy,o0 has noi been aiternpied, in pari because
of the uncertainties inherent in such calculations

[30} but also because amnhibole is not considered

U VVLVAUOV GIIPLUUVIV IS LIUL VULISIBwI VG

to be a stable phase under pre-eruptive conditions.
Amphibole shows resorption textures in both Plinian
and Pelean products, suggesting that it became un-
stable in the magma chamber and not during ascent
from the chamber to the surface. Amphibole com-
positions in recent Mt. Pelée andesites are, for the
very large majority, close to the pargasite end-mem-
ber (Al'Y = 1.5-1.8, cations in A site = 0.6-0.8

nfn) (cee ales 117 92N Edenitic amnhibhalegs richar

pruy s ai50 LE7s&T]fe LASUEIILIA ulllyuluulb‘ Liviici

in Si and poorer in Al are also found at Mt. Pelée,
in rare felsic rocks such as dacites and dioritic cu-
mulates [17.23]. In experiments performed on Mt.
Pelée andesite and basaltic andesite bulk composi-
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tions [31], crystallization of pargasitic hornblende
takes place only for relatively high pressures (4 kbar)
and temperatures (>925°C). In contrast, amphiboles
crystallizing at lower pressures and temperatures (2
kbar, <875°C) are edenitic [31]. Thus, the available
textural, compositional and experimental evidence
suggests that amphiboles in the Mt. Pelée andesites
are mostly relics from a higher pressure, higher tem-
perature crystallization stage of magmas parental to
the erupted andesites [31,32]. During ascent of these
magmas towards the upper parts of the magma stor-
age region, depressurization and volatile loss resulted
in the progressive resorption of amphibole.

Glass inclusions trapped in phenocrysts can be
used to obtain directly the concentration of H,O
(and of other volatiles) in the melt prior to eruption
[7]. This approach requires glass inclusions unmod-
ified during magma ascent and eruption and, for
this reason, is most useful for rapidly cooled Plinian
products. Another potential problem with glass in-
clusions is that they may be trapped at various levels
in the magma storage region, thus reflecting a range
of pre-eruptive conditions and not necessarily those
prevailing in the part of the chamber tapped by the
eruptions. Water (H,O) contents were measured in
glass inclusions from both Plinian and Pelean prod-
ucts (Fig. 1; Table 1). Almost all the data were
obtained using an improved version of the by-dif-
ference method [26], owing to the small size of
the glass inclusions. Only one glass inclusion could
be measured by FTIR (Fig. 1). Both methods were
based on three rhyolitic glasses, experimentally syn-
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Fig. 1. Water contents in glass inclusions from recent Pelean and
Plinian eruptions of Mt. Pelée. Filled symbols: determination by
the by-difference method. Open symbol; determination by FTIR,
See Table 1 for analytical procedures. BAF = block-and-ash
flows.

thesized from the Mt, Pelée matrix glasses, and con-
taining 1.99, 4.59 and 6.33 wt% H,0, as determined
by Karl-Fischer titration [25]. These glasses served
to standardize the FTIR measurements [25]. They
were also used to calibrate the by-difference method
and to correct the electron microprobe analyses of
glasses for alkali migration [24]. Most inclusions an-
alyzed come from plagioclase, and only a few from
orthopyroxene. However, no systematic difference in
H,O concentration with type of host mineral was
found. Glass inclusions from the P1 Plinian fallout
have H,O contents ranging between 4.2 and 7.1 wt%
(Fig. 1), 5.8 £ 0.7 wt% on average (n = 14). The
inclusion analyzed by FTIR has a water concentra-
tion of 6.7 wt% and lies close to the maximum of the
range (Fig. 1). Dissolved CO, was below detection
in the inclusion. In contrast, glass inclusions from
the Pelean products have H,O contents lower on
average than in the Plinian pumices, especially the
samples from the 1902 and 1929 eruptions (Fig. 1;
Table 1). The P1 surge is characterized by a large
dispersion of water concentrations (Fig. 1). Although
inclusions with water concentrations < 3 wt% are
common, other inclusions reach concentrations as
high as in the Plinian pumices (Fig. 1). The low
water concentrations, the dispersion of the data and
the fact that concentrations as high as in the Plinian
pumices can be found consistently suggest that the
Pelean inclusions suffered post-entrapment modifi-
cations and leakage to various extents upon ascent
and eruption [33]. Therefore, H»O concentrations
in glass inclusions from the Pelean eruptions are
probably not representative of pre-eruptive melt H,O
concentrations.

4. Experimental constraints

Fe-Ti oxide compositions, plagioclase—melt equi-
libria and H>O contents of glass inclusions have
furnished constraints on pre-eruptive magma storage
conditions at Mt. Pelée. However, systematic T-
log fo, data are lacking, especially for the Plinian
eruptions. Glass inclusions show a large spectrum of
H,O concentrations, in part due to post-entrapment
modifications. Therefore, the pre-eruptive conditions
need to be confirmed from another approach. Ex-
perimental phase equilibria {34-36] were studied for
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three silicic andesite samples from the different erup-
tive styles (P1 faliout and surge, 1929 dome). Their
whole-rock compositions (60.75-61.11 Si0,, 0.43-
048 TiO,, 17.47-17.74 ALQO;, 5.94-6.05 FeQ,
2.17-2.29 MgO, 0.17-0.18 MnO, 6.15-6.24 CaO,
3.45-3.53 Na,0O, 0.97-1.05 K,O, 0.37-1.68 H,O0,
in wt%) are sufficiently similar to make the exper-
imental results independent of the starting sample.
The experiments were performed at ~2 (2.0-2.3),
3.1 and 4.2 (£0.02) kbar, between 850 and 1040
(I.) ) L,, in an iﬁter“uauy heated pressure vessel fitted
with a modified semi-permeable H, membrane [37],
allowing redox conditions to be precisely controlled
and monitored from ANNO = 0 to +2.5 (£0.2).
A rapid-quench device [38] was used in some runs.
Most runs lasted for 8—14 days, depending on tem-
perature. Starting materials (mostly glasses, but some
crushed rock powders) were contained in Au cap-
sules. From electron microprobe analyses of capsules
and mass-balance calculations, Fe-loss was found o
be negligible. Melt H,O contents were varied us-
ing H,O—CO; fluid mixtures (generated from doubly
distilled demineralized H,O and Ag,C,04) and H,O
contents of quenched glasses were analysed using
the same techniques as for the natural glasses (see
above and Table 1).

Values of P-T-fo,—meit H,O content in the
magma storage region are bounded by using charges

s1th nerimental phase qecnmh]anpc Inr‘nnclctpnt
Vvlbll Ul\y\flllll\il.‘ul Pl‘“ “JD\/AIAU&“& LIV LAY

with the phenocryst assemblage. Charges at 4.2 kbar
are charactenized by the presence of amphibole [31],
which occurs as a near-liquidus phase at 925°C,
ANNO = +0.6 and for water-saturated conditions
(melt H,O content = 10.8 wt%). Experiments per-
formed under strongly oxidizing conditions (ANNO
= +2) at 2.3 kbar, 930°C and for a melt H,O content
of 6.9 wt% yield a phase assemblage lacking or-
thopyroxene, but with both amphibole and clinopy-
roxene. By contrast, the phenocryst assemblage is
adequately reproduced in experiments performed un-
der moderately oxidizing conditions (ANNO = 0
to +1) at ~2 kbar. Under these P- fu, conditions,
plagiociase, orthopyroxene and magnetite coexist at
equilibrium with melt for a substantial range of 7—

malt H.O) contante Clinanurnvena ic fmmd ennrad.
LGOI 127 W VUGS, CUBVPYIUACTIU 15 iUuliu Spuiau

ically in the experimental charges and ilmenite only
in the most reduced runs (ANNO = 0, Table 2),
closely reproducing the mineralogical features of the

andesites. The T-melt H O content domain where
plagioclase, orthopyroxene, magnetite and melt co-
exist is bounded towards the high temperatures by

the disannearance of rthnnvrnvanp IT > Q60—
the daisappearance oI ortl

940°C for melt H,O = 5-7 wt%) and towards the
low temperatures by the crystallization of amphibole
(T < 830-875°C for melt H,O = 6-7 wt%), since
amphibole is not considered to be stable under the
pre-eruptive conditions.

Comparison of compositions of natural glasses
and put‘:i‘lOCl“ySLb with expeﬁmemai COmpOSitiOﬁS al-
lows the pre-eruptive conditions to be precisely de-
termined [34-36]. Here, the compositions of the four
main phases (plagioclase, orthopyroxene, magnetite,
glass) are used together for the determination of the
pre-eruptive conditions. Taking P = 2 kbar, ANNO
= 40.4-0.8 and T between 875 and 950°C as initial
conditions, plagioclases and orthopyroxenes provide
consistent values of melt HzO contents of 4.5-6.5
and 4.8-6.3 'vvt%, 1uoy\abuvu1_y u 15 2a,b, Table 1)
For H,O contents in the 4.5-6.5 wt% range, oxide—
melt H,O plots (see Fig. 2c for SiO, and also Ta-
ble 1) consistently show that only glasses from the
875 and 900°C isotherms can coincide with matrix
glass compositions. Taking the intersection of the
plagioclase, orthopyroxene and glass data as the melt
H,0 content (5.3-5.5 wt% at 900°C, 5.7-6.3 wt%
at 875°C, Fig. 2), experimental magnetites match the
natural compositions for log f, values of =NNO
+0.6-0.8 at 900°C (Fig. 2d; Table 1), and =NNO
+0.4-0.8 at 875°C (Fig. 2d, note that magnetite
compositions are almost independent of T for fixed
fo, and melt H,O). Plots such as Fig. 2d, but for
orthopyroxene lead to the same f, range (ANNO
= 40.4-0.8) for 875-900°C and melt H20 contents

as dUUVﬂ, I.llUb bUlllllllullg lllC ldllgt! Ul _[07 lllllldlly
chosen. A pre-eruptive temperature of 850°C is un-
likely since it would require melt H,O contents >6.5
wt% (Fig. 2c), thus leading to experimental mag-
netites and orthopyroxenes higher, respectively, in
Mt and En than the natural phases (Fig. 2b,d). It
is concluded that experimental conditions between
T = 875-900°C, ANNO = +0.4-0.8, melt H,0 =
5.3-6.3 wt% bracket the pre-eruptive magma storage

ronditinne Plaginrlacae arthanvrnvanse maonatitag
WwAULANILINVIED . 1 Lusju\.«lua\,o, L LII\JPJ LUALVAIVOD, llluél.l.\.ltll\.n)

and glasses obtained under these experimental con-
ditions (Table 1) enclose compositions of matrix
glasses and coexisting phenocrysts. Although exper-
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Fig. 2. Compositions of experimental plagioclase (a), orthopyroxene (b), glass (¢) and magnetite (d) as a function of the H,O content of
the glass, and comparison with natural compositions from recent eruptions. Each point represents either one analysis or the average of
multiple analyses for a given phase in a given charge, with standard deviations (10) equal or lower than analytical error. The data points
are labelled as a function of experimental conditions, charges from different starting samples being represented under the same symbol. R
denotes data from rapid-quench experiments. For plagioclase, only rim compositions are compared and, for glasses, only matrix glasses

are used in the comparison (see text).

iments below 2 kbar are lacking, the lower bound
of melt H,O determined above (5.3 wt%) requires
a lithostatic pressure of ca. 1.6 kbar [39] minimum
for the magma storage region. In the following, a
conservative value of 1.5 kbar will be adopted. Pres-
sures substantially above 2 kbar can be ruled out
since compositions from experiments at pressures

above 2-2.3 kbar (either 3.1 or 4.2 kbar) fail to de-
fine consistent melt H,O contents. This is because,
upon increasing pressure above 2 kbar, progressively
higher melt H,O contents are required for plagio-
clase and orthopyroxene compositions to match the
natural compositions, while progressively lower melt
H,0 contents are needed for experimental and nat-
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ural glass compositions to overlap. Therefore, the
depth of the andesitic magma reservoir can be esti-
mated at ca. 7-12 km (2 + 0.5 kbar), taking a density

of 2.2 n/r\mq for unner crustal voleanic rocks
<m Ior upper Crust 1Canic rocxs.

5. Discussion and implications for control of
eruption regime

The recent Plinian and Pelean eruptions of Mt.
Pelée (65G yr B.P, 1902, 1929) have been used
to test between the existing models for the tran-
sition between explosive and effusive eruptions in
silicic volcanoes. To do so, the pre-eruptive H,O
concentrations and storage conditions for eruptions
of different styles have been precisely determined.
from experiments performed on the natural andesite

samples. The experimental T - fo, data (875-900°C,
ANNO = 40.4-0. 8) are in agreement with Fe-Ti

ida Ao QAL _QQNo
ORiGac uata, CDPUL[G.[I] ulC LWU new pauo \OUJ OO0V

ANNO = +40.5, Table 2). The range of pre-eruptive
melt H,O contents inferred from the experiments
(5.3-6.3 wt%) encloses the average H,O concentra-
tions of glass inclusions from the Plinian fallout (5.8
wt%, Fig. 1). It markedly differs from the average
values found in the inclusions from Pelean products
(Fig. 1), thus confirming a posteriori that the major-
ity of these inclusions were modified during ascent

nd PﬂlhfInh Maoct lnh]nelr\nc in hlock- and_aeh Hr\nrc
ullu A2 8 tl AVARIIL L11EW ANS1L AEdA ULV RANIYY T

and surge deposits from Mt. Pelée do not reflect
pre-eruptive H>O concentrations. The depth of the
andesitic magma body tapped by the recent erup-
tions has been estimated at ca. 7-12 km. Therefore,
the experimental results provide precise data on the
conditions of storage of andesitic magmas at Mt.
l’t.‘«lt:t: pf‘l()l‘ to uncu“ ascent aﬂu eruptmu

Although the experiments define a narrow range
of pre-eruptive conditions, the data do not totally rule
out the possibility of small fluctuations in magma
storage conditions from one eruption to the other.
However, these fluctuations have to be of small
amplitude (i.e., £10-15°C, £0.5 kbar, +0.5 wt%
H,0 and 0.2 ilog fo, units). it follows that the re-
cent eruptions tapped magma bodies having either

idanticral H. ) cancantratinng nr H D) cancantratinng
dusvditiv s ‘léu MURIvVILIML ulvIng Vi llz’\.’ SUMVOLILLALLULILY

differing only by small amounts (0.1% range). For
the Pelean and Plinian phases of the P1 eruption,
the pre-eruptive H,O concentrations must have been

identical, since no differences in bulk composition,
glass and phenocryst composttions can be detected.
This conclusion is in contrast with previous mod-

P]C \ifhlf‘}'l hQ\TD nrnnncnr] fh }‘ID nf’llf\f‘l\lﬂ ]'u:hha\nnnr
15 Vi UGV pluvpuswva ulut lll\.l Ul ic ¥

of Mt. Pelée is controlled by gas content [17]. It
is worth stressing that the absence of significant
volatile stratification, as demonstrated here, concerns
only that zone of the magma storage region tapped
by the recent eruptions. However, glass inclusions
with H,O concentrations higher (=7 wt%, Fig. 1)
L[iali LIlC ]IllCITCU prc-c:lupuvc l'lQU leUCb ﬂdVC DCCI]
found. In the same way, there are indications of
more mafic magma (basaltic andesite) hemo‘ stored
at P > 4 kbar [40]. Therefore, the existence of in-
depth compositional variations (or heterogeneities)
beneath Mt. Pelée is beyond doubt. However, there
is no evidence that such variations in either volatile
concentration or magma composition are significant
in the storage zone of silicic andesite magmas tapped
by thc recent cruptions. On the contrary, the data
presented here stress the chemical homogeneity of
the tapped magma bodies. This is consistent with the
small volumes (0.1-0.5 km®) of eruptions in recent
times and, in fact, supports the two-stage geometry
for the magma storage region that has been proposed
independently [17,40}. Eruption of small volumes
of physically and chemically homogeneous magmas,
such as at Mt. Pelée, contrasts with large silicic sys-

tems, where zonation in wnlnhlpc maior and trace
e 110 atiles, major ang trace

elements, temperature and phenocrysts content has
been documented [9,10,41].

Results from this paper essentially rule out the
volatile stratification model for explaining the tran-
sition between recent explosive and effusive erup-
tions at Mt. Pelée. Therefore, the transition between
Plinian and Pelean eruptive styles is unrelated to
systematic variations of H,O concentrations in the
magma storage region beneath Mt. Pelée. This im-
plies that the distinction between Plinian and Pelean
eruptive regimes is acquired during magma ascent
from the storage zone to the surface, thus confirming
one important aspect of the degassing model [3-5].

£ N B
0. LOIICIUSIONnS

(1) The recent activity of Mt. Pelée is charac-
terized by strongly contrasted eruptive styles, with
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eruption of either Plinian or Pelean andesitic prod-
ucts of identical buik rock and phenocryst and glass
compositions, thus providing a unique opportunity to
test between existing models of eruption regime.

(2) Fe-Ti oxide compositions, plagioclase—melt
equilibria and H,O contents of glass inclusions
furnish constraints on pre-eruptive magma storage
conditions. However, systematic T-log fo, data are
lacking, especially for the Plinian eruptions. Glass
inclusions show a large spectrum of H,O concentra-
uuuS in part diie to posi-entrapmeii modifications.

(3) Pre-eruptive H,O concentrations and storage
conditions for eruptions of different styles have been
precisely determined from experiments performed
on three natural andesite samples. T— f;,, data (875-
800°C, ANNO = +0.4-0.8) are in agreement with
the two new Fe-Ti oxide pairs analyzed (865-880°C,
ANNO = +40.5). Melt H,O contents determined
from the experiments (5 3-6.3 wt%) encloses the

average I.nN A, antratiang ~laa q Fen
“uy \Jl“sv Lllv \.«Ull\ruuu aLiviin Ul SLGDD lll\dluolullﬂ llulll

the Plinian fallout (5.8 wt%, Fig. 1). In contrast, most
inclusions in block-and-ash flows and surge deposits
do not reflect pre-eruptive H,O concentrations.

(4) Mt. Pelée provides one example where the
transition between Plinian and Pelean eruptive styles
is unrelated to systematic variations of H,O concen-
trations in the magma storage region, but is acquired
during magma ascent from the storage zone to the

eurface
surface.
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Etude complémentaire

Stage de recherche M1 Elisabeth TRY (2008, Orléansftude pétrographique et
minéralogique de quelques éruptions pliniennes de la période récente daiagve
Pelée

Direction : M. Pichavant et C. Martel.

Les conditions de stockage du magma andésitique au cours des érhjstiorigues
de la Montagne Pelée semblent donc étre relativement statalissqu’en est-il des éruptions
plus anciennes ? Ce sujet de stage de recherche de M1 viganer e'éventuelles variations
des conditions de stockage des magmas pliniens au travers une aesypeoportions
modales des phénocristaux et des compositions des bordures des plaémoerides verres
interstitiels des ponces d’éruptions Pliniennes plus anciennes q6&®ar(s BP), telles que
P2 (1140 ans BP), P3 (2010 ans BP) et P4 (2440 ans BP). Les sémuipigis lors de ce stage
montrent que les ponces de P4 sont chimiquement plus évoluées (rolehdaocitique, verre
résiduel a 79 pds % de S)Oque les autres Pliniennes étudiées (roche totale andésitique,
verres résiduels ~75 pds % de Ji@ependant, les proportions modales et les compositions
de bordures des phénocristaux de P4 semblent comparables a ceflegotiess historiques.

En revanche, les profils de bordures de phénocristaux de I'éruptiom dStimguent par un
enrichissement en composant anorthitique du plagioclase.

Il existe des différences compositionnelles réelles enseptances des éruptions
Pliniennes de la période récente d’activité. Ces caractéristiquesitetes présent une étude
plus approfondie afin de pouvoir interpréter ces différences en sedmevariabilité des
conditions des réservoirs magmatiques au cours du temps, par exeacplé gles analyses
des inclusions vitreuses, des éléments mineurs et traces damistaux, et des expériences
d'équilibre de phase.

|.3- DEGAZAGE

Les conditions de stockage des magmas des futures éruptions expisifeisives de
la Montagne Pelée (et potentiellement de volcans dont la chamdigmatique est de petite
taille, i.e., < 1 km) étant comparables, nous avons recherché l'origine des diff&tytes
eruptifs au niveau des processus intervenant lors de I'ascehsioragma dans le conduit
volcanique. Il a été proposé par Jaupart et Allegre (1991) que l@mugtidit déclenchée par
une surpression du réservoir magmatique de I'ordre de la dizairegatbminimum, et que
différentes magnitudes de ces surpressions pouvaient éoaging de difféerentes vitesses
d’ascension initiale du magma dans le conduit volcanique, impliquant didésentes
modalités de dégazage. Par dégazage au sens large, je eorigiden processus de
vésiculation de bulles, par lequel le gaz dissous dans le ligucké&is’exsolve, nucléant des
bulles qui croissent et éventuellement coalescent et 2) let@aradermé ou ouvert du
systeme, c'est-a-dire le fait que le gaz reste dans le anagus forme de bulles ou est
eéchangé avec l'extérieur. Il est a noter que contrairementregmas mafiques, la forte
viscosité des magmas riches en silice ne permet pas mps de I'éruption, de ségrégation
significative des bulles de gaz par flottabilité (égaleménfié par I'observation in-situ), i.e.,
il n'y a pas de vitesses relatives entre les bulles kgueale silicaté. La relation entre le
dégazage et le caractére explosif d’'une éruption découle ere mhs modalités de
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vésiculation des bulles (pression de nucléation, densité numérique,diaiftgportance de la
coalescence) et du caractére ouvert ou fermé du dégazagffeErors de I'ascension du
magma dans le conduit, le volume des gaz augmente considérableandety solubilité et
leur densité diminuent de maniére non-linéaire avec la baispesdsion. Dans le cas d'un
dégazage en systeme fermé, la faible extensibilité du conduénvgle en réponse a cette
forte augmentation de volume crée de fortes surpressions gaziusedes bulles et la
diminution de la densité globale du magma peut provoquer une forteratio@lénenant a
une éruption explosive de type Plinien (Sparks 1978; Wilson et al., 1980vBnche, un
magma dégazant en systeme ouvert perd dans une certaine seespogentiel explosif par
fuite des gaz sous pression dans I'encaissant ou au traversottntze magmatique devenue
perméable (Eichelberger et al., 1986). Il y a dans ce cas dompéntre la vitesse
d’ascension du magma et le temps nécessaire au développement mrmeéabilité
magmatique, c'est-a-dire a l'instauration de chenaux d'éehrgp des gaz par coalescence
des bulles.

Le dégazage magmatique est par conséquent un processus dynamiquéesdont
caractéristiques évoluent constamment en cours d’ascension, et tionitelantre systeme
fermé et ouvert peut étre franchie a plusieurs reprises. Cependaptoduit émis ne nous
révele que I'état final du dégazage, au moment de sa tremperprétation de cette porosité
en termes de vitesse d’ascension, de développement de perméaléitatentiel explosif
nécessite en amont des etudes détaillées des conditions de tiéniclda bulles et de pertes
en gaz. La section 1.3a ci-dessous traite du processus de vésicdied bulles au travers
d’'une étude in-situ de la croissance de bulles d’eau dans un mapeam silice (Martel et
Bureau, 2001) et de nouvelles données apportées sur la nucléation Edeerme des bulles
par les travaux de these de C. Gondé (2008). La section 1.3b traiterafiiere ouvert ou
fermé du systéeme de dégazage par une étude des produitssndéutal Montagne Pelée
(Martel et al., 2000a).

I.3a. Etude in-situ du processus de vésiculation (nucléationgroissance et
coalescence de bulles)

La nucléation et la croissance de bulles dans les magma® axténsivement étudiées
par des approches expérimentales ou numériques. Les simulationsignesésont
notamment de plus en plus réalistes, passant d'un modele de crodsdndie unique dans
un magma infini a des réseaux de bulles juxtaposées interdgestspassant d’une croissance
a pression constante a des croissances en décompression continoed€les théoriques
sont basés sur la résolution des équations de diffusion des gaz diaseuss liquides, de
conservation de masse des volatils a I'interface gaz/liquidie etéformation visqueuse du
liquide silicaté. Leur validité est apportée par des expégede vésiculation de bulles en
conditions magmatiques réalistes. Cependant, la plupart des prodoésnentaux sont
analysés post-mortem (aprés expérience), ce qui représentegtietaent une source de
perte d’information, notamment en ce qui concerne les processuinatigues rapides, tels
gu’un évenement de nucléation. D'autre part, I'étude de I'évolutionvésitallation au cours
de la décompression requiert des expériences sériées endmmbpes mise en ceuvre est tres
consommatrice en temps. L'outil haute pression et haute teomeéradéal pour
I'expérimentaliste serait transparent, de maniere a suivrenenseule expérience les
différentes étapes de la vésiculation. En faisant la connaissdfiéne Bureau en post-
doctorat au BGI en Allemagne, nous avons eu l'idée d'utiliser Balec&x enclumes de
diamants (CED) pour une étude in-situ inédite du dégazage d’'un ans@ms pression. En
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effet, la CED est un outil haute pression et haute températuneefp@nt d’'une part les
décompressions et d’autre part une observation in-situ de haute résolution.

Article présenté : MARTEL C. & BUREAU H. (2001) In-situ high-pressure and high-
temperature bubble growth in silicic melEarth Planet. Sci. Lett. 191, 115-127.

Financements:. Programme "Visiting Scientists” du Bayerisches Geolnstiatyreuth,
Allemagne et du Programme Européen "IHP-Access to Resedraktiuctures” (D.C.
Rubie).

L’article présenté traite de I'observation in-situ de la numéagt de la croissance de
bulles dans un liquide haplogranitique saturé en eau (79 pds% Si@me CIPW :
Qz36Ab3gOrs, composition analogue simplifiée d'un liquide rhyolitique naturel), par
décompression dans une cellule hydrothermale a enclumes de di@BBntde type Bassett.
Cette CED hydrothermale impose que la décompression soit ppateda baisse de la
température du four (c'est le refroidissement de I'eau dans un voantraint qui génére la
décompression du systeme). Le processus de vésiculation a é&éefiles images ont été
traitées pour déterminer les pressions de nucléation, le nondwé&ndments de nucléation,
les lois de croissance des bulles et les températures de transition \dedsplogranite.

La plupart des résultats obtenus ne sont pas directement comparablEsultats des
expériences et des modéles théoriques isothermes de lauigeeat raison de la forte baisse
de température (200 a 300°C) accompagnant la décompression. Nosniudlesent des
croissances logarithmiques (proche d’'une loi en racine cubiqe3, gue les croissances
isothermes de la littérature suivent des lois en racin@egacontrélées par la diffusion de
I'eau dans le liquide silicaté. De plus, la gamme de presgidifisdition de la CED est de 3-
22 kbars environ, alors que les pressions requises pour la simulatioasdension d'un
liquide rhyolitique dans un conduit volcanique seraient plutét < 2 kbars. rédtats
montrent que le processus de nucléation des bulles peut étre inflp@nda taille des
globules de liquide silicaté (essentiellement des plus pegitsrel'eux), par le comportement
du globule vis-a-vis des faces des diamants (nucléation hétérog@sne nomogene) et peut-
étre aussi par la petite taille de la chambre a éclan{#l 500 um de long pour une épaisseur
entre les deux diamants de 250 um, bien que nous n‘ayons pas d'argumeetpmower).
Néanmoins, cette premiére étude in-situ du dégazage d’'un magn@éganpression a
montré que les CED sont des outils potentiellement puissants pouence d'étude,
permettant l'observation directe du processus de nucléation, dewcceisst de coalescence
des bulles en fonction de la pression et du temps, avec une eteeflsolution optique. Le
dispositif nécessite a présent d'étre techniguement modifié afipodgoir obtenir des
conditions de dégazage réalistes pour les magmas (notammaeiitblds pressions finales et
un découplage pression / température).
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Abstract

We present the first investigation of in situ high-pressure and high-temperature bubble growth in silicic melts. In a
hydrothermal diamond-anvil cell, a haplogranite melt (79 wt% SiO,) is hydrated then subjected to cooling and
decompression. With decreasing pressure, water exsolves from the melt and bubbles grow. The whole experiment is
observed through an optical microscope and video-recorded, so that bubble nucleation, bubble growth, and the glass
transition are directly monitored. Bubbles nucleate and expand in melt globules having radii from 15 to 70 um. Bubbles
reached 3.6-9.1 um in radius within 6.1-11.7 s (until the glass transition is attained) while temperature decreases from
709-879°C to 482-524°C, corresponding to decompressions from 7.0-21.9 to 3.4-15.2 kbar. Bubbles nucleated either in
a single event occurring within the first second or in successive pulses over a period of up to 7 s when the melt globules
are in contact with a diamond culet of the cell. In these experiments, bubble growth can be fitted to the cube root or a
logarithm of time, mainly ascribable to the combination of large water oversaturations due to rapid cooling and
decompression. At pressures of 3.4-15.2 kbar, we measure glass transition temperatures that are 20-80°C higher than
those calculated at atmospheric pressure. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: bubbles; high pressure; high temperature; growth rates; silicate melts

1. Introduction

Magma degassing occurs during volcanic erup-
tions due to the exsolution of the volatiles dis-
solved in the melt at depth. This results from
the decrease of the volatile solubility in melts
with decreasing pressure [1]. Bubbles grow by dif-

* Corresponding author. Present address: ISTO-CNRS,
1A rue de la Férollerie, F-45071 Orléans cedex 2, France.
Tel.: +33-2-3825-5252; Fax: +33-2-3863-6488.

E-mail address: cmartel@cnrs-orleans.fr (C. Martel).

fusion of the volatiles dissolved in the melt
through the melt-vapor interface and by gas ex-
pansion as pressure decreases. These processes
drastically change the physical and chemical prop-
erties of the magmas, the flow properties within
the conduit, and therefore the ascent rates that
finally control the eruption regime. Therefore,
much effort has been devoted to understand the
dynamics of bubble growth in magmas in order to
model volcanic eruptions.

Bubble growth models have evolved from the
consideration of a single bubble expanding in a
superheated infinite one-phase system [2] to many
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identical cells of one bubble surrounded by melt,
in which the bubble grows from a volatile-over-
saturated melt at constant pressure and temper-
ature [3-5] or under decompression [3,5-7]. The-
oretical results are obtained by solving equations
of volatile diffusion in the melt, viscous deforma-
tion of the melt, and mass balance of volatiles at
the bubble interface. At constant pressure and
temperature and for relatively long durations,
models predict that bubble growth is proportional
to a square root of time mainly controlled by the
volatile diffusivity in the melt.

Theoretical models have been experimentally
tested at atmospheric pressure under increasing
temperature using heating stage devices [8-10].
These in situ methods allow the direct observation
of the process of bubble growth and enable the
precise observation of the timescale of vesicula-
tion. However, these experiments better simulate
bubble growth in domes (under cooling at con-
stant pressure) than during magma ascent in the
conduit (under decompression at nearly constant
temperature). To better simulate bubble growth in
ascending magmas, experiments have been per-
formed in rapid-quench autoclaves, in which bub-
bles nucleate at constant pressure and tempera-
ture from an oversaturated rhyolitic melt [11,12]
or under controlled decompression [13]. After
quench, bubble sizes and number density are mea-
sured. Although the procedure better compares
with natural process, it is not an in situ observa-
tion and does not allow the monitoring of the
entire vesiculation process.

Here, we present the first in situ high-pressure
and high-temperature study of bubble growth in
silicic melts using a hydrothermal externally
heated diamond-anvil cell. The procedure allows
us to observe and measure the timescales of bub-
ble nucleation, bubble growth, and the glass tran-
sition that can be compared to theoretical and
analytical models.

2. Materials and methods
2.1. Starting materials

The starting material is a synthetic bubble-free

haplogranite glass (HPGS, SiO,: 78.6, Al,Os:
12.5, Na;O: 4.6, K,0: 4.2 wt%, microprobe anal-
yses). This glass was synthesized by fusing a mix-
ture of dry powders of Si and Al oxides with Na
and K carbonates at 1400-1675°C and 1 atm. The
fused batches were loaded into a box furnace and
stirred until it becomes homogeneous and devoid
of bubbles. In order to enhance the further hydra-
tion in the diamond-anvil cell, we started with
pre-hydrated glasses. This pre-hydration was per-
formed by sealing the required amount of HPGS8
glass powder and distilled water into Pt capsules
and annealing it for 6 days at 1000°C and 3 kbar
(Institut fiir Mineralogie, Hannover, Germany).
The water content of the hydrated glass was mea-
sured by Fourier transform infrared spectroscopy
at 2.4 wt%. Thin fragments of glass were crushed
to the size corresponding to the sample chamber
(<100 pm thick, ~300 um Q).

2.2. Experiments

Bubble nucleation and growth are observed in
situ at high pressures and high temperatures in a
modified Bassett-type hydrothermal diamond-an-
vil cell [14,15]. In this cell, the sample is contained
in a hole bored in the center of a rhenium gasket,
compressed by two type-I diamonds of 0.21 carat
with 1 mm flats. Heating is achieved by passing a
high electrical current through molybdenum wires
around tungsten carbide seats holding the dia-
monds. During the entire experiment, an Ar—H,
gas mixture (2 vol% Hy) is introduced into the cell
to prevent oxidation of the diamonds and the
molybdenum heater. The temperature is measured
by two thin wire K-type thermocouples attached
to the diamonds. The temperature in the sample
chamber is calibrated against these thermocouples
by measuring the melting points of NaNQOj3, CsCl,
NaCl, sulfur, and ice in the cell at room pressure.
The calibration curve has a standard error of
+2°C. Temperatures may be measured every 0.1 s.

Pressures at any given temperature may be
computed from the equation of state of water
[16,17] and the knowledge of its density at a
known temperature. The pressure estimation dur-
ing the experiments is based on the fact that the
sample cavity is filled with water and remains of
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constant volume on cooling [14,15]. In order to
stabilize the volume of the sample chamber during
cooling, the hole of the gasket was first filled with
water and an air bubble to give the desired bulk
density and cycled through the relevant temper-
ature range several times, until the homogeniza-
tion temperature of the fluid becomes virtually
constant. The initial sample chamber diameter is
500 um. During gasket stabilization this diameter
is reduced to about 400 um, and then diminishes
progressively during the successive experiments
until the available volume becomes too small for
good observation. This is due to the fact that
during heating, the metal gasket softens and
yields under the force applied to the diamonds.
Variations in the volume of the sample cavity
modify the density of the fluid (which becomes
higher for each heating—cooling cycle), so that
pressure increases with successive experiments.

For an experiment, the cell is loaded with the
sample (pieces of glass), water and an air bubble
and heated to the desired temperature. The water
density prevailing during the experiment is calcu-
lated [18] by measuring the homogenization tem-
perature of the air bubble after cooling (100-
200°C). At these low temperatures, we assume
that the fluid has properties similar to pure water,
based on the low solubility of silicate glasses in
water at these conditions [19]. This density is used
for pressure calculation at the run conditions
[16,17]. The error on the calculated pressure is
estimated to be maximum 2 kbar.

3. Results
3.1. Progress of the experiment

The whole experiment can be described in the
following steps. The first step is the melting of the
glass fragments and their hydration at a given
temperature, which defines the pressure and there-
fore the melt water content (both calculated at the
conclusion of the experiment). Once globules of
silicate melts have equilibrated with the aqueous
phase at the chosen maximum temperature, we
switch off the power of the heater (corresponding
to time = 0 s), causing a non-linear cooling rate of

2-8°C/s during the first second to ~32°C/s after
2 s. This cooling induces decompression rates of
300-600 bar/s. For one experiment (#8), cooling
was manually controlled (without switching off
the furnace) at a rate of 2°C/s, giving a decom-
pression rate of 24 bar/s (Fig. 1). Because water
solubility decreases with decreasing pressure and
temperature [1] in this second step, water exsolves
from the melt. Water exsolution is physically ob-
served by bubble nucleation in the melt globules.
As temperature and pressure both decrease, these
bubbles grow until the glass transition tempera-
ture is reached (except for experiment #8) mark-
ing the end of the experiment. As the experiments
are video-recorded, together with temperature and
time, the processes and the timescales of bubble
nucleation, bubble growth, and glass transition
are precisely observed and the bubble sizes may
be measured on frame-captured images every 0.2 s
using an image analysis software. Very few bub-
bles (zero to five, usually only one) can be satis-
factorily measured per experiment due to the lim-
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Fig. 1. Cooling rates (a) and corresponding decompression
rates (b) of four selected experiments.

28



6T

Table 1
Experimental and analytical conditions

811

Exp # Initial conditions (=0 s) Last nucleation  Final conditions at the glass transition (except for #8) AT AP ACy,

and first nucleation event event

T; P: cb, T t T3 P} co, ! q R, R (°C) (kbar)  (Wt%)

(°C) (kbar)  (wt%)  (°C) (s) O (kbar) (Wt%) (s) (°Cls) (um)  (um)
31f 784 7.0 12.4 597 5.4 493 3.4 6.6 8.1 37 67 ~8 291 3.6 5.8
24f 808 7.0 12.7 650 5.1 520 34 6.9 9.1 36 40 9.1 288 3.6 5.8
30AT 712 7.8 12.3 580 44 520 5.0 7.6 6.1 35 ~40 7.6 192 2.8 4.7
17f 785 7.9 13.6 783 0.8 524 4.4 7.3 11.7 27 29 3.6 261 3.5 6.3
32Af 794 8.1 14.0 600 6.6 498 4.6 7.2 9.5 36 31 7.6 296 3.5 6.8
26" 791 8.9 15.0 661 4.6 503 4.6 7.2 9.5 34 46 8.4 288 43 7.8
32Bf 793 8.9 15.0 608 6.4 482 4.3 6.8 10.1 34 ~ 60 ~8 311 4.6 8.2
30Bf 734 9.2 14.3 582 5.4 502 5.5 7.5 7.7 36 40 7.6 232 3.7 6.8
27 743 9.6 14.9 737 0.6 505 5.8 7.7 7.7 33 39 7.8 238 3.8 7.2
35 778 10.4 16.8 570 6.2 503 5.9 7.7 8.3 39 28 7.6 275 4.5 9.1
29 728 10.5 15.5 726 0.4 522 6.9 8.2 7.3 34 29 6.5 206 3.6 7.3
10_1 775 12.3 19.4 767 1.6 504 7.4 8.1 10.7 31 20 5.1 271 49 11.3
10.2 775 12.3 19.4 767 1.6 504 7.4 8.1 10.7 31 22 4.5 271 4.9 11.3
4 821 13.0 223 820 0.4 508 7.4 8.1 11.7 33 22 6.5 313 5.6 14.2
15_1 750 15.5 22.5 748 0.6 502 10.2 8.3 11.3 27 22 6.5 248 5.3 14.2
152 750 15.5 22.5 748 0.6 502 10.2 8.3 11.3 27 26 6.0 248 5.3 14.2
16 709 16.3 20.7 708 0.4 492 11.4 8.0 9.5 27 31 6.2 217 4.9 12.7
5 743 21.9 30.4 663 4.8 493 15.2 7.8 11.5 27 28 6.5 250 6.7 22.6
8 879 12.6 23.9 - - 867 124 23.0 8.2 2 70 7.0 12 0.2 0.9

aPressure calculated after [16] (£ 1 kbar for pressures <15 kbar to +2 kbar for pressures > 15 kbar).

YWater content calculated after [20] (1.5 wt% at pressures <15 kbar to *3 wt% at pressures > 15 kbar).
¢Final temperatures assumed to be the glass transition temperatures (except for #8; maximum =+ 20°C, see text).
dCooling rate after 2 s.

°Rp, is the radius of the melt globule that contains the water bubble of final radii R (£0.3 um).

"Experiments where the melt globules are in contact with the lower-diamond culet.
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Fig. 2. Frame-captured images of experiments #4 (a—c) and #32B (d-f). Top pictures are taken at 0 s time, when the power of
the heater was switched off. Melt globules are devoid of crystals and bubbles. The middle pictures are at =1 s, showing that
water exsolved and bubbles grew in the melt globules. The bottom pictures are at the glass transition, after 11.7 and 10.1 s for
experiments #4 and #32B, respectively. Temperatures (not corrected) given by the two thermocouples and time appear on each
picture on the upper and bottom left corners, respectively. Note that pictures e and f of #32B show flattened water bubbles re-
sulting from the contact between the melt globules and the lower-diamond culet.
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Fig. 3. Bubble growth. a: Experiment #4; b: experiment #15; c: experiment #32A; d: experiment #8. The plain circles represent
the measured bubble radius (+0.3 um) as a function of time. The logarithm law (plain line) is a fit of these experimental data.
The coefficients of the square-root laws are calculated for the bubble radius at 1 s (long-dashed line) and final time (diamonds).
The coefficient of the time cube-root law is defined for the bubble radius at the final time (short-dashed line).

itation of the focus of the microscope. Indeed, the
focus (fixed during the decompression) gives us a
thin layer through the whole volume of the sam-
ple chamber, and therefore a small number of
bubbles. Among these potentially measurable
bubbles, we have to rule out the coalescing bub-
bles and the moving bubbles that go out of focus.
The experimental conditions are reported in Table
1.

Initial temperatures range from 709 to 879°C
and corresponding water pressures are between
7.0 and 21.9 kbar [16]. We calculated the water

contents in the melt after the model of [20], which
is valid for haplogranite compositions at temper-
atures of 500-1350°C and pressures up to 8 kbar.
This model requires water fugacities that we cal-
culated after [21]. We extrapolated the calculation
of [20] for pressures higher than 8 kbar (up to
22 kbar). This may be justified as we compute
an initial water content of 22 3 wt% for experi-
ment #15 (750°C, 15.5 kbar) which is in good
agreement with the 26+8 wt% determined in
situ by infrared spectroscopy measurements using
the same diamond-anvil cell, for a haplogranite
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Table 2
Bubble growth laws
Exp # Logarithm Square-root law Cube-root law
t<ls whole ¢ range t>1s whole ¢ range

R=AXIn()+B R=Cl1x (12 R=C2x (12 R=C3x(1)'/3

A B C1 log(#)/log(R) 2 log(t)/log(R) C3
312 1.6 4.1 4.5 1.6 2.8 3.2 4.0
242 - - 2.9 (2.3) (3.0) (1.8) 4.4)
30A? - - 4.5 - 3.1 4.0 4.2
172 0.8) (1.6) (1.6) (1.3) (1.0 3.1 (1.6)
32A% 1.7 3.7 3.9 1.7 2.4 2.9 3.7
26% 1.9 4.1 4.0 1.1 2.7 39 4.0
32B* 2.0 4.0 39 1.8 2.5 4.2 3.7
30B® 1.8 3.7 3.9 1.1 2.7 3.4 3.9
27 1.7 4.0 39 1.9 2.8 3.2 3.9
35 1.7 3.9 4.5 0.7 2.6 3.4 3.8
29 1.4 3.7 34 2.1 2.4 3.2 34
10 1.1 2.7 2.9 1.2 1.6 4.3 23
4 1.3 3.0 32 24 1.9 3.1 29
15 1.3 3.2 3.1 2.1 1.9 3.4 2.9
16 - - (1.7 (1.2) 2.0 - 29
5 1.5 2.7 2.5 2.1 1.9 2.9 2.9
8 1.6 32 3.6 0.8 (7.0) 3.6 3.5
Average® 1.6£0.2 34£05 37206 1.6%0.5 2404 35+04 3.5%£0.5

2Experiments with extrinsic nucleation mode.

bStatistics calculated without the values in parentheses, for which we suspect abnormal bubble growth.

composition, at pressure and temperature condi-
tions similar to our experiment #15 [22].

3.2. Bubble nucleation

Bubbles nucleated in crystal-free melt globules
of radius sizes from ~20 to 70 um (Fig. 2). No
nucleation occurred in melt globules below 15 um
in radius and within the outer rim of ~10-22 um
of larger globules. We observe two different types
of bubble nucleation, an intrinsic mode where
bubbles nucleate at random within the melt glob-
ules and an extrinsic mode where bubbles nucleate
at diamond-melt interfaces when globules touch
the culets. Intrinsic nucleation prevails for initial
pressures > 9.5 kbar (Table 1) and can be delayed
up to 1 s, depending on the size of the melt glob-
ule. For instance in experiment #27, at t=0.2 s,
the first bubbles occur in the two globules with
radii > 50 um, followed by nucleation in the 39
um radius globule at 0.6 s, the last bubbles occur-
ring in the 34 um globule at 1.0 s. We emphasize

here that only one nucleation event occurs per
melt globule, leading to round bubbles. The ex-
trinsic nucleation mode is restricted to initial pres-
sures < 9.5 kbar and leads to many flattened
(non-measurable) bubbles that are actually hemi-
spheres wetted on the lower-diamond culet. This
main nucleation event is followed by further in-
trinsic nucleations (giving measurable round bub-
bles) within the same melt globule occurring over
periods up to 7 s (Fig. 2e.f; Table 1). This type of
nucleation is particularly well illustrated in experi-
ment #31 (the lowest initial pressure), in which a
late nucleation event occurred at r=5.4 s in a
67 um radius melt globule, strongly obscuring
the observation of the previous bubbles.

3.3. Bubble growth
Bubbles expanded during 6.1-11.7 s, reaching
radii between 3.6 and 9.1 um for temperature dif-

ferences of 192-313°C, corresponding to decom-
pressions of 2.9-6.6 kbar and water losses of 4.7
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Fig. 4. Glass transition temperatures (7,) as a function of
the final water content. The plain triangles are the observed
T, (£15°C) labelled with the final pressures in kbar. The
dots are the T, (£10°C) calculated after [33] at atmospheric
pressure for a cooling rate of 32°C/s. The dashed line is the
best linear fit of the calculated 7.

22.6 wt% (Table 1). The bubble measured in ex-
periment #8 reached 7 um in radius for a temper-
ature decrease of 12°C, corresponding to a de-
compression of 0.2 kbar. Comparing bubble
sizes in experiments #26 and #32B performed at
similar pressure and temperature show that the
radius of the melt globule in which the bubble
expanded (46 and ~ 60 um, respectively) has no
significant influence on the final bubble radius (8.4
and ~ 8 pum, respectively). At pressures below 10
kbar, bubbles have an average radius of 7.5+ 1.5
pum, compared to 6.1 £0.8 um above 10 kbar (Ta-
ble 1). Fig. 3 displays the measured bubble radius
versus time of four selected experiments. Bubble
radii seem to expand in steps which length in-
creases with time. Unfortunately, the measure-
ment errors (precision is not better than 0.3
um) do not enable us to discern between a step
by step and a continuous growth with time. The
final radii of the melt globules grew at most 0.5
um relative to their initial radius (before bubble
nucleation).

We observed little bubble coalescence, mainly
occurring at the very first stage of the bubble

growth. Little coalescence results from both little
bubble movement within the melt and a drastic
increase of melt viscosity as temperature drops
[23]. Coalesced bubbles were not considered in
the measurements.

3.4. Bubble quench — glass transition

Bubbles cease expansion when the melt viscos-
ity reaches a high threshold value at temperatures
close to the glass transition temperature (7%).
Visible evidence for achieving high melt viscosities
is the inhibition of the coalescence process be-
tween melt globules as illustrated in Fig. 2c. We
determined 7, when all bubbles cease growth and
movement within the melt globules, correspond-
ing to temperatures between 482 and 524°C over a
water content range of 6.6-8.3 wt% at pressures
between 3.4 and 15.2 kbar (Table 1). For a given
pressure, T can vary up to 40°C (e.g. at 4.3-44
kbar), ascribable to the fact that the glass transi-
tion is actually a progressive process occurring
over a range of several tens of degrees [24].

4. Discussion
4.1. Bubble nucleation

The lack of bubble nucleation both in melt
globules below 15 um in radius and within an
outer rim of 10-22 pum in larger melt globules
probably reflects diffusive water escape from the
melt into the surrounding water medium. Any
further consideration first requires the determina-
tion of the initial water diffusivities in the melt.
Zhang and Behrens [25] have recently proposed a
calculation of the water diffusivity in rhyolitic
melts at temperatures between 400 and 1200°C,
pressures up to 8.1 kbar and for water contents
<8 wt%. Although the initial water contents in
our experiments are > 12 wt%, we calculated the
initial water diffusivity for the five first experi-
ments in Table 1 (for which initial pressures are
=8.1 kbar) and found values between 8Xx107°
and 4x 1078 m?/s (#31 and #32A, respectively).
These values do not fall in the common range of
water diffusivities in rhyolitic melts (~1071—
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10712 m?/s, [26-28]), but are more comparable to
those in basaltic melts [26,29]. The similarity with
water diffusion in basalts also translates to com-
parable viscosities (initial viscosities < 10* Pa s
[30], extrapolated for water contents >8 wt%).
The combined increase of water content (> 8
wt%) and pressure (>8.1 kbar) would lead to
faster diffusivities [25]. We use the simple diffu-
sion equation x>~ Dy, X t (where x is the distance
in m, here the globule radius, Dy, the diffusivity in
m?/s and ¢ the time in s) to determine how fast
water can diffuse from the melt globules to the
surrounding water medium. Water diffusivities
of the order of 107 m?/s would lead to water
depletion in a 15 wum radius melt globule within
0.2 s. This depletion is fast enough to explain the
absence of bubble nucleation in globules <15 um
in radius and within the outer 10-20 um rims of
larger globules.

In globules >40 pm in radius, the delay to
bubble nucleation is always < 0.4 s, which corre-
sponds to decompressions < 30 bars. This agrees
with the low supersaturation pressures required to
initiate heterogeneous nucleation as reported by
[12].

The extrinsic nucleation prevailing at pressures
< 9.5 kbar implies that the melt globules sank
down on the diamond. The calculated density
contrast between the hydrated melt globules and
the water is lower at low than high pressures (melt
density [31]—water density [16]=1805 and 2637
kg/m? at 7.0 and 21.9 kbar for experiments #31
and #5, respectively). This would favor the flota-
tion of the melt globules at low pressures, in con-
trast to the observation. We propose that the flo-
tation of the melt globules at high pressures is due
to the narrowing of the immiscibility gap between
water and melt at the approach of the supercrit-
ical conditions that results in a density increase of
the fluid by silica enrichment while a density de-
crease of the melt by water addition. At pressures
< 9.5 kbar, the melt globules tend to sink (as
predicted by the density contrast) and the contact
between the diamond and the melt provides a
preferential site for bubble nucleation by substan-
tially reducing the theoretical supersaturation
pressure. We propose that this localized (extrinsic)
nucleation creates gradients in the melt water con-

tent, i.e. water enrichment towards the far-field
melt relative to the melt at the diamond bound-
ary, so that further successive intrinsic nucleations
can take place in the far-field melt as decompres-
sion goes on.

4.2. Bubble growth law

While most of the published theory and analyt-
ical solutions on bubble growth assume constant
temperature and pressure, the processes in our
experiments are rather complex, especially be-
cause they involve the simultaneous variation of
many time-dependent parameters, such as temper-
ature, pressure, and water content (thus, viscosity,
density, and diffusivity). Therefore, development
of analytical solutions of our bubble growth dur-
ing cooling-induced decompressions is kept for
future purposes. In this section, we compare our
experimental bubble sizes with published growth
models. Because our experimental conditions are
quite remote from near-equilibrium bubble
growth we expect that their sizes should remain
smaller than equilibrium values. Close to equilib-
rium, Navon and Lyakhovsky [32] have shown
that bubble radii (R.q) may be expressed by:

qu = SS(Cwi_CW)(pm/pW)

where S(3)=3/(41tNd), in which Ny is the bubble
number density (in m—?) per melt globule; Cy; is
the initial water content of the melt (Table 1); Cy,
the melt water content [20]; p,, and py, the density
of the hydrated melt [31] and the water in the
bubble [16], respectively (the four last parameters
being calculated at a given time). The bubbles in
experiment #8, for which the decompression rate
is only 24 bar/s, presumably grow the closest to
equilibrium: at t=5.8 s and r=8.2 s, the calcu-
lated R.q (counting ~ 40 bubbles in the 70 um in
radius melt globule) is 5.5 and 6.3 um in compar-
ison to 4.8 and 7.0£0.3 um, respectively. How-
ever, in the experiments where we could determine
Ng4 (with an intrinsic nucleation), measured bub-
bles are always smaller than equilibrium sizes. For
instance, in experiment #35 (four bubbles in the
melt globule of 28 um in radius), the calculated
equilibrium radius at 1=3.8 s and #=6.4 s equals
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9.0 and 10.7 pum instead of measured radius of 6.0
and 7.0+ 0.3 um, respectively (the final equilibri-
um radius would be 11.3 um, but the bubble was
quenched with 7.6 um in radius). In experiment
#4 (two bubbles in the melt globule of 22 um
in radius), the calculated equilibrium radius at
t=3.8 s and t=6.4 s equals 8.9 and 13.2 um in-
stead of measured radius of 4.8 and 5.4 0.3 um,
respectively. This non-equilibrium degassing is as-
cribable to both the rapid decompression (299-
583 bar/s) and the viscous quench that occurs
approaching the glass transition.

Having verified that bubble growth is slower
than quasi-equilibrium models, we may compare
our experimental data with literature models for
bubble growth.

4.2.1. Growth proportional to the square root of
time

Bubble growth approaching equilibrium for
constant pressure, temperature, viscosity and dif-
fusivity has been found to be proportional to a
square root of time. Although all these parame-
ters are drastically varying during our experi-
ments, we tested that law because it is the one
used in the literature. The law is given by
R=C2x(#)"/?, where R is the bubble radius in
um, ¢ the time in s, and C2 a constant that we
calculated for the final bubble radius (Table 2).
As expected, this law significantly misfits the ex-
perimental bubble growth (Fig. 3). In addition,
restricting the growth to the first second, during
which the cooling rate is very low, the inverse of
the slopes in the log(R) versus log(z) coordinates
gives 1.6 £ 0.5 instead of 2.0 for a true square-root
law (Table 2).

We applied the analytical solution of [11] for
isothermal and isobaric diffusivity-controlled bub-
ble growth in rhyolites, based on the numerical
model of [4] and defined by:

R?=2XDyX pm X (Cyui—Cut)/pw X 1]—
2XDyXNXPpmX(2X Cyi + Cyr) X

log(AP/ 1 X1)/3X Py X py)]

where pp, is the density of the hydrated melt [31],

Ppw the water density in the bubble [16], Cy; and
Cyr the initial and final water contents of the
melt, respectively [20], AP the decompression, 7
the melt viscosity [30] and Dy, the water diffusivity
[25], the two last parameters being extrapolated to
water contents > 8 wt%. This analytical solution
is poorly sensitive to melt viscosity, but strongly
relies on water diffusivity. We calculated final ra-
dii of 181 and 445 um instead of ~8 and 7.6 um
measured in experiments #31 and #32A, respec-
tively. Therefore, a growth proportional to a
square root of time largely overestimates the size
of bubbles expanding during a cooling-induced
decompression. Integrating the cooling effect on
water diffusivity, melt viscosity, melt and gas den-
sities in the analytical solution of [11] does not
reconcile the experimental and analytical data.

4.2.2. Growth proportional to the cube root of time

Although it has never been used to describe
bubble growth, we investigated the law following
the cube root of time, given by R=C3X(r)'/3,
where C3 is a constant determined for the final
radius (Table 2). We found that bubble growth
nearly follows the cube root of time, although
such a law often slightly overestimates the bubble
size during the first seconds and systematically
underestimates it after ~2 s. This size underesti-
mation is also suggested by the 3.5+0.4 value
given by the inverse of the slopes in the log(R)
versus log(#) coordinates, instead of 3.0 for a per-
fect cube-root law (Table 2). However, Fig. 3
shows that the deviation between the experimental
and calculated data, although systematic, is still
included within the analytical error on the radius
measurements. Approximate fit to a cube root of
time means that there is a linear relationship be-
tween bubble volume and time, which may be
explained if growth is dominated by decompres-
sive expansion of the bubbles.

4.2.3. Growth proportional to the logarithm of time

The experimental data are most closely fit to a
logarithmic curve (R=AXIn(¢)+B; Fig. 3 with
parameters A and B given in Table 2). Although
each set of conditions of pressure and temperature
gives unique values for 4 and B, these parameters
vary little over the set of experiments (1.6 0.2
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and 3.4 0.5, respectively). This is in keeping with
the small variability of the final bubble radii
(7.5 1.5 um below 10 kbar, 6.1 £0.8 um above
10 kbar) that may be explained by the strong non-
linearity of the water density with pressure, result-
ing in little volume changes of the bubbles at high
pressures compared to low pressures for a given
temperature. The bubble growth in experiment #8
with controlled decompression is also satisfacto-
rily fitted by the logarithmic law, suggesting that
even bubbles growing nearer to equilibrium can
follow this law. In the literature, the only refer-
ence to a logarithmic law is that ensuing from the
numerical model of [26], after the authors incor-
porated parametric interactions between closely
spaced bubbles resulting from small cooling
(AT <100°C). These authors found that the loga-
rithmic growth particularly applies to low pres-
sures (<<0.1 kbar) or high water oversaturation.
Although our experiments cannot be compared to
their simulation, we, like them, ascribe the strong
deviation from a square root of time to the com-
bined effects of cooling (12°C in experiment #8 or
between 192 and 313°C for the other experi-
ments), high water oversaturation in the melt
and concurrent decompression.

4.3. Glass transition

The experiments we performed allow us to pro-
vide data on glass transition temperatures (7;) at
high pressures (3.4-15.2 kbar) that can be com-
pared with the current models valid for atmos-
pheric pressures. Dingwell [33] combined 7, mea-
surements from the literature to propose a T,
calculation for haplogranite composition as a
function of water content (=8.1 wt%) at atmos-
pheric pressure (exception of data acquired at 2.5
kbar) and for a cooling rate of 0.1°C/s. We first
have to modify this calculation for the cooling
rates prevailing in our experiments. The isokom
of log(n)=12.4 Pa s given by [33] gives a shift
factor k=11.4, that can be used to calculate
the isokom for ¢=32°C/s, following log(n)=
k—log(q)=9.9 Pa s. A melt viscosity decrease of
2.5 log units at 500°C corresponds to a temper-
ature increase of 110°C [30], so that we can cal-
culate 7, (£10°C) for a cooling rate of 32°C/s

after [33] following: 7T, (K)=(786-83.47X
In(Cy))+110. The calculated 7, values are 20—
80°C lower than the measured 7, (Fig. 4). There-
fore, the effect of pressures of 3.3-15.2 kbar on
the 7, determination is an increase of several tens
of degrees. The slight decrease of the calculated
T, (~15°C) with water contents increasing from
6.6 to 8.3 wt% does not appear in the measured
T,, probably due to the large errors in the T,
determinations.

4.4. Applications to natural volcanic systems

Although the experiments are not directly ap-
plicable to magma ascent in volcanic systems, this
study provides a major step in the understanding
of bubble growth process that is necessary for
further investigations of magma rheology and
eruption mechanisms. During experiments, both
temperatures and pressures decrease at a fast
rate unlike their variations during magma ascent.
However, degassing and crystallization of the as-
cending magma cause temperature fluctuations
that have significant impacts on the bubble
growth dynamics [26]. We emphasize here that
the effects of cooling and rapid decompression
cause growth to strongly deviate from the square
root of time that applies during isothermal de-
gassing. Second, our diamond-anvil cell operates
at pressures between 5 and 25 kbar, which is
probably not relevant to the degassing of rhyolites
in a volcanic conduit. A more relevant study
would imply either lower pressures (<2 kbar,
therefore water contents <6 wt%) for a rhyolite
composition, or basalt compositions with a CO,
fluid phase at the present pressure range. How-
ever, we present a new technique providing in
situ data that were never collected before. Tech-
nical and strategic changes of the present device
to make it relevant to volcanic systems are quite
straightforward.

If the results are not quantitatively applicable
to natural volcanic systems, they are probably of
qualitative relevance: (1) single versus several nu-
cleation events that lead to characteristic bubble
size distributions in natural erupted products is a
hotly debated task. Our results suggest that dur-
ing magma ascent, an early bubble nucleation on
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preferential sites (i.e. crystals) would result in gra-
dients in the gas dissolved in the melt and subse-
quent generations of degassing events; (2) bubble
growth during cooling is probably relevant to
what happens in volcanic domes; (3) the glass
transition is a major process that drastically
changes the physical properties of melts so that
its precise determination (especially under pres-
sure) is crucial, and (4) this experimental study
provides a novel data base and growth laws that
can be used for further developments of analytical
solutions of bubble growth.
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Etude complémentaire

These : Charlotte GONDE (2008, Orléang&tude expérimentale in-situ du dégazage d’'un
magma rhyolitique.

Direction M. Pichavant Encadrement H. Bureau (LPS Saclay / IMPMC) et C. Martel (50
%).

Financements : Bourse CEA.Moyens: ANR CATT "Explosivité des démes de lave,
approche analytique, expérimentale et numérique; Application aux voiditiais”
(EXPLANT), 01/2006-06/2009 (C. Martel).

De retour en France en tant que Chargées de Recherche, enepuna@é non
pleinement satisfaites par ces premiers résultats d'étwgitel ide dégazage dans les cellules a
enclumes de diamant (CED), Héléne Bureau et moi avons décidéal&an sujet de thése
portant sur I'’étude in-situ du dégazage dans des conditions magmaéglises, notamment
par la remise en route d’'un "vieil' autoclave a chauffage intetrée fenétres transparentes
(ACIT) ayant été utilisé pour la derniere fois a la fin desées 1980 au Laboratoire Pierre
Sle de Saclay. Ce projet constituait un défi technologique ambitiautoclave nécessitant
d'importantes modifications et une remise en état, dans un laberatont |'activité
principale n’est pas I'expérimentation. Nous avons pensé qu'it sdoas plus sage d’'assurer
des résultats par une série d’expériences de décompression en CED afierd@fudicessus
de coalescence auquel nous avions prété peu d'attention précédemmenst gtoguitant a la
base du développement des perméabilités magmatiques. Effectiveamensel en route de
I'ACIT et les améliorations apportées au CED ont été une leatathnologique pendant 3
ans, mais les deux outils haute pression-haute température eedetr@nsparentes ont
fonctionné et ont été validés par I'observation du dégazage d’'un magmarihepaux
résultats obtenus sont présentés ci-dessous.

L’ACIT peut atteindre 3 kbars et 1000°C et est muni de fenétreaptar transparentes
permettant 'observation de I'échantillon (Laboratoire Pierre S8&# Saclay). Une chambre
a échantillon et un systeme optique d’observation ont été spécialeomgnts pour optimiser
les expériences. Les nouvelles caractéristiques technigues datit@mnt fait I'objet d’'une
publication (Gondé et al., 2006). La composition du magma choisi pour leseexpeé de
décompression est un verre haplogranitique de la composition préoédé utilisée par
Martel et Bureau (2001) (79 pds% SiONorme CIPW : QzAbsgOrss, cylindre de 1 kg
préparé par SCHOTT AG, Allemagne), dans lequel sont forésyeglres de 4 mm de
diamétre et 2-3 cm de long que I'on hydrate a 6-7 pds% dans detaeegoa chauffage
interne (ISTO Orléans). Une rondelle d’épaisseur 60 a 1000 p et éeltantillon hydraté est
ensuite manuellement décomprimée dans 'ACIT a partir de 8kF80-1000°C, a des
vitesses de décompression variables. Malgré les efforts de anisgeau technique, la
résolution des films des expériences de décompression s’eSe dws moyenne, en raison
d’une distance de travail trop grande entre I'échantillon eahaéca, ce qui n'a pas permis
d’observer la croissance ou la coalescence des bulles. Seul I'@réndennucléation est
observable et les échantillons ont été récupérés apres egpépimumr une analyse des bulles
et des teneurs en eau finales. De surcroit, en l'absence deechpemétique autour de
I'échantillon (qui ne permettrait pas l'observation), l'eau indiaént dissoute dans
I'échantillon a partiellement ou totalement (en fonction de ISgmir de la rondelle
d’échantillon) diffusé dans le milieu de pression (argon) de l'avtdas le franchissement
de la transition vitreuse. Ceci a donc nécessité une estimatigradient de perte en eau
avant toute interprétation plus avancée du processus de vésitulati paralléle, les films
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des expériences de Martel et Bureau (2001) et une nouvella'sxperience in-situ en CED
ont été utilisés pour une étude détaillée de la nucléation des haldlegavers de
déterminations de la densité numérique de bulles, et de la aalesdes bulles. Des
techniques de pointe telle que I'implantation des diamants en boButelu, IMPMC Paris,
en collaboration avec M. Burchard, Bochum, Allemagne) ont égaledénitilisées afin de
déterminer précisément la température et la pressioniradeséa chambre a échantillon des
CED.

L’application volcanologique des résultats obtenus dans ces deux owifsgarents »,
la CED et I'ACIT, est une étude de la dépendance de la pnedsinucléation et de la densité
numérique de bulles a divers parametres tels que la teneur enitiade) la température ou le
taux de décompression. Ces résultats ont été comparés aux exgsdena littérature et aux
caractéristiques des ponces naturelles (Figure 3), permettanteinalider ces outils pour
une étude in-situ du dégazage, et sont en cours de publication (Gonldépeura Am.
Mineral.). Cette étude a permis de définir un certain nombre daépmes inhérents a
I'observation in-situ du dégazage par décompression et de propcseantdiorations
techniques des outils pour les résoudre. L'observation in-situ apportactédiitalité directe
aux processus et permettant un gain de temps considérable emslaffsant d’expériences
sériées en temps en autoclave "classique”, je pense qu'ilpalestxclu que certaines des
solutions envisagées soient testées dans un avenir proche.
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Figure 3. Densité numérique de bulles en fonctionudtaux de décompression (thése C. Gondé, 2008)
Symboles rouges: expériences in-situ (ronds ple@ms:autoclave a chauffage interne; croix: en cellal
enclumes de diamant); Symboles noirs: données di¢tdenture réalisées en autoclave "classique'r pias
compositions rhyolitiques (Gardner et al., 19990@0Mangan et Sisson 2000; Mourtada-Bonnefoi etokiap
2002, 2004); Carré gris: champ des ponces natarelle

40



|.3b. Dégazage en systeme ouvert versus fermé

Article: MARTEL C., BOURDIER J.-L., PICHAVANT M. & TRAINEAU H. (2000)
Textures, water content and degassing conditions of silicic aeslesdm recent
plinian and dome-forming eruptions at Mt Pelée, Martinigue/olcanol. Geotherm.
Res. 96, 191-206.

Travaux réalisés dans le cadre de la thése de doctoraMARTEL C. (1996) Conditions
pré-éruptives et dégazage des magmas andeésitiques de la MdredgméMartinique,
F.W.L.): étude pétrologique et expérimentaldese de I'Université d’Orléans, 250 p.
Direction: M. Pichavant, J.-L. Bourdier et H. Traineau.

Financements: Bourse MRT ;Moyens: Programme National sur les Risques Naturels
(PNRN) de 1994 a 1997.

Le processus de vésiculation des bulles (nucléation, croissncealescence) est
contr6lé par la composition du magma, sa teneur en volatils, laratmes la pression et la
vitesse d’'ascension. Ces parametres vont en particulier défidénisité numérique de bulles
nucléées et leur taille au cours de la croissance, qui conditionreuat gour en partie le
développement de la coalescence des bulles. Rappelons qu'en raiadortie liscosité du
magma, il n'y a pas de vitesse relative entre les bd#egaz et le magma sur la durée de
I'éruption et que par conséquent le processus de coalescenuelldesst le résultat de la
rencontre de deux bulles (dont les centres sont statiques) pasanod@s respectives. Un
magma atteignant ainsi une forte perméabilité peut alors elégazsystéme ouvert, puis
s'effondrer sous l'effet de la perte des gaz, résultant un un prodysopsux. L'objectif de
I'article présenté était de rechercher dans les produitsefgatde la Montagne Pelée des
témoins de dégazage en systeme ouvert ou fermé pour différerdetypdifs, a savoir les
doémes, les nuées ardentes de type Mérapi (BAF : Block-and-fst), Hes déferlantes
(HPVF : High Velocity Pyroclastic Flow), les retombéeqieinnes et les coulées ponceuses.
L’étude a porté principalement sur la détermination des posositéles par mesures de
densité des pyroclastes, des microtextures des matricgsofpons relatives de microlites,
verre, et pores; présence de silice précipitée), des coropssithimiques des verres
(résiduels et inclusions vitreuses) et des microlites, et efesuts en eau des verres par
spectroscopie infrarouge et déficience a 100 pds% de I'analyseigrasonde électronique
calibrée par des verres standards.

La quantité de gaz exsolvé au cours de I'ascension du magma neeestéhée par la
différence entre la teneur pré-éruptive en volatils dissougllet du verre résiduel trempé
aprés dégazage. Les inclusions vitreuses des phénocristaux, aoocot€itie pas avoir subi
de modification apres piégeage, représentent en effet des t@msinempositions et teneurs
en volatils du liguide magmatique pré-éruptif, avant dégazagestdligsation éventuelle de
microlites. Nous montrons que I'étanchéité de ces inclusions vir@ssdiée a la lithologie
des échantillons : les inclusions des produits lithiques (densegretitisés) ont fui par de
multiples fractures du cristal hote, alors que celles des poro@dent avoir conservé leur
étanchéité en raison probablement d’'une trempe plus rapide. Lesanslaes ponces du
dépdt plinien de P1 (650 ans B.P.) ont une teneur en eau (seul volaiitpids 5.8 6.7
pds%, en accord avec les déterminations expérimentales (5.3-6.3 pds%gries résiduels
de ces ponces ne contiennent plus que 0.8 pds% d’eau. La différence de teneur en eau
entre les inclusions vitreuses et les verres résidudks tea@luite en fraction gazeuse calculée
a I'équilibre a partir des lois de solubilité de I'eau et dessitiés respectives de I'eau et du
liquide silicaté en température et pression (Jaupart et Tait,.1980% le cas d'un dégazage
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en systeme fermé, cette fraction gazeuse calculée et lat@aaiale mesurée devrait étre
comparable, ce qui s'est avéré valide pour les ponces Pliniennesvdbiches pour les
produits des éruptions a déme, la fraction gazeuse calculée eshfdieeure a la porosité
mesurée, traduisant un systeme ouvert, le magma perdant sea tmzfaveur du
développement d’'une forte perméabilité.

Etude complémentaire

Stage de recherche M2 Alain MOUSSADJI (2006, Orléanf)égazage expérimental d'un
magma rhyolitique: caractére ouvert versus fermeé.
Direction : C. Martel et A. Burgisser.

L’étude précédente n’apporte qu’une estimation qualitative du éegaotivert ou
fermé du dégazage, et les produits naturels ont perdu la gdtestbire du développement
de la perméabilité. Des études expérimentales ont été dédiégside du processus de
coalescence et des seuils de perméabilité associés, notarparedes expériences de
décompression sériées simulant un dégazage en systeme felnardilén contenu dans une
capsule en or hermétique ; Burgisser et Gardner, 2005 ; Radadi Ali, sujet M2 2{a{#s) du
projet proposé ici était d’améliorer la stratégie expérimené@ autoclave en percant la
capsule contenant I'échantillon hydraté, afin qu’une partie degxgolvés puisse s’échapper
pendant la décompression, simulant ainsi un dégazage ouvert. Les produits @beartir
des verres rhyolitiques ont des textures tres hétérogenegjes/porosités proches de celles
attendues a I'’équilibre loin des trous percés, des porosités danteis a I'approche des trous
et de maniére générale, une auréole déshydratée et densebi(iary tout autour de
I’échantillon (épaisseur dépendante du taux de décompression). kescevale des bulles a
parfois mené a la formation de chenaux de bulles, mais aucun éohamél s'est
manifestement effondré sous I'effet de la perte de ses gaz.

Les raisons de cette complexité texturale mériteraitad@pprofondie, afin de définir
guantitativement les conditions d’atteinte de la perméabilité mmatigue, en fonction
notamment du taux de décompression. Ceci requiert en particuliergiitineles expériences
proprement menées afin que la densité numérique de bulles nuclééeontditée et
reproductible et d’autre part, une méthode pour définir précisémenbiendimensions le
réseau poreux et le seuil de connexion des bulles (ex., un microtomographe).

|.4- CRISTALLISATION DE MICROLITES

En raison de la diminution de la teneur en volatils dissous du liguicktéiavec la
décompression, des microlites peuvent cristalliser au courssderigon du magma dans le
conduit volcanique et /ou de sa mise en place sous forme d'un démde Dassles magmas
différenciés en contexte d'arc, ces microlites, arbitrargrdéfinis comme < 50 um de long,
sont principalement des plagioclases cristallisant a partir d'un liquydétique.

Par rapport a la problématique générale de compréhension des smésaruptifs
des éruptions explosives versus effusives, l'étude des microlites gppatrter des
informations a deux niveaux; premierement sur l'effet de la nianéet de la croissance de
microlites sur le développement du potentiel explosif du magma; semnentesur la
détermination des vitesses d’'ascension. En effet, tant que lesqu®sga-eruptifs tels que le
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dégazage et la cristallisation de microlites n'ont pasnatimir équilibre thermodynamique,
leur cinétique peuvent étre utilisées pour déterminer des vitdssension (des taux de
décompression). Ainsi, les processus de nucléation et de croiskemdrilles de gaz aux
cinétiques rapides peuvent apporter des informations sur desesitésscension rapides,
telles que celles des magmas Pliniens, i.e. de l'ordre du mfev&mche, les cinétiques de
cristallisation dans les liquides rhyolitiques sont plus lentescgiles de vésiculation des
bulles, en raison des diffusivités plus lentes des éléments constituantridgeni¢Si, Al, Ca,
etc...) que celles des especes volatiles (hydrogéne). Aigtide des cinétigues de
cristallisation pourrait apporter des informations sur les séiesle remontée des magmas des
éruptions a déome et nuées ardentes proches du mm ou cm/s.

La premiere section de cette partie fait référence auturesx morphologies et
compositions des microlites naturels afin de définir des caistcj@es propres aux différents
styles éruptifs. La seconde section traite des expériencéécoenpression mises en ceuvre
pour reproduire les caractéristiques de ces microlites, afierdenter a des estimations de
vitesses d’ascension des magmas.

I.4a- Microlites naturels

Les produits naturels des éruptions récentes de la MontagneoRekié étudiés avec
I'espoir de pouvoir classifier les différents styles éruptifstravers des caractéristiques de
composition et de morphologie de leurs microlites. Une telleifitag®on signifierait tout
d’abord qu’il existe bien des caractéristiques propres auxeliti® types éruptifs traduisant
de réelles différences de conditions d’éruption (rappelons qu’il ipppsade différences de
conditions pré-éruptives, i.e., similarit¢ de l'assemblage minégaleg des proportions
modales, et des compositions des phénocristaux entre les produitssRéineeléens ; Martel
et al.,, 1998), et que par conséquent, on peut envisager un progranxpéridieces de
décompression visant a reproduire ces difféerentes catégorieisrdéitas pour en déduire les
conditions de cristallisation. L'étude des microlites a faibjét de deux publications
complémentaires (Martel et al., 2006 ; Martel et Poussineau, 2007).

Pour ces deux articles, les microlites et les verres rdsides produits récents de la
Montagne Pelée ont été analysés dans des blocs lithiques desnér@ptibmes de 1929,
1902, et P1 (650 ans B.P.) et sur des ponces Pliniennes de P1, P2 (16/.)am3K§2010
ans B.P.) et P4 (2440 ans B.P.). Les analyses en éléments majedrgétmune tres large
gamme de composition des microlites de plagioclase (phase piaaiplus de 90 vol%) : de
35 a 90 mol% d’anorthite (ABgg pour les produits d’éruptions a déme et£gp pour ceux
des éruptions Pliniennes. Grace a des expériences d’équilibre de, meaux types de
microlites ont pu étre déterminées (Martel et al., 2006): liesolites aux compositions <
Anss, qui ont cristallisé au cours de I'ascension dans le conduit volcaaiquagtir d’'un
liguide de composition rhyolitique et les microlites aux compositisné\ng, qui ont
cristallisé a partir d’'un liquide mafique du réservoir profond (~1048°khars ; Pichavant et
al., 2002) au cours de son injection dans le réservoir andésitique @epepltis froid (875°C,
~2 kbars ; Martel et al., 1998). Les deux catégories justifiedétemination de microlites,
parce que ce sont des cristaux qui ont poussé rapidement et emégatuilibre
thermodynamique, les premiers dans le conduit volcanique par déssiopret les seconds
dans le réservoir par refroidissement brutal du liquide mafique oataat du magma
andésitique plus froid. Les microlites hérités du liquide mafique m@sents dans tous les
dépbts, mais sont les uniques représentants de la plupart des porieasd3. La présence
de ces microlites hérités a une importance a plusieurs niveadtans les ponces Pliniennes,
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iIs peuvent constituer la seule trace d'un mélange magmatiquéryptft a I'échelle
microlitique, en l'absence d’enclaves mafiques, de "sieve” textatede zonages inverses
des phénocristaux témoignant de l'effet de réchauffement par umgmana
mafique (Tsuchiyama, 1985 ; Browne et al., 2006) ; b) lors du choix du produipale déur
des expériences d’équilibre de phase, la composition de la maticelle (verre interstitiel
+ microlites du conduit + microlites du réservoirs) n'est dansasepas représentative de la
composition du liquide originellement a I'équilibre thermodynamique &sphénocristaux
de la chambre (comme I'explique Pichavant et al. (2007) au trdeeles notion de "magma
réactif"); c) ces microlites hérités doivent étre écadésme étude visant a définir les
caractéristiques des microlites ayant cristallisés parordpression dans le conduit
volcanique.

Article présenté: MARTEL C. & POUSSINEAU S. (2007) Diversity of eruptive style
inferred from the microlites of Mt Pelée andesite (Magim@, Lesser Antilles)J.
Volcanol. Geotherm. Res. 166, 233-254.

Financements: ACI "Risques Naturels" 2003-2005 (T. Druitt) et ANR CATT "BXANT"
01/2006-06/2009 (C. Martel).

L’étude texturale et morphologique des microlites de plagioatEsseeomposition
<Anss, supposés avoir cristallisé par décompression dans le conduit, représbjet
principal de la publication présentée ici. La caractérisation marglyple des microlites
consiste en une représentation parallélépipédique 3D, convertianddyse 2D d’'apres le
modele de Morgan et Jerram (2006) et d’'une spécification de Uisafbétbulaire, squelettique
ou dendritique). Cette étude a permis de délimiter des champs daspage proportion
volumique en fonction de la densité numeérique et de la morphologie, dispoar les
microlites des pyroclastes des différents dépbts. Ainsi, edujis de démes et de coulées
pyroclastiques de type Merapi sont caractérisés par dedfablesités numériques et de fortes
proportions volumiques de larges microlites tabulaires a squelsttitjeques d’'un régime
de cristallisation dominé par la croissance. Les rares ponlgggnRes contenant des
microlites de décompression sont caractérisées par de ferteséd numeériques et de faibles
proportions volumiques de petits microlites aciculaires et demaiesi assimilées a un régime
de cristallisation dominé par la nucléation. Les produits de défed type Péléennes sont
intermédiaires, caractérisés par de fortes densités numériquaspfoportions volumiques
de petits microlites squelettiques. Les teneurs en eau arsalgedgle ionique et microsonde
électronique) dans les verres interstitiels permettent d'estiome pression de trempe
magmatique a partir des lois de solubilité de I'eau. Ainsi, le dégazageodest®lithiques de
1929 et 1902 a été trempé en deca de 150 bars, 50 bars en moyenrgjealessponces
pliniennes auraient pu étre trempées aux alentours de 300-600 bars.

Des scénarios d’ascension des magmas pour les différents &typeifs observés sur
la période d’activité récente de la Montagne Pelée sont proposgs. nikilleure
approximation devrait cependant étre apportée par les expérieleceecompression
contrblée ci-apres.
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Abstract

We have studied the compositional and textural characteristics of plagioclase microlites from several dome-forming eruptions
(dome, block-and-ash flows, and surges) and plinian fallouts of the recent period of activity of Mt. Pelée in order to infer magma
ascent dynamics. Dome-forming and plinian samples display a wide range of plagioclase microlite compositions, from Anss to
Angy and Anss to Ang, respectively. Microlites with compositions > Ansg_g crystallized from a mafic melt that intruded the
andesitic reservoir in proportion of ~ 10 vol.%. During magma ascent in the conduit, the fraction, number density, and morphology
of the decompression-induced microlites (compositions < Ansy ) suggest that the plinian magmas experienced a nucleation-
dominated crystallization regime with high undercooling. In contrast magmas from domes and block-and-ash flows were
dominated by a growth regime with low undercooling, and the surges were influenced by both regimes. According to these
crystallization regimes and new experimental data on H,O content of the matrix glasses, we propose magma relative ascent rates
and fragmentation pressures for the different eruptive styles observed at Mt. Pelée that may explain why surges are explosive
events and why they may or may not be followed by a plinian event.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction and poorly understood. Because these eruptive regimes

generate very different hazards, there is a crucial need to

Many island-arc volcanic eruptions are characterized
by dome-forming events that may produce pyroclastic
flows and violent surges. The devastating 1902 May 8th
surge at Mt. Pelée (Martinique) reminds us of the
potentially high explosivity arising from growing domes.
Dome-forming events may be directly followed or
preceded by an explosive plinian event, but the transition
between both eruptive styles still remains unpredictable
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understand the factors responsible for either type of
eruption, if we are to progress in the effort of evaluating
hazards and forecasting island-arc silicic eruptions.

This complex eruptive behavior has been ascribed to
different magma ascent rates within the volcanic conduit
(Jaupart and Allegre, 1991; Woods and Koyaguchi, 1994)
rather than pre-eruptive differences in volatile contents in
the magma reservoir (Barclay et al., 1996; Martel et al.,
1998). Low magma ascent rates permit bubble connec-
tivity in the vesiculating magma and facilitate permeabil-
ity developments with the surrounding rocks (Klug and
Cashman, 1996; Burgisser and Gardner, 2005). This leads
to a non-explosive open-system degassing process, such
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as dome growth (Eichelberger et al., 1986). Conversely,
high magma ascent rates prevent gas loss, leading to gas
overpressure and a subsequent explosive closed-system
degassing process, such as plinian events (Villemant et al.,
1996; Sparks, 1997; Villemant and Boudon, 1998).
However, the ascent conditions that may lead to either
explosive or effusive eruptions are not determined.

Upon ascent, gas exsolution from the melt induces an
increase of the liquidus temperature of the silicate melt
that may result in crystallization. The explosivity
associated with high-velocity surges has been ascribed
to large gas overpressures generated in highly viscous
magmas at shallow depths in response to an extensive
degassing-induced crystallization of microlites (Sparks,
1997). Therefore, preserved textures of microlites and
degassing in the groundmass may provide valuable
information on the magma decompression path and a-
scent rate, i.e. bubble and microlite sizes and number
densities determined by nucleation and growth rates.
Several studies have been devoted to the degassing-in-
duced microlite crystallization in domes and block-and-
ash flow deposits (Cashman, 1992; Cashman and
Mangan, 1994; Nakada et al.,, 1995; Nakada and
Motomura, 1999; Hammer et al., 1999, 2000), but
none exists on the microlite characteristics of explosive
events (surges and plinian fallouts) or on the comparison
between effusive and explosive eruptive styles. Recent-
ly, experimental studies have focused on the determina-
tion of magma ascent rates through timed decompressed
experiments (Geschwind and Rutherford, 1995; Blundy
and Cashman, 2001; Hammer and Rutherford, 2002;
Martel and Schmidt, 2003; Couch et al., 2003a,b;
Larsen, 2005), for which a prerequisite is a good knowl-
edge of the natural products, the experimental charges
should be compared with.

The specificity of each volcano in terms of eruptive
behaviour, magma composition, and thermodynamic con-
ditions makes necessary to investigate at first individual
volcanic systems. We focus here on the recent eruptions of
Mt. Pelée (Martinique, Lesser Antilles) for the following
reasons: a) Mt. Pelée displays a large variety of eruptive
styles from effusive to explosive events, b) the emplace-
ment dynamics of the pyroclastic flows and surges have
been carefully described (Lacroix, 1904; Perret, 1935),
c¢) the deposit sequences are characterized in details
(Traineau et al., 1989a; Bardintzeff et al., 1989; Bourdier
et al.,, 1989; Charland and Lajoie, 1989; Boudon and
Lajoie, 1989; Lajoie et al., 1989; Smith and Roobol,
1990), and d) recent studies provide storage conditions for
the andesitic and mafic magma reservoirs (Fichaut et al.,
1989; Martel et al., 1998; Pichavant et al., 2002) which
constitute important statements for further investigation of

the syn-eruptive thermodynamic conditions. In order to
understand the eruption style variations observed at Mt.
Pelée, we provide here a detailed study of the textural and
compositional characteristics of the microlites and inter-
stitial glasses for various eruptive events encompassing
domes, pyroclastic flows, surges, and plinian fallouts that
may contribute to the understanding of magma dynamics
in island arc volcanism context.

2. Volcanological and petrological background
2.1. Eruptive sequences

The volcanic activity of Mt. Pelée is conveniently
divided into three periods (Westercamp and Traineau,
1983). During the first stage (> 40000 yr B.P.), an
ancestral volcano formed of similar size and summit
position to the present day (paleo-Pelée after Vincent
etal., 1989). The second period (from 40 000 to 19500 yr
B.P.), also called the Saint Vincent stage, was dominated
by pyroclastic ash-and-scoria flows of basaltic andesite
composition (Vincent et al., 1989). During the third stage
or recent period (from 13500 yr B.P. to present), the
activity ranged between plinian and dome-forming
eruptions of an andesitic magma. Dome-forming erup-
tions comprise phases of relatively quiescent lava-dome
extrusions with associated destabilizations into more or
less violent pyroclastic flows. Plinian eruptions are
explosive events characterized by sustained columns of
several kilometers high that may collapse into basal
surges. In the well-documented 5000 yr B.P., the remains
deposits of 6 plinian and 12 dome-forming eruptions
have been identified (Westercamp and Traineau, 1983;
Smith and Roobol, 1990).

The dome-forming eruptions of 1929-32 are the
most recent volcanic activity of Mt. Pelée. These erup-
tions were witnessed and well documented by Perret
(1935). The activity consisted of dome extrusion pulses
of a relatively degassed andesite in the summit crater
coupled with destabilizations into block-and-ash flows
channelled in the Riviére Blanche valley (nuées ardentes
of Merapi-type) leading to thick deposits (several meters
high) of ash and blocks up to metric size (Bourdier et al.,
1989). The activity ended with a more quiescent growth
of lava spines and domes. The dome-forming eruptions
of 1902, first reported by Lacroix (1904) thirty years
before, similarly started with pulses of growing domes,
the destabilizations of which produced the high-energy
and high-velocity unchanneled surges from 1902 May
8th to August 30th (nuées ardentes of pelean-type). The
deposits are up to 20 cm in thickness and characterized
by ashes and dense to moderately vesiculated grey
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lithics up to 1-2 c¢m in diameter (Bourdier et al., 1989;
Boudon et al., 1994). These surge events were followed
by block-and-ask flows channeled in the Rivicre
Blanche valley from October 1902 to November 1903.

The P1 eruption in the stratigraphy nomenclature of
Westercamp and Traineau (1983) is the last recorded
plinian event (dated to 650+20 yr B.P.), preceded by the
P2 (1670+£40 yr B.P.), P3 (2010+140 yr B.P.), and P4
(2440+70 yr B.P.) plinian events. These deposits sug-
gest a widespread pumice fallout event (~ 0.1 km’
dense rock equivalent) followed by thick valley-filled
pumice flows (Traineau et al., 1989a). The plinian
products dominantly consist of juvenile white ashes and
pumices with minor fractions of grey dense lithics and
oxidized xenoliths. Based on a higher pumice percent-
age in the P3 fallout and more xenolithics in the pumice
flow deposit, P3 appears to be of a slightly higher
intensity than the P1 or P2 events (Bardintzeff et al.,
1989). The P1, P3, and P4 pumice fall deposits overlay a
thin (up to 20 cm) fine-grained deposit of grey ashes and
dense lithics. The absence of erosional surface between
the ash-and-lithics and the pumice deposits suggests a
time interval less than few days. As these lithic deposits
have very similar features with the 1902 May S8th
deposit (granulometry and geographical extension), they
were interpreted as comparable eruptive events (Boudon
et al., 1994). Therefore, as Lacroix (1904) reported that
the 1902 May 8th surge was initiated from a sub-surface
level (the magma was seen at the surface the preceding
days), the P1, P3, and P4 surges are likely to have been
initiated at very shallow levels. The P1, P3, and P4
eruptions offer the rare opportunity to study the
transition between the dome-forming (surge) and plinian
eruptive style.

2.2. Magma compositions and pre-eruption conditions

The recent activity of Mt. Pelée tapped a homoge-
neous andesitic magma (58 <Si0, <65 wt.%, 62 wt.% in
average). The andesite is composed of 35 to 58 vol.% of
phenocrysts (47 vol.% in average), encompassing 29—
49 vol.% plagioclase, 4—9 vol. % orthopyroxene, 1-
2 vol.% magnetite, minor (< 1 vol.%) clinopyroxene,
ilmenite and apatite, destabilized amphibole and olivine
(both with reacted zones of plagioclase+orthopyroxene+
magnetite) (Gourgaud et al., 1989; Martel et al., 1998).
These phenocrysts are embedded in a rhyolitic matrix
glass (74—77 wt.% SiO,; Martel et al., 2000). The lack of
variations in the physical and chemical conditions of
magma storage preceding the recent eruptions stresses the
bulk chemical homogeneity of the tapped andesitic
magma body. The pre-eruptive storage conditions

proposed for the andesitic part (62 wt.% SiO;) of the
magma reservoir are 875-900 °C, 200+50 MPa, an
oxygen fugacity between NNO + 0.4 and + 0.8 and melt
H,0 contents of 5.3—6.3 wt.% (Martel et al., 1998). Yet,
there is evidence for magma mixing in the 1902—-1929
products recorded as mafic enclaves (51-59 wt.% SiO,)
and few banded rocks (Fichaut et al., 1989; Gourgaud et al.,
1989). Additionally, both plinian and dome-forming
products contain a minor proportion of inherited pheno-
crysts, which originally grew from more mafic melt
compositions (Gourgaud et al., 1989; Pichavant et al.,
2002). Despite the lack of eruptions of mafic lavas in the
recent period of activity (except as enclaves), we need to
consider a broader context of a chemically-zoned magma
chamber in the recent eruptive history, including a mafic
reservoir (53 wt.% SiO,) at 950—1050 °C, 400 MPa,
oxygen fugacity between NNO and NNO + 4 and a melt
H,O contents around 6—8 wt.% (Pichavant et al., 2002).
Therefore, it is extremely likely that both fractional
crystallization and magma mixing are important in the
petrogenesis of Mt. Pelée, but the respective role and
proportion of these two processes remain undefined.

The products considered for our study are andesitic in
bulk-rock composition with a rhyolitic matrix glass and
come from various deposits that show unambiguous
mechanisms of emplacement. These are dense lithics
from the 1929 and 1902 domes, dense and vesiculated
lithics from the 1929 block-and-ash flows (BAFs), the
1902 May 8th, 1902 August 30th, and P1 surges, and
pumices from the P1, P2, P3, and P4 plinian fallouts
(Table 1).

3. Methods
3.1. Textural analyses

The samples chosen for the groundmass textural
analyses (Table 1) belong to a much larger sampling of
Mt. Pelée recent eruptions that was available for this
study. For each eruptive sequence, we chose samples
with representative microlite features (according to
scanning electron microscopy (SEM) observations)
and densities (according to the frequency histograms
of the clast density/vesicularity in Martel et al., 2000).
Thus, the surge samples of the 1902 May 8th were taken
in the given mean porosity range, i.e., 316 vol.%. The
P1 surge displays a bimodal clast density distribution, so
that we chose one sample in the mean mode (~ 30 vol.
%) and a second in the low density part of the histogram.
Both samples of the P1 plinian pumice are close to the
mean porosity, but one is representative of the general
pumice features, i.e., microlite-poor, whereas the second
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Table 1
Selected samples

Eruption unit

1929-32 Dome Lithics
Pelean BAFs  Lithics

Eruption type Lithology Sample number

MT34p ="

MT37N1 %,
MT37N58?,
MT37N169,
MT37N17%, MT37N6¢
MT34M?

MT37B19%,
MT37B56%,
MT37B51%%,
MT37B82¢, MT37B6",
MT37B55¢
MT36V15*°,
MT36V50¢,
MT36V66S,
MT36V52¢
MT25E1%%, MT33C*
MT36P6%*, MT36P7%

1902—-04 Dome Lithics
1902, May 8th  Pelean surge  Lithics

1902, Aug 30th Pelean surge  Lithics

P1 (650 yr BP) Plinian fallout Pumice
Pelean surge  Lithics

P2 (1670 yr BP) Plinian fallout Pumice = MT37F%*
P3 (2010 yr BP) Plinian fallout Pumice =~ MT35G1°*
P4 (2440 yr BP) Plinian fallout Pumice =~ MT32W%?

# Microlite fraction, size, and shape analyses.

® Porosity measurements determined by image analysis.
¢ Microlite compositional analyses.

4 H,0 content determined by ion probe.

one represents rare microlite-rich pumices. The 1929
BAFs display the widest range of textural groundmasses
(porosity from 5 to 65 vol.% and microlite-free to highly
crystallized groundmasses; Martel et al., 2000). We
chose samples with different porosity fractions and
microlite contents representative of most of the observed
samples. Such histograms are not available for the 1902
August 30th surge deposit and for the P2, P3, and P4
fallout deposits, but the chosen samples seem to be
representative of the observed main characteristics.
Thin sections of the natural products were imaged by
SEM, using a JEOL JSM-6400 (Polytech, Orléans). The
crystal morphologies (symmetry axes and areas), areal
fraction (), and number density (N,) were determined
by image analysis (Scion Image and SPO software;
Launeau and Robin, 1996; Launeau and Cruden, 1998).
We corrected stereologically the two-dimensional (2D)
parameters (major and minor axis) to provide true three-
dimensional (3D) crystal habits using the spreadsheet
program of Morgan and Jerram (2006). The database
used in this program compares the sample’s 2D
measurements of minor-axis to major-axis ratios for
non-foliated samples with standard 2D curves obtained
from crystals of 703 different habits (ranging from
1:1:1-1:1:10-1:10:10 Short:Intermediate:Long axis).
The output gives the five best-match standard curves
and corresponding crystal habits based on a least-

squares fit between sample and database. The authors
suggest a minimum of ~ 200 crystal sections to robustly
determine crystal habits if crystals are acicular in shape.
The reliability of the shape is quoted as R?, the
fractional measure of the variation in the sample
explained by the best-fit shape of the database (R’
values over 0.8 denote a good statistical fit, although
care has to be taken when dealing with sample sets that
involve less than about 200 crystal sections). Five of the
eleven performed stereological conversions deal with
less than 200 objects, with 3 of them having R* values
between 0.6 and 0.7. However, natural populations tend
to display broader distributions than the idealised shapes
of the database, mainly because they often exhibit non-
unique shapes (Morgan and Jerram, 2006).

3.2. Microlite and glass compositions

Microlites and glasses were analysed using a Cameca
SX 50 electron microprobe (BRGM-ISTO, Orléans)
with a 6-nA beam current, a 15-kV accelerating voltage,
10-s counting time on peak, a focused beam for the
crystals, focused and defocused beams of ~ 6 pm in
diameter for the glasses. The analytical errors on the
oxide analyses are 1% relative for SiO, and Al,Os, 2%
for CaO, 3% for FeO, MgO, and TiO,, and 5% for MnO,
Na,O and K,O. Following the procedure of Pichavant
(1987), alkali migration in glasses was corrected using
hydrated rhyolitic glasses as standards with known
alkali contents (determined by wet chemistry at the
CRPG Nancy, France). Because the smallest population
of the natural plagioclase microlites was below the
effective beam size (~ 2 um) of the electron microprobe,
their chemical compositions had to be recalculated from
analyses of plagioclase—glass mixtures. This assumes a
known glass composition, analyzed with the same
conditions as the crystals (focused beam, no correction
for alkali loss, and no recalculation to 100 wt.%). How-
ever, when the total of the oxide analysis of the mixture
was close to 100 wt.% (suggesting a dehydrated glass),
the recalculation was performed with the glass recalcu-
lated to 100 wt.%. The recalculation procedure
consisted of incrementally subtracting glass to the
mixed composition until the resulting plagioclase com-
position (structural formula calculated on 8 oxygens)
fulfilled the following conditions: total cations between
4.95 and 5.03, alkalis (Na+K+Ca) between 0.95 and
1.03, cations in the tetrahedral site (Si+Al) between
3.95 and 4.00, and an iron content (counted as FeO)
below 1 wt.%. This recalculation sometimes provided
slightly negative values (up to — 0.10 wt.%) for KO,
MgO, and TiO,.
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Fig. 1. H,O solubilities obtained at P<55 MPa starting from the
rhyolitic crystal-free interstitial glass of P1 fallout pumices. The dots
are the average of three Karl Fischer titration (KFT) measurements
obtained on our glasses hydrated at 1040 °C. The fit of these data is the
deduced solubility law at 1040 °C. The solid line represents our
solubility law empirically corrected at 875 °C using the model of
Newman and Lowenstern (2002) (see equation in text). Comparison is
presented with the H,O solubility model of Burnham (1994)
extrapolated at pressures < 50 MPa and Liu et al. (2005) given with
relative uncertainties of 15%.

3.3. Glass H>O contents

The H,O concentrations of natural glasses were
determined by ion probe (Cameca IMS 3f, CRPG
Nancy, France) following the procedure describe in
Deloule et al. (1995). This analytical technique requires
standard glasses with compositions close to the samples
and known H,O contents. Our hydrated standard glasses
have the composition of the microlite-free interstitial
glass of P1 fallout pumices (dry composition in wt.%:
76.33 Si0,, 0.29 TiO,, 13.33 Al,O3, 2.24 FeO, 0.45
MgO, 2.93 Na,O, 2.43 CaO, 1.89 K,0). The H,0O
contents of the standards were determined by Karl—
Fischer Titration (Mettler Toledo DL37) and Fourier
Transform Infrared spectroscopy. The glasses from the
P2 plinian fallout were determined by the “by-
difference” method using the electron microprobe, and
calibrated for the glass H,O-dependence of the alkali
loss (Devine et al., 1995).

In order to estimate the quenching/fragmentation
pressures of our natural glasses using their H,O contents,
we needed H,O solubility laws. Several reasons led us to
get our own H,O solubility data: 1) H,O solubility
models depend on glass composition (i.e., the alkali
content; Burnham, 1979); 2) small uncertainties in the
determination of the glass H,O contents lead to large
variations in the saturation pressures at low pressures;
3) Data on H,O solubility are sporadic and scattered at
pressures < 50 MPa (Liu et al., 2005, and references
herein). Therefore, we performed H,O solubility experi-

ments at pressures < 50 MPa starting with the interstitial
glass composition of Mt. Pelée (same as the ion probe
standards below). Bubble-free glass pieces (~ 100 mg)
were sealed into Au capsules with excess deionized H,O
(~ 10 wt.%) and loaded in an internally-heated pressure
vessel (Basset Type, Ar pressure medium, Mo wires,
isobaric quench) at 1040 °C and 51, 24 and 11 MPa for
170 h. Glass H,O contents were determined by Karl
Fischer Titration: 2.23 (0.01), 1.13 (0.00), 0.98 (0.04) wt.%
at 51, 24, and 11 MPa, respectively (average of three
analyses with statistical error in bracket). The H,O
solubility (Cyizo(p.)) for our Mt. Pelée glass compositions
at 7 (°C; empirically corrected using the model of
Newman and Lowenstern, 2002) and P (MPa; < 55 MPa)
can be expressed as following:

P
Choppr) = Ry ﬂ+[2.79 ‘1073 x P

+8.66 107 x (1040 — T)]

The uncertainty is 10% for Cy,o and = 2 MPa for P
corresponding to the manometer resolution at low
pressures. At 50 MPa and 875 °C, Fig. 1 shows that
the model of Burnham (1994) overestimates H,O
solubility by 0.5 wt.%. However, this model is
extrapolated for pressures < 50 MPa. The model of
Liu et al. (2005) combines compiled experimental data
from the literature with new experimental data at low
pressures (0.1-25 MPa). Our data are slightly lower
than those of Liu et al. (2005): a difference of 0.2 wt.%
at 50 MPa and 0.1 wt.% at 10 MPa and 875 °C.
Although, these solubility laws are close to the
uncertainty of 15 and 10% given by Liu et al. (2005)
and us, respectively, we will further use our solubility
law for consistency with our natural products (compa-
rable composition and analytical procedure).

4. Results

The microlite paragenesis of the rhyolitic ground-
mass of Mt. Pelée andesite consists of plagioclase
(> 95 vol.%), orthopyroxene (< 5 vol.%), Fe—Ti oxides
(< 1 vol.%), and rare clinopyroxenes, as illustrated in
Fig. 2. In this study, we will only consider plagioclase
microlites, the other phases being not representative
enough. We defined microlites on size and habit criteria.
To a first approximation, we chose to consider a broad
range of microlite sizes, with areas up to 3000 pm?* and
long axes up to 100 pum, as arbitrarily defined by
Murphy et al. (2000). However, the morphological
study concerns the microlite fraction with length below
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Fig. 2. SEM images showing the microlite textural characteristics in recent eruptive products of Mt. Pelée. A) MT34M, B) MT37N1, C) MT37B23, D) MT35G1, E) MT25E1, and F) MT36V15 (see
Table 1). Scale bar of 20 pm for all images.
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Table 2
Compositions and sizes of the plagioclase microlites
Eruption Sample No. Size Composition*
2
(hm) f SiO, FeO Na,O K>,O Al,O3 MgO CaO Total An
1929 MT37N1 Q69 Glass 1.00  78.95 1.79 244 3.02 9.63 0.07 0.74 9690 -
BAFs Q72 30 025 6032 047 726 0.18 23.88 0.01 7.53 99.57  36.06
Q74 4 043 6140 022 736 0.10 22.53 - 0.05 7.62 99.08  36.19
Q77 8 0.06 6092 062  6.66 0.37 23.45 - 7.82 99.91 38.50
Q78 10 0.56 60.49 0.58 7.15 0.02 23.65 0.19 7.08 99.32 35.32
Q79 6 0.17 5792 063  6.60 0.03 24.42 0.03 8.52 98.23  41.56
Q70 Glass 1.00  78.07 142 2.68 2.76 10.91 0.10 1.12 9743 -
Q75 4 0.35 61.07 0.31 6.99 —0.08 24.09 0.06 7.77 100.19 38.05
1902 MT37B19 Q112  Glass 1.00  79.94 1.75 1.67 3.12 10.06 0.09 0.62 97.68 —
May 8th Q84 6 0.15 5832 0.68  6.05 0.17 25.29 0.01 9.69 100.18  46.50
surge Q85 5 036 60.12 070  6.29 -0.03 2439 0.05 9.16 100.68  44.59
Q91 15 0.08 5797 043 572 0.16 25.78 0.04 10.60 100.76  50.14
Q92 2 035 61.73 039  7.09 0.01 22.71 —0.05 7.89 99.76  38.06
Q94 4 025 60.07 034  6.67 0.06 24.25 —0.03 8.78 100.02  41.97
Qlo4 5 020 5894 0.63 625 0.08 24.78 0.03 9.61 100.37  45.73
Q107 6 0.17 57.13 0.54 5.79 0.12 25.96 0.06 10.36 100.06 49.38
Qli0 4 024 59.00 039 6.16 0.12 25.33 0.05 9.83 101.02  46.54
Q113 3 036 6152 069 6.50 0.12 24.34 - 0.02 8.82 101.93  42.56
Q114 4 0.31 60.36 0.73 6.40 - 24.35 0.01 9.15 101.05 44.13
MT37B56 Q132  Glass 1.00  79.52 1.88  2.13 2.61 10.03 0.07 0.90 97.61 -
Q149 10 026 5946 082  6.60 0.98 25.11 0.05 7.79 100.85  37.27
Q153 8 030  60.41 070  6.45 1.38 23.51 0.04 7.76 100.34  36.82
Q155 5 0.18 5945 054  6.08 0.94 24.33 -0.02 8.59 99.89 4147
Ql56 5 031 60.79 075 6.16 1.72 23.31 0.04 7.71 10046  36.88
Q157 16 0.18 57.68 075 576 0.58 25.72 0.03 9.86 100.46  47.01
Qle4 8 0.17  60.61 089 648 1.11 23.21 0.03 7.72 100.10  37.17
MT37B51 Q115 9 0.10 54.94 0.32 4.86 0.12 27.97 0.07 11.85 100.16 57.00
Ql16 6 036 5953 036 640 0.25 24.22 - 8.82 99.50  42.61
Q117 9 032 5859 0.6l 6.07 0.49 24.24 0.03 8.96 99.03  43.65
Q123 15 0.19 58.89 0.47 5.97 0.33 25.17 0.05 9.90 100.86 46.93
Q124 10 006 57.15 087 523 0.14 26.28 - 10.78 100.51 52.81
Q126 8 023 5853  0.61 6.22 0.26 25.37 - 9.30 100.23  44.57
Q127 12 026 5930 0.64 6.54 0.14 24.53 0.10 8.57 99.73  41.66
Q128 7 032 59.16 048 6.25 0.21 24.76 0.07 9.34 100.21  44.69
Q134 4 0.18 5930 050 6.30 0.15 25.37 -0.02 9.62 101.29  45.38
Q135 8 025 6098 059 6.77 0.14 24.67 0.04 9.10 102.34  42.29
Q136 9 023 5989 042 621 0.34 23.96 0.04 9.33 100.17  44.49
Q138 10 0.21 5882 034  6.01 0.32 25.03 0.03 9.70 100.28  46.29
Q139 6 0.19 5835 0.31 6.23 0.10 25.16 0.02 9.54 99.79  45.57
Q140 3 027 5922 029 589 0.28 25.25 —-0.03 10.23 101.16  48.20
Q141 12 020 5724 071 5.76 0.16 25.31 0.14 9.98 99.31  48.46
Q143 12 0.21 60.26 0.60 6.32 0.10 25.62 0.01 10.05 102.90 46.51
Pl fallout  MT25El T3 Glass 1.00 7542 2.3 1.48 2.07 12.93 0.33 2.06 9726 -
T9 40 0.14 5890 040 6.75 - 25.21 0.03 8.50 99.87  41.03
P1 surge MT36P7 Q4 9 0.00  54.51 0.59 393 0.26 27.82 - 12.79 100.05  63.27
Ql4 22 0.00 5229 030 397 0.14 28.89 0.04 13.75 99.48  65.18
Q15 10 0.00 5784 0.68 553 0.28 25.79 - 10.48 100.71 50.31
Q11 Glass 1.00 7557 261 229 1.97 11.26 0.28 2.16 96.59 -
Q3 3 0.61 59.47 059  6.88 0.14 25.34 0.22 8.50 101.16  40.25
Q5 8 0.07 56.66 0.68 540 0.13 26.97 - 10.92 100.77  52.38
Q30 Glass 1.00 7757 234 176 2.23 10.81 0.18 1.95 9722 -
Q17 12 0.15 5392 031 4.69 0.15 25.62 0.04 11.20 96.01 56.38
Q18 4 0.14 57.45 0.63 5.17 0.01 26.01 0.05 10.65 100.04 53.20
Q19 9 029 5774 057 570 0.11 25.66 -0.07 10.25 100.04  49.53
Q20 10 042 5722 064 597 0.19 24.01 -0.10 9.08 97.18  45.15
Q21 18 0.34 56.33 0.98 6.18 0.27 25.33 0.17 9.12 98.44 44.22

(continued on next page)
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Table 2 (continued)

Eruption Sample No. Size Composition *
2
() Si0, FeO NaO K,0  ALO;  MgO  CaO  Total  An

T43 1200 0.00 50.79 038 333 0.06 31.28 0.02 1479  100.71  70.80
T44 3000 0.00 46.09 060 133 0.06 34.00 0.07 18.35 100.51 88.15
T45 1200 0.00 46.62  0.63 1.78 0.05 33.96 0.09 17.82 100.99  84.48
T47 1000 0.00 51.73 0.66 3.76 0.06 30.36 0.08 14.25 101.10  67.47

MT36P6 Q37 Glass 1.00  79.07 228 2.03 2.33 10.32 0.21 1.35 9797 -
Q34 13 0.07 55.99 0.46 5.23 0.07 27.23 —0.02 11.18 100.11 53.94
Q40 9 0.14 5831 036  5.68 0.31 25.27 0.05 10.05 100.02  48.56
Q41 6 034 5958 044  6.12 0.24 25.12 - 9.56  100.96  45.70
Q42 4 0.38 59.05 0.72 6.34 0.12 24.67 -0.10 9.33 100.23 44.54
Q43 12 0.17 5896 0.64 597 0.17 24.96 —0.04 9.93 100.61 4743
Q46 6 036  60.77 0.18  6.65 0.29 24.80 -0.10 8.98 101.56  42.04

Q57 Glass 1.00  77.16 185 247 2.07 11.96 0.08 2.07 98.15 -
Q47 15 024 5563 0.71 5.27 0.16 26.80 -0.02 10.80 99.39  52.61
Q48 6 033 5642 037 5.10 0.09 29.96 0.01 11.72 103.69  55.66
Q51 10 023 5752 049 5388 0.14 25.82 —0.02 9.84 99.74  47.66
Q55 5 042 5857 054 599 0.04 25.95 0.05 10.18 101.26  48.32
Q58 12 0.06 56.38 0.40 4.96 0.30 26.51 — 11.24 99.85 54.63
T33 1250 0.00 4640 047 1.19 0.05 34.15 - 18.35 100.61 89.23
T34 2400 0.00 5131 061 3.8 0.05 30.86 0.08 14.48 101.04  68.90
T35 600 0.00 49.86 0.56 2.92 0.08 31.22 0.11 15.01 99.87 73.58
T36 3000 0.00 5236 045 394 0.06 30.06 0.02 13.17  100.07  64.67
T37 1500 0.00 49.68 053  2.68 - 32.89 0.06 1556  101.40  76.25
T38 1500 0.00 5050 0.78 3.0l 0.04 31.53 0.08 1490 100.84  73.05
T39 2000 0.00 53.13  0.62 426 0.09 29.63 0.06 13.10 10091  62.62
T40 600 0.00 5342 046 457 0.09 28.81 0.02 12.21 99.75  59.31
T41 1500 0.00 51.85 0.71 3.96 - 29.66 0.06 13.62 99.88  65.55
T42 1800 0.00 4553  0.61 1.29 0.04 34.37 - 18.31 100.15  88.49
P4 fallout MT32W T54c 500 0.00 47.92 0.51 2.02 — 32.66 0.01 16.04 99.24 81.46
T55r 500 0.00 54.68 036  4.67 0.16 28.24 - 11.90  100.02  57.92
T57 2000 0.00 5428 047 471 0.13 29.09 0.02 11.82 100.52  57.66
T60 1500 0.00 52.57 0.38 4.12 0.11 30.04 0.06 12.86 100.22 62.86
T61 1600 0.00 55.07 031 4381 0.12 28.53 - 11.32 10037  56.14

T63 Glass 1.00 7439 1.63 236 1.74 12.42 0.22 2.40 9543 -
T50 60 0.11 5827 039  6.02 0.01 26.67 0.01 9.68 101.14  47.02
T51 75 0.07 5833 034 621 0.14 26.16 - 9.18 100.40  44.60
T52 25 047 5751 029 6.76 0.21 24.68 0.07 7.80 97.49  38.46

# Chemical composition in wt.% (MnO and TiO,<0.2 wt.%; see text for the recalculation procedure); An for anorthite content in mol.%; All Fe as
FeO; ffor the calculated mixing fraction between the glass (composition referred as “Glass”) and the following plagioclases.

20 pm, small and large microlites having different
genetic origins, as explained later in the discussion.
Some of the plagioclases with apparent sizes in the
range defined above were clearly pieces of broken
crystals, as they were not crystal faceted or displayed
abruptly interrupted chemical zonings. Broken crystals
appear in nearly all eruptive deposits (particularly in P2
fallout), and were not included in our study.

4.1. Microlite compositions
The dataset of 296 analyses of plagioclase microlites

from various eruptive sequences of Mt. Pelée given in
Martel et al. (2006) is supplemented here by 92 new

analyses mainly concerning the smallest population size
(1-5 pm), for which a procedure of composition
recalculation was necessary (Table 2).

The plagioclase microlite compositions for the recent
eruptions of Mt. Pelée are displayed along the ordinate
axis of Fig. 3. The compositional range actually varies
from a thin section to another within a particular eruptive
sequence. These heterogeneities are not attributed to
variations in the sample groundmass porosity (calculated
by image analyses or from density measurements in
Martel et al., 2000) and seem to reflect true composi-
tional variations within a particular eruptive deposit.
Plagioclase microlites in samples from dome-forming
eruptions (domes, BAFs, and surges from the 1929,
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Fig. 3. Composition-size relation of the plagioclase microlites for different eruptive style deposits at Mt. Pelée. Chemically zoned microlites have been
plotted with their core composition. The grey areas represent the Ansq_go rim composition of the plagioclase phenocrysts (Martel et al., 1998), yet not
statistically validated for the P2 and P3 eruptions (2 to 5 analyses of each deposit suggest similar or slightly more mafic (Anss_¢5?) phenocryst rims).

1902, and P1 events) and microlite-rich pumices from
the P1 and P4 plinian events show the largest compo-
sitional range from Anzg_49 to Angg_oo. In contrast,
microlite-poor (< 1 vol.%) pumices from the P1, P2, and
P3 plinian events lack small plagioclases (1-5 pm) and
plagioclase less calcic than the phenocryst rims, i.e.
< Ansg_go (with one exception in P1). The largest
plagioclase microlites (> 20 pm in length) often show
visible zonings, the analytical profiles of which reveal a
calcic-rich core (Angg_gp) surrounded by a sodic rim
(< Angg; Fig. 4). In the 10—-20 um microlite size range,
plagioclase cores only reach Angs ;9 (Fig. 4C-D).
Below 10 pm in length, most of the microlites lack
visible chemical zonings, generally with compositions
below the phenocryst rims (Fig. SA—B), although some
plinian pumices display small (5—10 um) highly-calcic
microlites (Fig. 5C).

4.2. Areal fraction &, number density N, and size of
the plagioclase microlites

The plagioclase-microlite @ and N, both recalcu-
lated on a phenocryst-and bubble-free basis, and the

corresponding mean size S, (= (#/N,)*°) are reported
in Table 3. In dome products, @ and N, are difficult to
determine, first because the microlite outlines are barely
distinguishable from the surrounding matrix (Fig. 2A),
and second because of the precipitation of abundant
amorphous silica. In fact, the 1929 BAFs and the 1902
surge deposits show two main textures of silica
precipitations that we attribute to different mechanisms.
The first texture is pervasive silica throughout the glass
(Fig. 2B; middle of Fig. 2F) that we attribute to
precipitations from the melt once SiO, saturation is
reached upon decompression and/or cooling (to quartz-
feldspar cotectic; Blundy and Cashman, 2001). This
hypothesis is mainly supported by phase equilibria
experiments performed starting with a rhyolite melt at
high temperatures (800—850 °C) and low pressures
(< 125 MPa), in which a pervasive silica phase
precipitates without any contribution of external fluid
percolation (Martel and Schmidt, 2003; Martel et al.,
2006). The second texture is described as spots of
cracked silica located along the pores or with a
recognizable pore shape (upper right and lower left
corners of Fig. 2F) that could result from silica

53



Fig. 4. SEM images of chemically-zoned plagioclase microlites. A—B) 1929 BAFs (MT37N1); C) 1902, May 8th surge (MT37B51); D) P1 surge (MT36P7); E) P1 plinian fallout (MT25E1); F) P3
plinian fallout (MT35G1). Scale bar of 20 um for all images. Numbers are the analyzed anorthite molar content of the plagioclase (Martel et al., 2006).
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10 um

Fig. 5. SEM images of chemically-unzoned plagioclase microlites. A) 1902, May 8th surge (MT37B56); B) 1929 BAFs (MT37N1); and C) P2 fallout
(MT37F). Numbers are the analyzed anorthite molar content of the plagioclase.

deposition during fluid percolation in the pore network.
In this latter case, the estimation of @ and Ny
(recalculated on a pore-free basis) should not take into
account the silica volume that represents material
addition. In contrast, silica precipitations from the melt
may represent a real volume of this melt and thus may be
counted as groundmass. In the dome samples, there are
large areas of cracked silica that may be ascribed to
deposition from fluid percolation. However, the origin
of the silica that resembles the pervasive type is difficult
to attribute, because they largely touch pores (Fig. 2A).
Moreover, a significant contribution of fluid percolation
would not be surprising, given that the domes of Mt.
Pelée are intensively percolated by hot fluids (Traineau
et al., 1989b). Therefore, for the domes, we recalculated
both @ and N, for the supposed cases of silica-bearing
and silica-free matrix glass, suspecting the true value is
in between these two extreme cases.

Table 3 and Fig. 6 show that the 1902 and 1929 dome
samples display @ between 0.30 and 0.60, depending on
the origin of the silica phase. The 1902, August 30th and
May 8th surges that preceded the 1902 dome have @
comparable to the lower value of the 1902 dome
(recalculated on a silica precipitation-free basis), i.e.,
between 0.22—-0.32. However, if fluid percolation is the
dominant process for the silica phase deposition, then
the 1902 surge groundmasses are half crystallized
compared to the dome. The 1929 BAFs samples have
rather small @, up to 0.15. The P1 surge samples have
comparable @ (0.22—-0.28) to the 1902 surges. The

common pumices from the plinian events are microlite-
poor, with @ <0.03 (e.g., P1, P2, P3). However, some of
the pumices of these plinian events contain more
microlites, with @ up to 0.15 (e.g., P1, P4), referred
here as to microlite-rich plinian pumices. Microlite N,
spans nearly 2.5 orders of magnitude. The domes
and the 1929 BAFs have comparable N, around 15—40
and 6-27x10° mm~ 2, respectively. This compares to
the 0-10x 10* mm~ ? N, analyzed in the BAFs deposits
of the 1989-1990 dome-collapse eruptions of the
Redoubt volcano, Alaska (Wolf and Eichelberger,
1997). In contrast, the 1902 and P1 surges have N,
ten times higher than in the dome and BAFs products,
i.e., 117-201 and 141-245x10°> mm~ 2, respectively.
The microlite-poor plinian pumices have N, below
5x10° mm~ 2, whereas the microlite-rich pumices have
N, around 28-176x10° mm™ >,

The measured areas of the plagioclase microlites are
presented in Table 2 and shown along the abscissa axis of
Fig. 3. It appears that microlites with compositions
below Ans,_¢o have restricted areas < 200 pm?, whereas
anorthite-richer crystals span the whole range between
10 to 3000 pm?. Microlite sizes may also be assessed
through the mean sizes S,=(®/N,)*° (Table 3 and
Fig. 6). The microlites from the domes have large S,, of
~ 4.5 um. The 1929 BAFs have lower §,,, around 2.4—
2.9 pm. The surge samples (1902 and P1) have
comparable S, from 1.0 to 1.6 pm. The high variability
of the N in the plinian pumices, while relatively low @,
results in a large range of §,,, from 0.9 to 5.5 um.
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Table 3
Fractions and textural characteristics of the plagioclase microlites
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b

Deposit Sample Porosity n? 2-Dimensions 3-Dimensions ©
fraction P Nx10° S, Shape  S:L:L axis R Shape
(mm %) (um)
1929 dome MT34p 0.15 ~100 0.30- 1540 45— T n.d. nd.  nd
0.60¢ 3.9¢
1929 BAF MT37N1 0.44 105 0.15 22 2.6 T+S 1.0:1.5:2.2 0.73  acicular
83 0.12 14 2.9 T+S
2 0.07 <1 T+S n.d. n.d. n.d.
MT37N89  0.35 7 0.10 <1 T n.d. n.d. n.d.
MT37N58  0.15 64 0.15 27 2.4 S+T 1.0:1.5:1.8 0.59  rectangular prism
MT36A n.d. 31 0.06 6 3.2 S+T n.d. nd. nd
1902 dome MT34M  0.15 ~100  0.30-0.60° 15-40° 4539 T n.d. nd.  nd
1902, Aug 30th  MT36V15 0.31 110 0.31 125 1.6 S+T 1.0:1.6:8.0 0.67 acicular
surge 10 0.18 <1 T n.d. n.d. n.d.
MT36V4 0.32 25 0.21 <1 n.d. T n.d. n.d. n.d.
1902, May 8th MT37B56  0.26 237 0.24 135 1.3 S 1.0:2.7:8.0 0.72  acicular
surge 295 0.22 127 1.3 S
MT37B51  0.39 281 0.25 128 14 S 1.0:1.5:10.0  0.75 acicular
443 0.32 117 1.6 S
279 0.29 128 1.5 S
MT37B19  0.37 338 0.24 180 1.2 S 1.0:1.5:10.0  0.81  acicular
255 0.26 167 1.2 S
374 0.24 189 1.2 S
MT37B23  0.35 100 0.29 201 1.2 S n.d. nd. nd
8 0.05 </ T n.d. n.d. n.d.
P1 surge MT36P6 0.29 443 0.27 141 14 S+D 1.0:1.5:10.0  0.73  acicular
466 0.27 169 1.4 S+D
424 0.28 153 1.3 S+D
MT36P7 0.68 319 0.25 245 1.0 S+D 1.0:2.1:6.0 0.71  acicular
221 0.22 181 1.1 S+D
P1 fallout MT25E1 0.57 32 0.11 137 0.9 D 1.0:3.0:7.0 0.85  rectangular prism
74 0.14 176 0.9 D
54 0.11 40 1.7 D
69 0.09 57 1.3 D
76 0.09 64 1.2 D
MT33C 0.61 4 0.01 <1 3.2 T n.d. n.d. n.d.
2 0.01 <1 3.2 T n.d. n.d. n.d.
P2 fallout MT37F 0.72 7 0.03 1 5.5 T n.d. n.d. n.d.
36 0.03 4 2.7 T 1.0:2.5:4.0 0.64  rectangular prism
P3 fallout MT35G1 0.66 1 0.01 <1 3.2 T n.d. n.d. n.d.
P4 fallout MT32W 0.79 44 0.07 28 1.6 S 1.0:6.0:10.0  0.73  rectangular prism

n.d. = not determined. Values in italic refer to the basalt-inherited microlites, whereas the other are decompression-induced microlites (see

Discussion).
# Number of analyzed microlites.

® & = area fraction; N 4 = number density; S,, = mean size, equals to 103 % (P/N A)O‘S ; T for tabular, S for skeletal, and D for dendritic.
¢ 3-D recalculation after Morgan and Jerram (2006). S:I:L for Short, Intermediate, and Long axis, respectively; R*: fractional measure of the

variation.

4 The first value is calculated on a groundmass including the silica phase; the second value is for a silica-free groundmass melt (see text for

explanation).

4.3. Shape of the plagioclase microlites

The crystal morphologies are linked to the tem-
perature or the pressure (H,O content) difference bet-
ween the equilibrium phase liquidus and the effective
nucleation and growth (Lofgren, 1974). Therefore,

observations of the microlite shapes may provide
information on their crystallization conditions. Fig. 7
shows the three main morphologies observed in the
recent products of Mt. Pelge, i.e., tabular, skeletal, and
dendritic. The tabular morphology (Fig. 7A), with
rectangular to needle-like shapes depending on the
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Fig. 6. Decompression-induced microlite @ versus N, for different samples from recent eruptions of Mt. Pelée. The lines give the microlite mean size
in um (S,,; Table 3). For samples of a given eruptive event, a vertical trend suggests a nucleation-dominated crystallization regime, and a horizontal
trend suggests a growth-dominated crystallization regime (Hammer et al., 1999). The dashed line between the dome samples brackets @, depending
on whether the microlites are recalculated using the residual glass or the residual glass+silica precipitation (see text).

planar crystal section, is essentially observed in the
1902 and 1929 domes and more rarely in the 1929
BAFs samples (Fig. 2A—B). Most of the 1929 BAFs,
the 1902 and P1 surge samples have skeletal morphol-
ogies, including hopper and hourglass shapes, depend-
ing on the observed cross section (Faure et al., 2003;
Fig. 2C, 5A). Few microlites in the surge samples and
many of the microlite-rich plinian pumices show
dendritic morphologies, including swallowtail over-
growths on a hopper crystal and rod morphologies
(Fig. 2E). The large microlites of the microlite-poor
plinian pumices are tabular in shape, sometimes
slightly rounded (Figs. 2D, 4F). In the 1929 BAFs
and surge samples of 1902 and P1, the large zoned
microlites are either purely tabular or tabular with
skeletal overgrowths (Fig. 4A—B). In the microlite-rich
pumices, these large microlites are mainly tabular with
small dendritic overgrowths (Figs. 2E, 4E).

For a given sample, the microlite 2D aspect ratios
analyzed in different images were gathered to be con-
verted into 3D habits following the method of Morgan
and Jerram (2006) (Table 3). Selected frequency

histograms are shown in Fig. 8. The dome products,
in which the proper outlines of the microlites could not
be defined, and the microlite-poor pumices, for which
the microlite number was not enough, were not con-
sidered. The results for the porous (porosity fraction of
0.44) 1929 BAFs suggest acicular 1.0:1.5:2.2 micro-
lites (Fig. 8A), corroborated by the dense (porosity
fraction of 0.15) sample (rectangular prisms of
1.0:1.5:1.8,), although the 64 studied sections that
lead to a low R? value (0.59) are not enough to confirm
the result. The 1902 August 30th, May 8th (Fig. 8B),
and the P1 surge (Fig. 8D) samples display remarkable
similar acicular microlite habit of 1.0:1.5-2.7:6.0—
10.0, with reasonably confident estimations according
to natural samples (R” values between 0.67-0.81). The
microlites in the P1 fallout pumices show rectangular-
prism crystal habit of 1.0:3.0:7.0, with a good R? value
of 0.85 (Fig. 8C). In the P2 and P4 pumices, microlites
are also rectangular prisms, but with different dimen-
sions, i.e., 1.0:2.5:4.0 and 1.0:6.0:10.0, respectively.
Despite the acceptable R? values of 0.64 and 0.73 for
P2 and P4 pumices, respectively, the very low number
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5 pm

Fig. 7. SEM images of the plagioclase microlites morphologies. A) Tabular habit in a 1929 BAFs sample. The rectangular shape is observed in the
[010] crystal orientation. For sections normal to [010], the crystal has an acicular or needle-like shape; B) Skeletal morphology in a 1902, May 8th
surge sample, including hopper and hourglass shapes, depending on the axes along which the crystal is observed; C) Dendritic morphology
characterized by chains of rods and swallowtails in a microlite-rich P1 plinian pumice.

of analyzed sections (< 50) compels caution when
considering these results.

4.4. Composition, H>O content, and porosity of the
groundmasses

The glass compositions and their quartz-feldspar
normative compositions are given in Table 4. In contrast
to the glass data in Martel et al. (2000) that show an
overall compositional range for a given eruptive deposit,
the glasses have been analyzed here as close as possible
to the microlites in order to trace the melt evolution with
microlite crystallization. The matrix glasses are all
rhyolitic, with SiO, contents ranging between 76 and
80 wt.%, and are around 73 wt.% for the P2 and P3
fallout eruptions.

The BAFs and surge samples show low mean H,O
contents, from 0.17 to 0.84 wt.%, with maximum values
of 1.31 wt.% (Table 5). The P1 and P2 plinian fallout
deposits are H,O-rich, with 1.8+£0.3 and 2.5+0.3 wt.%,
respectively. The H,O data show a significant variability
among several samples from a given eruptive unit,
which seems to reflect true heterogeneities in the glass
H>O contents.

The matrix porosities determined either by density
measurements or by image analysis are shown in Table 3
and 5.

5. Discussion
5.1. Origin of the microlites and magma mixing process

Martel et al. (2006) identified two different origins
for the plagioclase microlites in the recent eruptive
products of Mt. Pelée, depending on their anorthite
content. The plagioclase microlites with anorthite
contents lower than the phenocryst rims (i.e., Ansg_gg)
were considered to have crystallized from a water-
saturated rhyolitic melt below 200 MPa during ascent
towards the surface. This population is best represented
in the dome-forming products (domes, BAFs, and
surges) from the 1902 and 1929 eruptions, but almost
lacks in the plinian eruptive products. The population
with high anorthite contents (< Angg) is ubiquitous in the
recent deposits of Mt. Pelée. These crystals must have
grown from andesitic to basaltic melts with water
contents as high as 6—8 wt.%. Those melts most
probably represent injections into the andesite body
during episodes of recharge and mixing of the magma
reservoir. The liquidus temperature of the basaltic
andesite melt is 1050 °C at 400 MPa (Pichavant et al.,
2002), so that the pressure and temperature contrast at
the contact with the andesite (7=875-900 °C, 200 MPa;
Martel et al., 1998) would generate up to 150 °C
undercooling, appropriate for microlite crystallization.
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Table 4
Glass compositions of Mt. Pelée
Eruption Sample n SiO, FeO Na,O K,0 Al,O4 MgO CaO Qz',Ab’,0r’
1929 BAFs MT37NI1 6 79.44(58) 1.54(32)  4.40(18) 2.92(11) 10.31(41) 0.05(04) 0.88(18)  43,39,18
MT36A 10 76.92(80) 2.02(26)  4.43(21) 2.31(10) 12.03(40) 0.25(05) 1.65(18) 34,55,11
1902 May 8th ~ MT37B56 10 77.79(67) 2.04(41)  3.79(51) 3.96(23) 10.80(32) 0.07(04) 1.03(21) 39,37,24
surge MT37B51 10 80.06(77) 1.74(20)  3.76(31)  2.62(11) 10.26(54) 0.08(04) 1.07(28)  42,44,14
MT37B19 6 79.56(75) 1.91(10) 3.60(40) 3.03(15) 10.50(21) 0.05(03) 0.89(21)  41,44,15
MT37B23 2 78.19(73) 1.79(04)  3.08(22) 3.69(02) 11.42(53) 0.16(03) 1.27(03) 38,43,19
P1 surge MT36P7 7 77.93(79)  2.55(16)  3.19(43)  2.24(15)  11.50(43)  0.18(05)  1.97(28)  35,54,11
MT36P6 4 79.80(12) 2.19(32) 3.45(28) 2.44(07) 10.34(29) 0.15(12) 1.18(19)  41,46,13
P1 fallout MT25E1 3 76.37(15) 2.59(09)  3.34(14)  2.10(02) 12.59(06) 0.41(05) 2.23(10) 31,60,9
MT33C 5 76.72(17) 2.20(10)  3.62(15) 1.93(04) 12.60(13) 0.32(04) 2.21(01) 30,62,8
P2 fallout MT37F 10 73.36(68) 2.94(14)  4.27(24) 1.80(12) 14.02(20) 0.54(05) 2.83(14) 22,735
P3 fallout MT35GlI 5 72.94(22) 2.92(23)  4.27(24) 1.70(08) 14.15(21) 0.59(03) 3.08(09)  22,73,5

Compositions recalculated to 100 wt.%; n is the number of analyzes; numbers in brackets are the statistical errors on the two last digits; Qz’,Ab’,0Or’ is the
normative quartz (Qz’), albite (Ab’), and orthose (Or’) composition obtained from the CIPW norms of the glasses and corrected to account for the
displacement of the quartz—feldspar cotectic in presence of normative anorthite (< 20 wt.%; corindon < 1 wt.%), as explained in Blundy and Cashman (2001).

The chemical zonings observed in some of these high-
Ca microlites (Fig. 4) suggests the possibility of either
multi-stage growth or partial re-equilibration between
early-formed crystals and the (rhyolitic) melt of the
andesite at pre-eruptive conditions. If an eruption
follows the mafic intrusion, further crystallization may
occur in the conduit, giving rise to the population of
microlite with compositions < Ansg_go that may form
either new crystals and/or rim the high-Ca microlites.
This dual model of microlite genesis, i.e., basalt-in-
herited versus decompression-induced microlites, thus
accounts for the whole compositional range of plagio-
clase microlites observed at Mt. Pelée.

Table 5
H,O contents of the interstitial glasses

The best way to distinguish between both microlite
populations is certainly chemical composition (Martel
et al., 2006). Yet, because analyzing each microlite
from a particular section is a time-consuming task
(specifically when crystals are below the spatial re-
solution of the electron microprobe beam), morpho-
logical information aiming at recognizing basalt-
inherited from decompression-induced microlites may
be helpful. The original shapes and sizes of the high-Ca
basalt-inherited plagioclase microlites depend on their
nucleation and growth conditions and on the time spent
between the mafic magma intrusion and the reservoir
exit. These original morphologies are potentially

Eruption Sample Porosity fraction n H,O content (wt.%)?* Pressure® Depth®
Mean (£0) Max Min (MPa) (m)
1929 BAFs MT37N16 0.12 2 0.17 (0.01) 0.17 0.16 0.1 4
MT37N17 0.30 2 0.67 (0.32) 1.12 0.22 5.1 (3.9-5.8) 231
MT37N6 0.40 2 0.93 (0.05) 1.03 0.84 9.7 (8.7-10.7) 434
1902 May 8th MT37B82 0.17 7 0.36 (0.05) 0.50 0.21 1.2 (0.9-1.7) 58
surge MT37B6 0.30 2 0.40 (0.06) 0.48 0.32 1.6 (1.1-2.2) 71
MT37B55 0.44 5 0.68 (0.05) 0.81 0.59 5.3 (4.5-6.1) 240
1902 Aug 30th MT36V50 0.13 3 0.41 (0.05) 0.50 0.30 1.7 (1.2-2.2) 80
surge MT36V66 0.35 5 0.61 (0.23) 1.14 0.13 4.2 (1.4-8.0) 191
MT36V52 0.51 2 0.84 (0.33) 1.31 0.38 8.0 (2.8-14.8) 359
P1 fallout! MT33C 0.61 4 1.8 (0.3) 2.3 1.6 31.7 (23.1-41.1) 1414
P2 fallout MT37F 0.72 10 2.47 (0.33) 3.14 1.34 53.9 (42.4-66.3) 2390

n is the number of analyzed glasses.

? Determined by ion probe (see text for analytical procedure), except for the P1 and P2 fallout samples, for which glass H,O were determined by

the “by—difference” method using the electron microprobe.

® H,0 saturation pressures deduced from the empirical equation of H,O solubility at 875 °C (see text) for the mean H,O content (+ o).
¢ Calculated from saturation pressures with an average rock density of 2.3 g/em’.

4 Data from Martel et al. (2000).
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preserved in the plinian samples that lack further
crystallization upon ascent to the surface. In these
pumices, the highly-calcic plagioclase microlites have
mean lengths varying from relatively small (< 10 pm in
the P2 pumices) to > 20 um, with tabular or slightly
rounded shapes (Figs. 2D and 5C). If there was time for
crystallization or re-equilibration during magma as-
cent, the original basalt-inherited microlites may be
rimmed by low-Ca decompression-induced plagio-
clase, such as in the microlite-rich pumices or in
dome-forming products (domes, BAFs and surges). In
this case, microlites are characterized by oscillatory
zonings that can be identified by backscattered electron
microscopy, they are relatively large (> 20 pm in
length) and have tabular shapes (Fig. 4). In contrast,
decompression-induced microlites lack visible chemi-
cal zonings, are small (< 10 pm in length), and
change shape from tabular to skeletal or dendritic with
decreasing size. Some small zoned crystals (10-20 pm
in length) present in the surge deposits (Fig. 4C—D) are
difficult to classify into either basalt-inherited or
decompression-induced microlites, because their
cores have compositions of Angs_7o, i.€., higher than
the phenocryst rims, but not necessary requiring
crystallization from a mafic melt (Martel et al., 2006).

Magma mixing is a well—-identified process in the
recent period of Mt. Pelée activity, notably through
enclaves and banded rocks essentially in the early
products of the 1902 (May 8th and 20th) and 1929
eruptions (Gourgaud et al., 1989). These textural
features characterize volumetrically small mafic intru-
sions in comparison with the volume of the host silicic
magma and a mechanical mixing process in which
chemical equilibration is limited. When the proportion
of involved mafic magma is small, the equilibration
temperature is not much above the initial temperature of
the host (Eichelberger et al., 2000). This may explain the
absence of chemical and textural destabilizations of the
phenocryst rims (such as reverse zonings and sieve-
textures in plagioclases; Gourgaud et al., 1989;
Pichavant et al., 2002) that are typical indicators of
vigorous magma mixing processes (Tsuchiyama, 1985;
Browne et al., 2006). In the products that lack textural
traces of magma mingling events, such as the plinian
fallouts, evidences of mixing are only provided by the
basalt-inherited microlites.

Based on both natural and experimental data, Mt.
Pelée magma storage region is viewed as a dynamic
zoned reservoir, with a mafic magma intruding an
andesitic upper reservoir (Fichaut et al., 1989; Pichavant
et al., 2002). When the hot mafic magma (basaltic
andesite, ~ 1050 °C, 6—8 wt.% H,0) intrudes the upper

colder andesite (~ 200 MPa, 875 °C, 6+0.5 wt.%;
Martel et al., 1998), it cools and crystallizes plagioclase
microlites with compositions from Ang;_gg to ~ Ang,
driving the residual melt from basaltic andesite to
rhyodacitic compositions (Martel et al., 2006).

An attempt to better constrain the proportion of the
mafic magma involved in the mixing process has been
realized through determinations of the number density
(N,) and area fraction (@, recalculated on a phenocryst-
and bubble-free basis) of the basalt-inherited plagioclase
microlites. These data are best estimated in the
microlite-poor pumices in which no further decompres-
sion-induced crystallization occurred. The P1 and P3
plinian deposits have @ below 0.01 and N4 of maximum
10° mm~ 2. The P2 plinian pumice has @ up to 0.04,
with N4 of 4x10° mm~ 2 (Table 3). In dome-forming
products, the proportion of basalt-inherited microlites is
much more difficult to assess, notably because of the
late crystallizations around the original cores potentially
causing re-equilibrations with time. Approximate mea-
surements of Ca-rich cored microlites in the 1929 BAFs,
1902 May 8th and August 30th surges suggest @ and N,
below 0.21 and 10° mm~ ?, respectively (Table 3).
Although slightly underestimated, as a part of the
crystallization took place around the pre-existing
highly-calcic phenocrysts, this calculation suggests
low proportions of magma mixing in Mt. Pelée reservoir
during its recent period of activity, i.e., a mafic magma
fraction of 0.01—-0.10, maybe 0.20 for the 1902 August
30th surge. This is confirmed by the < 0.05 magma
fraction estimated using the bulk composition data of
the intruding magma (HAB in Pichavant et al., 2002),
the pre-eruptive magma represented by the microlite-
free P1 fallout (Martel et al., 1999) and the erupted
products of the 1902 May 8th and August 30th surges
and the 1929 BAFs (Gourgaud et al., 1989).

5.2. Ascent dynamics inferred from the decompression-
induced microlites

5.2.1. Crystallization regime

During decompression, H,O exsolution from the
melt raises the liquidus temperature of a water-rich
magma. Thus, magma that was above or at the liquidus
at high pressures becomes significantly undercooled
during decompression, causing extensive groundmass
crystallization. Microlite crystallization may be domi-
nated by nucleation of new crystals or by growth around
existing sites. Experimental studies have revealed that
the nucleation-dominated crystallization regime prevails
at low pressures or for high decompression rates because
of high undercoolings (supersaturations). In contrast, the
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growth-dominated crystallization regime is predominant
at high pressures or for low decompression rates, for
which undercooling is small (Lofgren, 1980; Kirkpa-
trick, 1981; Hammer and Rutherford, 2002; Couch
et al., 2003a; Martel and Schmidt, 2003). At extremely
high undercoolings, the large driving force for crystal-
lization is countered by limiting rates of diffusion and
the melt may not crystallize.

In a diagram representing the microlite number
density (N,) versus area fraction (@), samples for which
the crystallization regime is nucleation-dominated over
time would be characterized by a large N, range with
comparable @, whereas a growth-dominated crystalli-
zation regime would show a large range of & with
comparable N, (Hammer et al., 1999). In Fig. 6, the P1
fallout samples show similar @ (around 0.10) for N4 of
nearly 2 orders of magnitude, leading to small mean
sizes (S,) of ~ 1 um. This suggests that the microlite
crystallization regime in the plinian pumices is domi-
nated by nucleation. In contrast, the 1929 BAFs samples
show a horizontal trend with S, values around 2.4-—
3.2 um, which suggests a crystallization regime domi-
nated by growth on existing sites. The P1 and 1902 May
8th surge samples are overlapping, with S, varying from
1 to 1.5 pm. The crystallization in these latter samples is
probably dominated by a combination between both
regimes, as the data trend is rather vertical, but departs
horizontally to higher @ (0.20—0.30) in comparison to
the plinian trend. Based on time data for the different
surge events at Mt. Pinatubo, the crystal size distribution
(CSD) data of Hammer et al. (1999) indicate that
supersaturation decreases with time, so that the style of
crystallization switches from a nucleation-to a growth-
dominated regime. Although we could not deduce any
nucleation and growth rates from Mt. Pelée CSDs due to
unknown crystallization durations, the comparison of
the plots of the 1902 May 8th and succeeding August
30th in Fig. 6 and the presence of some tabular-shaped
microlites in the August 30th deposit are consistent with
a slight switch to a growth-dominated crystallization
regime with time. We can note here that the sample
porosity that results from gas loss and bubble collapse
processes is not related to @ and N4, as the two P1 surge
samples with 0.29 and 0.68 pore fraction have
comparable @ and N, (Table 3). In other words, two
samples from a given eruptive event may have
crystallized under similar conditions resulting in similar
microlite ¢ and N, while further experiencing different
pore interconnectivity and permeability that finally lead
to different sample porosities.

Experimental studies suggest a crystal shape evolu-
tion from tabular to skeletal and dendritic with the

undercooling increase as the final pressure decreases
(Geschwind and Rutherford, 1995; Blundy and Cash-
man, 2001; Hammer and Rutherford, 2002; Couch et al.,
2003a; Martel and Schmidt, 2003). This would agree
with the variation in microlite morphology we found in
Mt. Pelée samples: tabular morphologies are seen where
N, are small, i.e. for growth-dominated crystallization
regime under small undercoolings, whereas dendritic
shapes appear where N, are high, in nucleation regimes
under high undercoolings (Table 3).

5.2.2. Crystallization depth

The projection of the natural glasses into the
synthetic system Qz—Ab—Or—H,0O makes it possible
to relate the evolution of the glass chemistry to
decompression in sub-volcanic systems (Blundy and
Cashman, 2001). The last glass composition may
provide a means to infer the pressure (depth) of the
last crystallization event at the time of magma quench-
ing (fragmentation or cooling). The compositions of Mt.
Pelée interstitial glasses have been reported in Fig. 9.
The glass compositions of the P1, 1902, and 1929
events follow a decompression-induced crystallization
path, in which the plagioclase microlite fraction in-
creases as the glass composition moves away from the
albite component, up to the 50 MPa cotectic. An
exception is the 0.13-d sample from the 1929 BAFs that
comes from an eruption for which magma mixing has
been identified to take place up to surface emplacement
(Gourgaud et al., 1989), thus causing strong chemical
disequilibria. Along the 50 MPa cotectic, the quartz
saturation is reached and increasingly potassic feldspar
crystallizes. On this projection, the most crystallized
samples would suggest a quench level around 50 MPa.
The P2 and P3 plinian pumices would suggest a quench
event at H,O saturation pressure around 1000 MPa,
which is not realistic. Several explanations can be
proposed for these too high pressures. Firstly, we cannot
assure P2 and P3 magmas have the same bulk-rock
compositions and pre-eruptive conditions as the more
recent eruptions. Secondly, the projection was originally
designed for a Qz;4Ab50ry composition (Blundy and
Cashman, 2001), whereas our glasses are Qz,,_43 and
contain several other minor normative components
(< 6 wt.%; diopside, hypersthene, ilmenite). This may
potentially result in a significant shift of the cotectics.
Thirdly, crystallization is a rather slow process,
especially at low pressures for which kinetics are slow
and may result in strong disequilibrium of the glass
composition with pressure (experimentally observed at
low pressures; Martel and Schmidt, 2003). In conclu-
sion, fragmentation or quenching pressures deduced
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Interstitial glasses
1929 BAFs

1902 May 8" surge
P1 surge

P1 fallout

P2 fallout

O N o |

P3 fallout

Fig. 9. Matrix glass compositions projected onto a Qz'—~Ab’—Or’ ternary, corrected for the presence of normative anorthite (< 15 wt.%); uncertainties
up to 2 wt.%; after Blundy and Cashman (2001); The cotectic lines are drawn for a haplogranite melt Qz;sAb750ry at 0.1 MPa (extrapolated), 50, and
200 MPa (Blundy and Cashman, 2001). Point labels give the area fraction of the decompression-induced plagioclase microlites.

from major element melt compositions using the dia-
gram of Blundy and Cashman (2001) do not provide
precise enough information.

At low pressures, H,O contents of the interstitial
glasses are better information to estimate fragmentation
or quenching pressures than the glass composition data,
because degassing and specifically H,O exsolution from
melt is a fast process (Martel and Schmidt, 2003) that
can rapidly reach equilibrium with decompression. The
H,O content data suggest that the P1 fallout could have
fragmented at 20—40 MPa and the P2 fallout at 40—
70 MPa, considering a fragmentation temperature of
875 °C (pre-eruptive temperature; Table 5). This corres-
ponds to fragmentation depths of around 1.5 and 2.5 km
for P1 and P2, respectively. However, although degas-
sing is a fast process, there is still the possibility that the
extremely fast ascent of plinian magmas prevents
degassing completion, resulting in an overestimation
of the quenching depth. For dome-forming eruptions
during which magma ascents are relatively slow, the
H,O contents of the 1929 BAFs glasses suggest
fragmentation or quenching pressures of 0—10 MPa,

that is at depth below 450 m. The 1902 surges could
have fragmented at pressure of 1-6 and 1-8 MPa for the
May 8th and August 30th, respectively, that is between
50 and 400 m depth (Table 5). The heterogeneities in the
H,O contents of different samples from a given eruption
may either represent variability in quenching depths or
local degassing disequilibrium.

5.2.3. Ascent rates

Following the conclusions of Geschwind and
Rutherford (1995) and Wolf and Eichelberger (1997),
we think that the observed differences in the groundmass
characteristics may be caused by differing rates of
magma ascent and crystallization dynamics. The absence
of decompression-induced microlites in most of the
plinian pumices (Fig. 3) suggests an ascent rate that is too
fast for magma crystallization. The delay for plagioclase
nucleation has been experimentally determined between
1 and 5 h (Couch et al., 2003a; Larsen, 2005) suggesting
that ascent of the plinian magma from the reservoir must
have been completed within 5 h. This is in agreement
with the P1 eruption duration of 1-3 h proposed by
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Bardintzeff et al. (1989) based on grain-size and tephra
volume considerations. The presence of a silica phase
may also provide information on magma residence time
and depth. The 1902 and 1929 eruptions, i.e. domes,
BAFs and surges, contain a silica phase that was ana-
lyzed as cristobalite by Raman spectroscopy (Martel
et al., 2000). A silica phase is also present in the phase
equilibrium experiments starting with the rhyolite melt at
850 °C and pressures < 75 MPa (Martel et al., 2006).
These experiment durations of 1 week suggest that the
domes, 1929 BAFs, and 1902 surges spent at least few
days at pressures below 75 MPa. In contrast, the P1 surge
samples do not contain any precipitated silica, which
would either suggest a fragmentation pressure above
75 MPa or an insufficient residence time at pressure
<75 MPa for silica to precipitate. The former hypothesis
can be ruled out by the data published in Martel et al.
(2000) that suggest 1.8 wt.% maximum H,O in the
glasses from P1 surge samples, corresponding to a
maximum saturation pressure of 32 MPa. It is more
likely that the residence time of Pl magma at low
pressures was too short for silica precipitation.

5.2.4. Eruption schemes

There could be a link between the small and constant
volume proportions of mafic magma intrusions
(<10 vol.%) deduced from the basalt-inherited microlite
fractions and the small and constant volumes of the
recent emitted products at Mt. Pelée (~0.1 km?>, dense-
rock equivalent). If we assume the mafic intrusions
triggered the eruptions, the groundmass modifications
produced by the mafic magma mingling provide
information on ascent dynamics.

In a general manner, the plinian magmas ascend within
1-5 h, which prevents any microlite crystallization before
fragmentation at ~ 30—50 MPa. However, some parts of
these plinian magmas, maybe along conduit borders, must
have slowed down, permitting groundmass crystallization
under a nucleated-dominated regime resulting in very
small (S,<1 pm) dendritic microlites. One of these
microlites (Any;, Fig. 3) corresponds to the equilibrium
composition at 50 MPa or less (875 °C; Martel et al.,
2006), in agreement with the fragmentation pressure
inferred from glass H>O contents. The magmas from the
domes and the BAFs ascend more slowly than the plinian
magmas, as revealed by the characteristics of their decom-
pression-induced microlites, i.e., large, mostly tabular or
skeletal in shape, with continuum compositions from
Anso to Anss, and a growth-dominated crystallization
regime under small undercoolings (slow decompression
rates and crystallization at shallow depth). This agrees
with the conclusion of Nakada and Motomura (1999) that

lower groundmass cristallinity correlates to higher effu-
sion rates, which may be explained by the sluggish crys-
tallization kinetics at low pressures. The Anss microlites
correspond to an equilibrium crystallization pressure of
10 MPa at 875 °C (Martel et al., 2006), which compares
well with the pressures of 0—10 MPa deduced from the
glass H,O contents (Table 5). The 1929 and 1902 BAFs
were followed by dome growths, in which the magma
continues to crystallize and silica precipitates from the
melt and/or precipitates from fluid percolations. The
surface level of crystallization and degassing and the
absence of volume constraints (conduit walls) and
lithostatic pressure reduce the possibility of dome ex-
plosions. The surge magmas must have spent more time at
shallow depth than the BAFs, because they crystallized
acicular microlites in a nucleation-dominantly crystalli-
zation regime (although contribution of a growth regime),
that is, at higher pressures or with slower decompression
rates than in the BAFs case. This massive groundmass
crystallization at shallow level drastically increases the
magma viscosity that contributes to generate excess pres-
sures following the self-sealing plug model (Sparks,
1997). The sudden release of this pressure must lead to a
violent explosion, as for the surges in 1902 and
supposedly P1, P3, and P4. However, the P1 surge sam-
ples contain anorthite-rich microlites (Angg_gg) and no
silica precipitations. This could suggest a faster ascent rate
of the magma before fragmentation than for the 1902
surges, because there was no time for the small basalt-
inherited microlites to re-equilibrate at more albitic com-
positions and for the silica to precipitate at low pressures.
It is interesting to note that the P1 surge was followed by a
plinian fallout, in contrast to the 1902 surges. A possible
hypothesis for the occurrence of the plinian event is that in
comparison to the 1902 surges, the proposed higher ascent
rate of the P1 magma prior to the surge event possibly
prevented significant volatile loss in the surrounding
rocks. A further rapid decompression of these trapped
volatiles could be particularly violent and capable of
triggering a sustained plinian event. In contrast, it is pos-
sible that in 1902, the magma ascended more slowly,
maybe also closer to the surface, so that the magma
column following the surge events had time to degas and
finally extruded as a dome.

The next step of the study would concern the precise
determination of the ascent rates for the plinian and
dome-forming magmas through timed decompression
experiments aiming at reproducing the degassing and
crystallization processes upon ascent (microlite mor-
phologies and compositions, final porosities and H,O
contents), with the objective of better understand and
predict the eruptive style of island-arc volcanism.
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I.4b- Expériences de cristallisation par décompression

Article présenté: MARTEL C. & SCHMIDT B.C. (2003) Decompression experimentaras
insight into ascent rates of silicic magm@sntrib. Mineral. Petrol. 144, 397-415
Financements: Programme "Visiting Scientists" du BGI, Bayreuth, Allemaget du

Programme Européen "IHP-Access to research Infrastructures” (Dbi&)R

L’analyse des microlites naturels permet de reconstituesafggrios de remontée des
magmas, avec des vitesses relatives entre les éruptiorenRés et a dome, mais ne permet
pas de déterminer quantitativement des vitesses d’ascension.clifothjeprojet présenté par
l'article ci-dessous était d’obtenir expérimentalement destigues de dégazage et de
cristallisation pour les compositions rhyolitiques des verres intelstites magmas d’arc.

Les expériences ont été menées dans des autoclaves a chauféage et trempe
rapide (BGI, Bayreuth) a partir du liquide interstitiel rhygjite (75 pds Si®; Norme
CIPW : QzeAbzs0ripAn;isHy llm;) de l'andésite de Soufriere Hills, Montserrat (Arc des
Petites Antilles, au Nord de la Guadeloupe). Une série d’expéridigéquilibre de phase
(isobares) a été menées a la saturation en eau a 860°C porgsdésng de 1700 a 150 bars.
Deux séries d’expériences de décompression a 860°C ont étéeaNse des taux variant
de 0.01 & 9600 bar/min : de 1500 a 500 bars et de 500 a 150 bars.

Les résultats suggérent que le processus d’exsolution de l'agas’été achevé pour
des vitesses de décompression > 1000 bar/min (ordre de quelques Setamelesur en eau
dissoute dans le liquide étant supérieure a la solubilité de &tandue a la pression finale.
La croissance des bulles n’atteint pas I'équilibre lors de weiteles décompressions > 1
bar/min (décompressions > 1 minute), la porosité mesurée étamunééa celle attendue a
I'équilibre d’aprés Jaupart et Allegre (1991). Pour des taux de g#essions plus lents, la
vésiculation (nucléation et croissance) des bulles est en procgssausitteint son équilibre.
Ces résultats expérimentaux peuvent étre interprétés en tdentbgramique éruptive. Une
explosivité du magma générée par I'exsolution massive des ggaudiest peu probable, car
le processus est tres rapidement a I'équilibre, alors qu'unsatrogsrapide des bulles de gaz
apres un retard a la croissance généré par des vitesses der@ésmn > 1 bar/min peut se
discuter en termes de source potentielle d'explosivité (voir § 1.5 Fragmentagoratigue).

La cristallisation de plagioclase (et orthopyroxene) est dompagela nucléation
(fortes densités numériques, petites tailles de cristaux)léasgries décomprimées de 500 a
150 bars, en accord avec le taux maximum de nucléation du plagiecR&0 bars suggéré
par les expériences de Hammer et Rutherford (2002). Au contlaireristallisation est
dominée par la croissance autour des cristaux existants dadsiéssdécomprimées de 1500
a 500 bars, en accord avec le taux maximum de croissance doclaslsgivers 1000 bars
suggéré par Hammer et Rutherford (2002). Pour la série décomprint®® @150 bars, la
croissance du plagioclase est probablement rendue difficila farte viscosité du liquide et
la conséquente lente diffusion des éléments, conduisant a des projpmdiumiques de
plagioclase inférieures a celle attendue a I'équilibre. @Gdttde montre également des retards
a la nucléation de quelques heures pour I'orthopyroxéne et des duréésqlglibration
chimique de quelques jours pour les oxydes ferro-titanés a 500 barscad avec les
observations de Venezky et Rutherford (1999).

Cette étude a apporté un certain nombre d'information sur les pecess
cristallisation (délai de nucléation, densité de nucléation, t@dke cristaux, rééquilibration
chimique) et demande a présent a étre valorisée par une étuds, g@ur lequel des séries
d’expériences choisies seraient directement comparées awtédatmues naturelles des
microlites du systeme volcanique étudié, comme proposé dans les étudantes sur la
Montagne Pelée.
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Abstract An experimental study of H,O exsolution,
bubble growth and microlite crystallisation during ascent
(decompression) of silicic magmas in the volcanic con-
duit is presented. Isobaric and decompression experi-
ments were performed on a rhyolitic melt at 860 °C,
NNO + 1, H,O saturation, and pressures between 15 and
170 MPa. Two sets of decompression experiments were
performed, with decompression rates varying between
0.001 and 960 MPa/min: (1) from 150 to 50 MPa (high-
pressure decompression), and (2) from 50 to 15 MPa
(low-pressure decompression). The experiments high-
light incomplete H,O exsolution for decompression
rates > 100 MPa/min, incomplete bubble growth for de-
compression rates>0.1 MPa/min, crystal nucleation
time lags, and incomplete chemical re-equilibration to
final pressures. The observed crystallisation process, i.e.
growth versus nucleation, depends on the decompression
range. Indeed, decompression-induced crystallisation
during high-pressure decompressions is dominated by
growth of existing crystals, whereas during low-pressure
decompressions crystal nucleation is the dominating
process. This study provides a means to infer magma
ascent rates in eruptions of silicic magmas through a
combined petrologic and experimental approach.

Introduction

Most island arc volcanoes are characterised by an al-
ternation of Plinian and dome-forming eruptions
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(Roobol and Smith 1976; Mullineaux and Crandell
1981; Newhall et al. 1996; Wolf and Eichelberger 1997;
Young et al. 1998). In the case of a large-volume magma
chamber, a Plinian event followed by dome growth may
be explained by the volatile stratification of the magma
chamber. In this case, the volatile-enriched magma lay-
ers at the top of the reservoir erupt as a Plinian column,
and the underlying volatile-depleted magmas lead to
dome growth. However, there is some evidence that
Plinian events followed by dome-forming eruptions (and
vice versa) can be produced from magmas with a similar
pre-eruptive volatile content (Westrich et al 1988; Bar-
clay et al. 1996; Martel et al. 1998). The causes for either
eruption style are therefore acquired during magma as-
cent, and result from a competition between the eruption
rate and the degassing process in the conduit system
(Jaupart and Allegre 1991; Woods and Koyaguchi
1994). Indeed, Plinian magmas ascend rapidly, in the
order of m/s (Pallister et al. 1992) up to possible su-
personic speeds at the fragmentation depth (Wilson et al.
1980), whereas Plinian magmas ascend at rates below
cm/s (Rutherford and Hill 1993; Siswowidjoyo et al.
1995; Nakada and Motomura 1995; Devine et al.
1998a). These contrasting magma ascent rates, in com-
bination with the degree of permeability of both the
magma and the surrounding rocks (Klug and Cashman
1996; Jaupart 1998), generate different degassing pro-
cesses, 1.¢. close versus open degassing (Eichelberger et al.
1986; Stasiuk et al. 1996; Villemant and Boudon 1998,
1999).

Ascent rate is thus a crucial parameter which influ-
ences eruptive scenarios, and requires thorough investi-
gation. Most of the proposed ascent rates are deduced
from seismic data which, in the case of explosive erup-
tions, are sometimes difficult to acquire and to interpret.
Magma ascent rates may also be determined by com-
parison of the petrology between natural and laboratory
products obtained from decompression experiments
(Rutherford and Hill 1993; Hammer and Rutherford
2002). Experiments may highlight disequilibrium mech-
anisms, such as time delays in bubble or crystal nucle-
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ation or growth, which are key processes in the under-
standing of the eruptive styles. Real-time decompression
experiments at conditions relevant to volcanic conduits
aiming at reproducing the natural products constitute a
powerful tool to study the syneruptive processes.

In order to study bubble growth processes and to
determine the degree of volatile supersaturation in as-
cending magmas, theoretical studies (Proussevitch and
Sahagian 1996, 1998) and dynamic simulations on ana-
logue materials (Phillips et al. 1995; Hammer et al. 1998)
or natural magmas (Gardner et al. 1999; Simakin et al.
1999, 2000; Mangan and Sisson 2000) have been con-
ducted. Gardner et al. (1999) concluded that H,O ex-
solves efficiently from silicic melts for decompression
rates of < 1.5 MPa/min. For faster decompression rates
(up to 60 MPa/min), volatile exsolution is delayed and
finally attains equilibrium when reaching low pressures
(~80 MPa) due to the increasing porosity and bubble
size.

As a response to decompression-driven H,O exsolu-
tion, melts crystallise, providing there is sufficient time to
overcome crystal nucleation time lags (Metrich and
Rutherford 1998), which modifies the magma rheology
and therefore may influence the eruption regime (e.g.
Klug and Cashman 1994; Nakada and Motomura 1995;
Hammer et al. 1999). For instance, Geschwind and
Rutherford (1995) studied crystallisation through iso-
thermal decompression experiments to investigate the
growth of microlites and the changes in glass chemistry
during magma ascent. They concluded ascent duration
of 4-8 days for the post-18 May 1980 dacite of Mount
St. Helens, USA. Cashman and Blundy (2000) and
Blundy and Cashman (2001) have compiled the result of
recent petrologic and experimental studies to illustrate
the use of both glass chemistry and crystal textures to
study ascent-driven and cooling-driven crystallisation,
and have reinterpreted magma decompression histories
(e.g. Mount St. Helens). Hammer and Rutherford (2002)
have performed decompression-induced crystallisation
experiments at low pressures to reproduce the natural
microlite textures and to infer the crystallisation pro-
cesses during the emplacement of the dacitic dome of
Mount Pinatubo, Philippines. These authors conducted
a set of single-step decompression runs (decompression
duration <4 min) and some multistep decompression
runs at a constant average decompression rate of
0.02 MPa/min. Both sets were followed by equilibration
duration periods ranging from 20 min to ~931 h at final
pressure (5-220 MPa).

The present study is an experimental investigation of
the kinetics of H,O exsolution, bubble growth, and
crystallisation in a rhyolitic melt, as a function of the
decompression rate. The scope of this study is not to
reproduce a given natural composition, but rather to
provide a general understanding of the characteristics,
chronology and kinetics of the decompression-induced
degassing and crystallisation processes. This differs from
the previous experimental works in the following
respects: (1) we study the processes occurring during

decompression, so that no equilibration period at con-
stant pressure is observed after the decompression, (2)
we simulate magma ascent through a large range of
decompression rates (0.001 to 960 MPa/min), and (3) we
investigate the relationship between H,O exsolution plus
bubble growth and crystallisation.

Experimental and analytical methods

Starting material

The starting material has a composition close to the most evolved
melt inclusion found in the plagioclase phenocrysts of Soufriere
Hills, Montserrat, andesite (sample MONT153 in Devine et al.
1998b). This rhyolitic composition may represent the interstitial
melt in equilibrium with the phenocryst assemblage in the reservoir,
prior to the input of the mafic magma in January 1996. The glass
was prepared by mixing appropriate amounts of dry powders of Si,
Al, Fe, Mg, Mn, and Ti oxides and Ca, Na, and K carbonates. This
mixture was heated in a Pt crucible at 1 atm to 1,100 °C for 30 min
to decompose the carbonates and was then melted at 1,600 °C.
After 1 h, the crucible was removed from the furnace and put into
water in order to quench the melt to a glass. For further homog-
enisation the glass was finely ground in an automatic agate mortar
for 1 h. The melting and grinding procedure was then repeated
twice to obtain a homogeneous starting glass powder. Microprobe
analyses of this glass (called SHILL2) gave the following H,O-free
composition in wt%: SiO,: 75.0, Al,O5: 13.6, Na,O: 4.3, CaO: 2.5,
FeO: 2.0, K,0: 1.7, MgO: 0.4, TiO5: 0.3, MnO: 0.2. Amounts of
20-50 mg glass powder and amounts of distilled H,O sufficient to
saturate the melt (Burnham 1994) were sealed into Au capsules
(inner diameter 2.5 or 3 mm, 0.2-mm wall thickness) by arc weld-
ing. The sealed capsules were kept for at least 12 h at 150 °C in a
drying oven to achieve a homogenous H»O distribution prior to the
experiments.

Experimental apparatus and strategy
Experimental apparatus

All experiments were performed in vertically operating, rapid-
quench cold-seal pressure vessels which were inserted from the
bottom into tube furnaces. The sample capsules were located in the
hot, top part of the vessels, and they were kept in position by a filler
rod which was held by an external magnet. The vessels were made
of Nimonic 105 Ni—Cr superalloy and were pressurised with water.
Temperatures were measured with NiCr—Ni thermocouples located
in an external borehole of the autoclave. The sample temperatures
were determined previously by calibration of the temperature dif-
ference between external (borehole) and internal (vessel) at pres-
sure. The maximum error on temperature is =10 °C. Pressures
were measured using a pressure transducer calibrated against a
Heise gauge and are accurate to =3 MPa. The intrinsic redox
conditions of the vessels were determined using Ni-Pd oxygen
sensors (Taylor et al. 1992; Pownceby and O’Neill 1994) to be log
fO,=NNO+0.7 to +1.3. The difference in the redox conditions
may be attributed to the different ages of the vessels. Quenching
was close to isobaric and occurred within 1 to 2 s by dropping the
sample capsule from the hot top of the vessel into the water-cooled
part of the pressure seal by removing the magnet which held the
filler rod and the sample capsule.

Experimental strategy
Two types of experiments were performed: isobaric runs to deter-

mine the phase relations at equilibrium at a given pressure, and
decompression experiments to simulate magma ascent. The
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experimental conditions were chosen to reproduce the storage
and ascent conditions of the rhyolitic interstitial melt of Soufriere
Hills andesite. In 1996, the Soufriere Hills magma chamber was at
820-840 °C, rising to ~880 °C prior to the eruption due to the
injection of a mafic magma (Devine et al. 1998b). The hydrostatic
pressure was ~130 MPa, and the oxygen fugacity was ~NNO+ 1
(Barclay et al. 1998). All experiments were performed at 860 °C
(intermediate temperature), NNO+ 1 (£0.3), and H,O saturation
(except for three runs with H,O activities (ay0) between 0.9
and 1).

The pressure conditions of the isobaric experiments range from
170 to 15 MPa, which cover depths from the reservoir to the dome.
Experimental duration was usually 7 days but a few additional
experiments were performed with various other duration periods.
For the decompression experiments, initial and final pressures, and
decompression rates were chosen to simulate magma ascent from
the reservoir depth to the subsurface level at various ascent rates.
We performed a first set of experiments consisting of decompres-
sions from 150 to 50 MPa lasting between 15 days and 6 s, hereafter
referred as to high-pressure (HP) decompressions. The second set
of experiments was decompressed from 50 to 15 MPa in 30 days to
15 s, and is referred hereafter as to low-pressure (LP) decompres-
sions. Both sets of decompression experiments consisted of two
stages: an isobaric stage for 7 days at initial pressure to hydrate the
melt and equilibrate the crystals (reproducing the isobaric runs),
followed by a pressure release to final pressure which was obtained
by manually bleeding off the pressure medium (H,O) from the
vessel. Experiments with decompression periods longer than 1 min
were decompressed in steps of 5 MPa. Both isobaric and decom-
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pression runs were terminated by a rapid quench of less than 2 s.
Due to rapid-quench failure, two experiments were isobarically
quenched by removing the vessel from the furnace and cooling it
with compressed air, while keeping the internal pressure constant.
Only capsules whose weights were similar before and after the ex-
periments (cf. no leaks occurred) were considered. The experi-
mental conditions of the isobaric and decompression experiments
are reported in Table 1.

Analytical methods

Half a capsule cut lengthways or pieces of the experimental product
were embedded into epoxy resin and polished for analyses. The
products were first observed by scanning electron microscopy
(SEM, LEO Gemini 1530). Image analyses were performed on one
to five SEM images per charge (areas of 0.01 to 0.34 mm?) to
determine the melt porosity, the morphology and size distribution
of the bubbles, and the texture, volume proportion, size distribu-
tion, and number density of the crystals. The volume proportion of
plagioclase was not precisely determined at pressures <50 MPa due
to the poor contrast on SEM images between dendritic plagio-
clases, glass and cristobalite exsolutions. Number densities were
sometimes undeterminable for (1) orthopyroxene and Fe-Ti oxide
because these crystals become indiscernible on SEM images when
small, and (2) for the plagioclase with dendritic morphologies
which prevent any demarcation of single crystals.

The crystals and glasses were analysed by electron micro-
probe (Cameca SX50) under conditions of 15-kV voltage, 6-nA

Table 1 Experimental condi-

tions of the isobaric and Run No. Py Bu;ation Psn Undercooling® ﬁlljration AP step AP rate
mpression experimen i .
f‘;gg o ?fﬁé’oil‘;e ents (MPa) (day) (MPa) (°C) (MPa/min)
Isobaric runs
170 170 7 170 -5 None None None
150 150 7 150 5 None None None
130 130 7 130 10 None None None
100 100 7 100 15 None None None
75 75 7 75 25 None None None
50 50 7 50 >40 None None None
50C 50 7 50 > 40 None None None
25 25 7 25 >100 None None None
15A 15 7 15 > 150 None None None
Isobaric test runs
150A° 150 12 150 5 None None None
100A 100 7 100 15 None None None
100B 100 7 100 15 None None None
S50A 50 7 50 >40 None None None
S0B 50 7 50 >40 None None None
HP decompressions
D5 150 7 50 5to >40 15 days 7 MPa/day 0.001
D3 150 7 50 5to >40 5 days 5 MPa/4 h 0.014
D4 150 7 50 Sto >40 10 h 5 MPa/30 min 0.167
Dl 150 7 50 5to >40 12 min 100 MPa/12 min 8.3
Dl11 150 7 50 5to >40 1 min 100 MPa/1 min 102
D12 150 7 52 5to >40 13s 98 MPa/13 s 450
DI1g§° 150 7 51 5to >40 13s 99 MPa/13 s 456
D16° 150 7 54 5to >40 6s 96 MPa/6 s 960
LP decompressions
A s . D15¢ 50 7 15 >40 to >150 30 days 5 MPa/4 days 0.001
Estimations of the temperature g 50 7 15  >40to >150 15days 5 MPa/2 days 0.002
difference between the plagio- — pyze 50 7 15  >40to >150 2days  5MPa/4h 0.012
clase liquidus (see text) and the g 50 7 15  >40to >150 Sh 5MPa/30 min  0.117
experiment (860 °C) for the D10 50 7 15 >40 to >150 4 min 35 MPa/4 min 8.8
given pressure (extrapolated for g 50 7 15 >40to >150 425 35 MPa/d2 s 48
ressures < 50 MPa) D14 50 7 18 >40to >150 15 32 MPa/l5 s 120
For HoO-undersaturated runs - pecompression test runs
at initial pressure: 0.9 <apy,o<1 ) 150 7 50 S5to >40 10 h 7 days at Py,
For experiments terminated by 50 7 150 >40to >150 10 h 7 days at Py,

a slow, isobaric quench
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current, 10-s counting time, a focused beam for crystals, and a
defocused beam of ~5 pm diameter for the glasses. The compo-
sitions of the phases from the low-pressure products were some-
times impossible to obtain because the crystals were too small or
hollow.

The H,O content of the interstitial glasses was measured by
infrared (IR) spectroscopy (Bruker IFS 120HR). Measurements
were performed on doubly polished glass plates of 60-65 um
thickness, and the H,O contents were calculated using the extinc-
tion coeflicients of Zhang et al. (1997). IR spectroscopy could not
be used for the products of the isobaric experiments performed at
pressure < 50 MPa due to their high crystallinity (glass ar-
eas <40 pum). We routinely measured H,O contents by the “by-
difference method” using the electron microprobe (Devine et al.
1995). This method is valid only when carefully calibrated with
glass standards with chemical compositions and H,O contents close
to those of the analysed samples. In each microprobe session, we
analysed hydrated rhyolitic standards whose H,O contents were
determined by Karl-Fischer titration (2.0, 4.6, and 6.3+0.2 wt%
H,O; Martel et al. 2000) and the dry starting composition
(SHILL2).

Results
Phase equilibrium

Isobaric experiments were performed at 860 °C,
NNO+1 (£0.3), H,O saturation, and at pressures be-
tween 15 and 170 MPa in order to determine the phase
assemblage and compositions (Table 2), proportions and
number densities (Table 3) at equilibrium. Under these
conditions, the phase assemblage of the SHILL2 com-
position is melt + Fe-Ti oxide *+ plagioclase £ orth-
opyroxene (Fig. 1). The evolution of their chemistry with
pressure is shown in Fig. 2.

Interstitial melts have SiO, contents ranging from
74.9 wt% at 170 MPa to 80.2 wt% at 50 MPa. At
50 MPa and below, the glass locally contains small
cracks which demarcate exsolutions of cristobalite (de-
termined by Raman spectroscopy), which consequently
stabilises the melt SiO, content to 78-80 wt% down to
15 MPa (Fig. 2). The melt H,O contents determined by
both infrared spectroscopy (absorption coefficients of
Zhang et al. 1997) and the “by-difference method” using
the electron microprobe agree within an error of
+0.4 wt% with H,O solubilities calculated after Burn-
ham (1994) for the composition of the interstitial melt of
each charge (Fig. 3). This calculation gives H,O solu-
bilities decreasing from 5.0 wt% at 170 MPa to 1.7 wt%
at 15 MPa (Table 2).

The liquidus phase at 170 MPa is a Fe-Ti oxide with a
chemical composition in magnetite mol% (Mt) de-
creasing from Mtgz at 130 MPa to Mtsg at 25 MPa. For
the products obtained at pressures above 130 MPa and
below 25 MPa, the Fe-Ti oxide crystals were too small to
be analysed by electron microprobe. Extrapolation of
the compositions to 150 and 15 MPa would be Mtgg and
Mts; respectively (Fig. 2). Number density increases
with decreasing pressure, from ~500/mm? at 150 MPa to
~7,000/mm? at 50 MPa (Table 3). Regardless of pres-
sure, this oxide is characterised by diameters of 1-3 pm
and proportions below 1 vol%.

Plagioclase appears at ~150 MPa. Its growth and
crystal morphology characteristics depend on the degree
of effective undercooling, i.e. the difference between the
plagioclase liquidus temperature and the run tempera-
ture at a given pressure. With decreasing H,O pressure,
the plagioclase liquidus temperature increases (Tuttle
and Bowen 1958; Westrich et al. 1988). To infer the
plagioclase liquidus temperatures of our starting com-
position with decreasing pressure, we first assume that
the plagioclase and melt liquidi are superimposed (Tuttle
and Bowen 1958). The composition recalculated into a
CIPW norm contains 11 mol% anorthite (An; Table 2),
for which we know the plagioclase liquidus temperatures
at 100 MPa (~870 °C, extrapolated, James and Hamil-
ton 1969) and at ~160 MPa (860 °C, from our isobaric
experiments). Data at lower pressures are missing from
the literature. Therefore, we extrapolated the liquidus
temperature at 50 MPa by using the results on the An-
free haplogranite system at 100 MPa (770 °C, James and
Hamilton 1969), 50 MPa (800 °C, Tuttle and Bowen
1958), and 0.1 MPa (~1,000 °C, Schairer and Bowen
1935). This would lead to a rough liquidus temperature
of ~900 °C at 50 MPa, increasing strongly with
decreasing pressure. The undercooling estimations are
reported in Table 1.

The anorthite component (An, in mol%) of the pla-
gioclases decreases linearly from Ans; at 150 MPa to
Anszg at 50 MPa. A linear extrapolation to lower pres-
sures would suggest an ~Anjs; plagioclase at 15 MPa.
The volume proportions linearly increase from 1 vol%
at 150 MPa to 20 vol% at 50 MPa. The expected pro-
portions at 15 MPa (assuming a linear trend) would be
~37 vol% (Fig. 2). The morphology of the plagioclases
gradually changes from 150 to 15 MPa. At 150 MPa,
plagioclases display euhedral, tabular habits (Fig. 1a), a
few being slightly hollow. At 100 and 75 MPa, pla-
gioclases turn hollow and are elongated. At 50 MPa,
they have skeletal elongated morphologies, so that it
becomes difficult to define individual crystals (Fig. 1b).
At 25 MPa, plagioclases have dendritic shapes (Fig. 1c).
At 15 MPa, plagioclases form elongated clusters of
parallel crystals, with outlines which are barely dis-
cernible from the melt + cristobalite matrix (Fig. 1d).
Such crystal morphologies have been interpreted as de-
pending on the degree of undercooling which modifies
the diffusion rates of the melt components (Lofgren
1974; Fenn 1977; Muncill and Lasaga 1987, 1988). In-
creasing undercooling from <100 °C (pressures of 150
to 75 MPa) to 150-200 °C (pressures < 50 MPa; Table 1)
results in the change from tabular to dendrite morpho-
logies (Lofgren 1974). The crystal sizes could only be
determined in the charges from 150 to 50 MPa (Fig. 4),
and we emphasise here that the results have to be taken
more as indicative than absolute values, due to the small
number of analyses permitted by the restricted size of the
experimental charges. At 150 MPa, the crystal size is
restricted to 1040 pm in length. Assuming that pla-
gioclases nucleated at the beginning of the experiment,
were fully equilibrated at the quench time (after 7 days),
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Table 2 Phase assemblages and compositions of the run products (860 °C, NNO + 1). Compositions in italics are linear extrapolations (see Fig. 2); n.d. not determined
Run AP Matrix Plagioclase Orthopyroxene Fe-Ti oxide
No.  duration
Melt H,O* Porosity® SiO,° CIPW norm
(wt%) (vol%)  (wt%) (An mol%) (En mol%) (Mt mol%)
Probe IR B9%4 X+to (n) Range Qz/Ab/Or/An Qz'/Ab’/Or® X=+¢ (n) Range X=+o(n) Range X=+o (1) Range
Isobaric runs
Shill2 None 0.4+0.8(23) n.d. 0.1 0 74.6+£0.3(23) 74.0-75.3 36/40/13/11 28/63/9 Absent Absent Absent Absent Absent Absent
170  None 49+£04(7) 49+0.6(6) 5.0 1=+1 7494+0.2(7) 74.6-75.1 42/44/14/14  28/64/8 Absent Absent Absent Absent 94 n.d.
150  None 4.7+0.4(5) 4.7+02(5 47 4=1 75.1+0.2(5) 75.0-75.4 45/42/13/9 35/55/10 51+1(31) 49-53  Absent Absent 88 n.d.
130 None 44+0.78) 4.5+0.54) 44 8=+l 76.5+0.2(8) 76.2-76.8 47/41/12/10  35/56/9 48+1(9) 46-50  Absent Absent 83+1(3) 83-84
100 None 3.6+£0.5(6) 4.0+0.4(3) 39 13+3 77.4+0.3(6) 76.8-77.7 48/40/12/8 39/51/10 45+£1(6) 43-47 54+£1(Q8) 52-55 75 n.d.
75  None 3.1+£0.3(6) 3.8+0.2(3) 34 13+£3 79.1+0.2(6) 78.7-79.3 49/38/13/6 42/47/11 39+£1(7) 3841 50+1(2) 50-50 61+2(2) 60-63
50 None 3.24+0.509) n.d. 29 35+3 80.2£0. 2(9)d 79.9-80.6 50/35/15/4 45/41/14 36£1(5) 3437 47 n.d. n.d. n.d.
50C  None 2.4+£0.4(6) n.d. 29 nd. 79.9+0. 6(6) 79.0-80.8 n.d. n.d. 37+1(4) 3637 47 n.d. 64(1) 64
25 None 2.3+£0.5(5) nd. 2.1 41+3 79.3+0. 2(6) 79.2-79.8 44/32/24)2 42/35/23 32 n.d. 44 n.d. 59+1(3) 57-60
15 None 1.8+£0.7(2) n.d. 1.7 71+3 78.7+0.52)¢ 78.3-79.2 39/33/28/1 38/35/27 31 n.d. 42 n.d. 52 n.d.
Isobaric test runs
150A" 12 days  4.6+0.3(6) n.d. 47 3+1 76.6+0.3(6) 76.2-77.1 n.d. n.d. 43+1(3) 42-44  Absent Absent  80(1) 80
100A 14 days 3.6+0.4(7) n.d. 39 nd. 77.4+02(7) 77.1-77.7 n.d. n.d. 45+1(7) 43-46 51+£1(8) 50-52 n.d. n.d.
100B 3 days 3.5+0.2(8) n.d. 39 741 77.3+0.6(8) 76.9-78.8 n.d. n.d. 44+2(6) 42-48 51+1(5 50-53  65+2(3) 63-68
50A 1 day 2.8+£0.3(6) n.d. 29 29+3 79.7£0.6(6) 78.6-80.4 n.d. n.d. 38+1(2) 3639 nd. n.d. n.d. n.d.
50B 2 days 2.1+£0.2(6) n.d. 29 28+3 78.9+0.7(6) 78.3-80.0 n.d. n.d. 37(1) 37  nd. n.d. n.d. n.d.
HP decompressions
D5 15 days 2.6+0.4(6) n.d. 29 42+3 79.1+£0.3(6) 78.5-79.3 48/37/14/5 42/46/12 45+£3(15) 4049  47+£1(10) 45-50 64+1(5) 62-66
D3 5days 2.6+0.4(8) n.d. 29 nd. 78.24+0.6(8) 77.5-79.5 48/38/14/7 40/48/12 43+3(24) 3749 51+2(14) 49-53  63+1(3) 62-64
D4 10 h 2.3+£0.3(6) n.d. 29 39+3 76.24+0.3(6) 75.8-76.6 45/42/13/11 33/58/9 47+£2(21) 44-51  Absent Absent 85+1(5) 84-86
Dl 12min  2.5+0.3(8) n.d. 29 29+3 76.1+£0.2(8) 75.8-76.4 46/42/12/11 34/57/9 46+2(12) 4449  Absent Absent n.d. n.d.
D11 I min  2.5+0.3(6) n.d. 29 28+3 76.4+0.2(6) 76.2-76.8 46/40/14/11 34/56/10 47+3(09) 44-51  Absent Absent 82+1(3) 82-83
D12 13s 3.5+0.6(11) n.d. 29 30+3 75.44+0.2(11) 75.0-75.6 43/44/13/12  31/60/9 51£1(5) 50-52  Absent Absent n.d. n.d.
DI8" 135 3.3+0.8(7) n.d. 29 25+3 76.1+£0.3(7) 75.5-76.5 n.d. n.d. 45+1(4) 4445 50+£1(5) 49-51 nd. n.d.
DI6" 65 4.6+0.7(6) n.d. 29 2143 76.84+0.3(6) 76.5-77.4 n.d. n.d. 44+2(7) 42-47 nd. n.d. n.d. n.d.
LP decompressions
D15 30days 1.6(1) n.d. 1.7 n.d. 79.2(1)¢ 79.2 42/31/27/1 41/33/26 30(1) 30 44(1) 44 58 +3(5) 53-63
D6 15days 1.2+0.3(6) n.d. 1.7 58+3 80.3£0. 6(6)d 79.5-80.9 44/33/23/1 43/35/22 324+2(19) 29-35 46+1(2) 4546 59+24) 57-61
D7 2 days 1.3£0.5(7) n.d. 1.7 59+3 80.3+0. 3(7) 79.7-80.5 48/33/19/2 46/36/18 33+2(4) 32-36 nd. n.d. 61+£3(3) 58-63
D8 5h 1.2+0.2(6) n.d. 1.7 51+3 80.0+0.2(6)¢ 79.5-80.2 49/34/17/4 46/38/16 34+1(5) 3334 48(1) 48  T1+1(2) 70-72
D10 4 min 1.0+£0.2(5) n.d. 1.7 5143 80.0+0.3(5)¢ 79.5-80.3 51/33/16/4 46/39/15 36+1(2) 3536 nd. n.d. n.d. n.d.
D9 42 s 1.3£0.2(6) n.d. 1.7 47+3 79.8+0. 3(6)d 79.5-80.3 48/35/16/4 44/41/15 36+ 1(1) 36 n.d. n.d. n.d. n.d.
D14 15s 2.0+£0.1(6) n.d. 1.7 49+3 80.0+0.2(6)* 79.8-80.2 48/35/16/4 43/42/15 35+1(7) 3538 nd. n.d. n.d. n.d.
Decompression test runs
Tl 10 h 2.4+£0.2(6) n.d. 29 nd. 79.6+0.4(6) 79.0-80.1 n.d. n.d. 45+5(40) 34-51 47+1(16) 46-51 64+2(4) 62-67
T2 10 h 4.5+£0.6(6) n.d. 4.7 n.d. 75.8+£0.2(5) 75.6-76.0 n.d. n.d. 44+£5(6) 3851  Absent Absent n.d. n.d.

“H,0 content measured by the electron microprobe (probe; analytical error of £0.4 wt%), by infrared spectroscopy (IR; analytical error of £0.2 wt%) using the absorption coefficients

of Zhang et al. (1997), and calculated after the model of Burnham (1994) for H,O saturation (B94; estimated error of +0.2 wt%)

®Melt porosity (recalculated on a crystal-free basis). Errors of +3 and +8 vol% for the HP- and LP-decompression runs respectively

“Anhydrous SiO, content of the melt, X +¢ (1) for mean =+ standard deviation (number of analyses)

YPresence of cristobalite
CCIPW norm recalculated after Blundy and Cashman (2001) for An-bearing compositions
For H,O-undersaturated runs at initial pressure (0.9 < ap,o<1)
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Egzﬁ 63; (i}:;gfypéfo It)}(l)ertiﬁ?l and Run# AP duration  Melt* Plagioclase™® Orthopyroxene®  Fe-Ti oxide®
E.rid]%%tts ézi’eorm?r;elrilNO +1; (vol%)  (vol%) (number/mm?) (number/mm?) (number/mm?)
Isobaric runs
170 None 100 Absent Absent Absent 467(1)
150 None 99 1 103 +28(4) Absent 559+ 16(3)
130 None 94 6 377+20(3) Absent 2,226 +390(4)
100 None 89 11 739+£102(2) 68 +23(2) 2,506 £470(2)
75 None 84 16 893 £499(5) 259+£127(4) 2,036(1)
50 None 80 20 1,248 +183(4) 724+£211(4) 6,571(1)
50C None n.d. n.d. 1,196 +304(2) n.d. 8,455(1)
25 None ~T71 ~29 n.d. n.d. n.d.
15 None ~63 ~37 n.d. n.d. n.d.
Isobaric test runs
100A 14 days 90 10 516 £207(4) n.d. n.d.
100B 3 days 89 12 814+£192(3) 34+14(3) 592(1)
50A 1 day 87 13 1,8124357(4)  n.d. n.d.
50B 2 days 85 15 2,080(1) n.d. n.d.
HP decompressions
DS 15 days 84 16 580+ 170(2) 27+7(2) 1,116 £285(2)
D3 5 days 82 18 590+ 6(2) 152 +56(3) 1,902 £ 556(2)
D4 10 h 92 8 565+ 68(2) Absent 2,336(1)
Dl 12 min 93 7 568(1) Absent 494(1)
D11 1 min 90 10 574(1) Absent n.d.
) . D12 13 s 98 2 190(1) Absent 555(1)
“Proportion in vol% recalculat- | p decompressions
ed on a bubble-free basis | D15 30 days n.d. n.d. n.d. n.d. n.d.
Number density per mm~. The  pg 15 days 79 21 3,500(1) n.d. n.d.
error for the determination of D7 2 days 75 25 n.d. n.d. nd.
the plagioclase number densities g 5h 75 25 3,001 +49(2) nd. nd.
is very variable, depending on D10 4 min 79 21 nd. 4,728(1) nd.
the crystal morphology. Itranges g 42s 75 25 3,167(1) 1,278(1) 8,271(1)
from 10s/mm" for the tabular D14 15s 80 20 1,487(1) 545 +45(2) 7,301 +£472(2)
shapes to 100s/mm~ for hollow Decompression test runs
plagioclases, and is not deter- T1 10 h nd. nd. 663 nd. nd.
minable for the dendritic T 10 h 9 4 nd. Absent nd.

morphologies

and grew from the centre to the rim, a minimum growth
rate of 3.10 "' m/s can be estimated. At 100 and 75 MPa,
crystals have the same main modes of length as for
150 MPa (10-40 pm), with an additional minor popu-
lation with larger sizes (50—-60 um, up to 80 pm in length)
and hollow cores. Because of these hollow cores, growth
rates could not be calculated but they would be faster
than 3.10 "' m/s, as the undercooling is higher (Swanson
1977). At 50 MPa, ~70% of the plagioclases are 0-20 pm
in length, partly overestimated in number by small
pieces individualised because of the distorted crystal
shapes. Number densities increase from ~100/mm’ at
150 MPa to ~1,200/mm? at 50 MPa (Table 3). This
illustrates that the higher the undercooling, the smaller
the crystals and the higher the crystal density (Swanson
1977).

In runs conducted at 50-100 MPa, orthopyroxene
crystallised with tabular shapes of ~10 um thickness
(Fig. 1b) and with needle shapes of <2 um diameter (not
analysable) below 50 MPa (Fig. 1c, d). The orthopy-
roxene proportion is always below 1 vol%, and its
composition in enstatite mol% (En) decreases from Ensy
at 100 MPa to Ensy at 75 MPa. The expected compo-
sition at 500 and 15 MPa, following a linear trend,
would be ~Eng; and Eny, respectively (Fig. 2). Number

densities increase from ~70/mm? at 100 MPa to ~700/
mm? at 50 MPa (Table 3).

A set of additional experiments was performed at
100 MPa to validate the attainment of the equilibrium
after 7 days. All three experiments with duration pe-
riods of 3, 7, and 14 days gave similar phase assem-
blages and proportions, plagioclase and melt
compositions, and H,O contents. The only difference
is the En-depleted composition of the orthopyroxene
of the 3- and 14-day runs (Ens; in #1000B and
#1000A, compared to Enss in #1000; Table 2). This
difference is thus not related to run duration but may
be attributed to slight variations in the intrinsic oxy-
gen fugacity of the vessels (depending on their age).
Therefore, we conclude that run durations of 7 days
are long enough to reach chemical equilibrium at
pressures>100 MPa. For pressures <50 MPa, however,
it is possible that equilibrium is not reached in 7 days,
as discussed below.

A second set of runs was performed at 50 MPa for 1
and 2 days to investigate the crystallisation kinetics of
the minerals. Plagioclase, orthopyroxene, and Fe-Ti
oxide crystallised within 1 day, but in volume propor-
tions lower than expected at equilibrium (13 and
15 vol% after 1 and 2 days respectively, in comparison
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150 MPa
; i‘\{l i

f—— 10pm

Mag= 275K X

Fig. 1a-d SEM pictures of the isobaric runs (860 °C, NNO +1,
H,O saturation, 7 days). a 150 MPa; b 50 MPa; ¢ 25 MPa; d
15 MPa. Darkly shaded areas are bubbles

to 20 vol% after 7 days; Table 3). Orthopyroxene
is present in form of non-analysable needles of less than
1-pum thickness.

Decompression experiments

SEM images of typical decompression run products are
shown in Fig. 5. The phase assemblages and chemical
compositions, and the melt porosities are presented in
Table 2. The phase proportions and crystal number
densities are reported in Table 3. Two HP-decompres-
sion experiments were slightly H,O undersaturated
(0.9 <apso < 1) at initial pressure (#D18, #D16; Table 2)
and have different phase assemblage and compositions
than the H,O-saturated charges. These runs are, how-
ever, rapidly decompressed (6 and 13 s) so that they have
interest concerning H,O exsolution kinetics. One H,O-
undersaturated isobaric run was performed at 150 MPa

as a reference at equilibrium (Table 2). Therefore, we
restrict the use of these products to melt H>O content
and porosity issues.

HP decompressions (150 to 50 MPa)

Melts have average anhydrous SiO, contents decreasing
from 79.1 wt% for the 15-day decompression to
75.4 wt% for the 13-s decompression (Table 2; Fig. 6a).
None of the melt contains visible cristobalite. Melt
proportions linearly increase from 84 vol% when de-
compressed within 15 days to 98 vol% for the 13-s de-
compression (Table 3). The melt H,O contents are
~2.5 wt% in the charges decompressed from 15 days to
1 min, increasing to ~4.6 wt% in the 6-s decompression
run (Table 2; Fig. 6b). Melt porosities recalculated on a
crystal-free basis have been determined. As shown by the
isobaric products, some of the excess H,O introduced
with the glass powder in the capsule is trapped as bub-
bles in the viscous melt. Therefore, the porosities mea-
sured in the decompression products represent the
amount of initial fluid plus the H,O exsolved during

74



404
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decompression. Up to 0.4 wt% H,O in excess compared
to the expected solubility at initial pressure have been
introduced in the capsules, which corresponds to a
maximum initial porosity of 3 and 8 vol% at 150 and
50 MPa respectively (calculated after Jaupart and Tait
1990, with a hydrated melt density of 2,300 kg/m? after
Knoche et al. 1995, and H,O density calculated after
Saul and Wagner 1989). Melt porosities are presented in
Fig. 6¢. For the HP decompressions, the melt porosity
represents ~40 vol% for the decompressions of 10 h and
15 days, and 20-30 vol% for decompression dura-
tion < 12 min. The bubble size distributions are shown
in Fig. 7a. For decompression duration shorter than
12 min, bubble radii represent a very narrow range from
0.5 to 25 pm, with more than 75% having radii <5 pm.
By contrast, bubbles have widely variable radii of 0.5 to
100 pm for decompression duration=12 min.
Plagioclase belongs to the initial phase assemblage at
150 MPa (in volume proportion of ~1 vol%) and may
be modified during decompression. The volume pro-
portion of plagioclase increases from 2 vol% for the 13-s
decompression to 16—18 vol% when decompressed in 5—
15 days (Table 3; Fig. 8b). Plagioclase number densities
are 190/mm? for the 13-s decompression and 565-590/
mm? for the runs decompressed within 15 days to 1 min
(Table 3; Fig. 8c). Regardless of the decompression rate,
plagioclases have euhedral or slightly hollow tabular
shapes, in agreement with growth at undercool-
ing<100 °C (Lofgren 1974). The main modes of the
plagioclase length distributions are 10-40 um, decreas-
ing in frequency with increasing decompression dura-
tion. The scatter in crystal lengths increases from
1040 um for the charges decompressed within seconds
to 10-90 um for the 15-day decompression (Fig. 4).
Plagioclases have average compositions decreasing from
Angs; for the charge decompressed in 13 s to Anys for the
15-day decompression (Fig. 8a). The analytical profiles
suggest that during 5 to 15 days of decompression,
plagioclases acquired a normal zoning with core com-
positions of Anyy 5o and rims down to Ansg 35 (Fig. 9a).

Surprisingly, plagioclases tend to be inversely zoned for
shorter decompressions, with core compositions of
Angyy 5o and rims of Ansg_s> (Fig. 9b—d).
Orthopyroxene is unstable at 150 MPa but is ex-
pected to nucleate at ~100 MPa. This phase is only
present in the charges decompressed in 15 and 5 days,
with average compositions of Eng; and Ens; respectively
(Table 2; Fig. 10a), and in proportions <1 vol%. Ana-
lytical profiles in orthopyroxenes of the 5-day decom-
pression run show zonings from Ens; to Engy from core
to rim. The number density of orthopyroxene is around

T T T T T

1751 -
HO solubility
1501~ ®  Microprobe ]
A [nfrared
1251 spectroscopy _
—— Burnham (1994)

100

75

50

25

0 1 2 3 4 5 6
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Fig. 3 H,O solubility in the melt at 860 °C with pressure. Error
bars give the statistical errors of the measurements (analytical
errors of +£0.2 for the infrared spectroscopy, and +0.4 for the
microprobe)
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Fig. 5a-d SEM pictures of the decompression runs (860 °C, 30-150/mm? in the 15- and 5-day decompression charges
NNO +1, H,O saturation). a 150 to 50 MPa in 15 days (#D5); b (Table 3; Fig. 10b).

150 to 50 MPa in 13 s (#D12); ¢ 50 to 15 MPa in 30 days (#D15); d A . o . P .
50 to 15 MPa in 4 min (#D10) Fe-Ti oxide is stable at 150 MPa, and is ubiquitous in

the decompressed samples, always in proportion <
1 vol%. Fe-Ti oxides have compositions of Mtg;_g4 in the
charges decompressed within 5-15 days, and Mtg, g5 in
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Fig. 6 Melt composition (a), H>O content (b), and porosity (¢) with
decompression rate. Point labels represent the decompression
duration. Error bars give the statistical errors of the measurements
for a and b (analytical errors for the SiO, and H,O contents are +2
and £0.4 wt% respectively), and the analytical error for ¢. In ¢, the
upper triangles denote the porosity calculated for the indicated
decompression range after Jaupart and Tait (1990; density of the
hydrated melt of 2,300 g/m?, Knoche et al. 1995, and H,O density
after Saul and Wagner 1989), and the arrows give the range of
additional porosity due to initial trapped bubbles (see text)

the 1-min and 10-h decompression runs (Table 2; Fig. 10c¢).
The number density of Fe-Ti oxide is ~2,000/mm? for
decompression duration between 15 days and 10 h, and
~500/mm? when decompressed within 12 min or less
(Table 3; Fig. 10d).

We performed a test experiment (#T1) consisting of
7 days at 150 MPa followed by a decompression within
10 h to 50 MPa, and then a second isobaric stage for
7 days before quenching (Table 1). The aim was to look
at the effects of an equilibration period following de-
compression (to compare with the #D4 product de-
compressed in 10 h, then quenched). In the #T1 charge,
the phase assemblage is Fe-Ti oxide (Mtg4), plagioclase
(Angs), and orthopyroxene (Eng;) in a melt with
79.6 wt% SiO, and 2.4 wt% H,O (Table 2). Surpris-
ingly, no cristobalite was found in the melt, although
present in the isobaric run of 7 days at 50 MPa. Pla-
gioclases are strongly normally zoned, with core com-
positions of ~Anye 4g which abruptly decrease to
~Ans, 3¢ at the rims (Fig. 9b).

LP decompressions (50 to 15 MPa)

Melts display a constant anhydrous SiO, contents of 79—
80 wt% (Fig. 6a) in proportions ranging from 75 to

80 vol% (Table 3). All charges contain cristobalite
exsolutions, in proportions (not determinable) increas-
ing with the duration of the experiment. The melt
H,O contents of the samples decompressed within
30 days to 42 s range between 1.0 and 1.6 wt%,
increasing to 2.0 wt% for the 15-s decompression
product. The melt porosities of the LP-decompres-
sion products are ~50 vol% for the decompressions
up to 5 h, and ~60 vol% for longer duration periods
(error of £3 vol%; Fig. 6¢c). The bubble radii cover a
range of 0.1-100 pm, with a majority at < 20 pm. For
decompression duration of >5 h, bubbles with radii <
10 pum represent less than 60% of the total number,
whereas the value is ~80% for shorter decompressions
(Fig. 7b).

Plagioclase accounts for ~20 vol% in the isobaric
50 MPa charge, and it represents 20-25 vol% in the
decompressed charges (Fig. 8b). The crystals have
hardly discernible outlines, are very elongated (up to
100 pm long, 2-5 pum thick), hollow/skeletal when de-
compressed in 15 s to 4 min, and skeletal/dendritic for
longer decompression duration (Fig. Sc, d), reflecting
growth at undercooling of 150-200 °C (Lofgren 1974).
The skeletal/dentritic crystal morphology makes it im-
possible to obtain numerous punctual analyses and an-
alytical profiles, and prevents the determination of size
distributions by image analysis. Plagioclases have aver-
age compositions increasing from Anj, in charges de-
compressed in 30 days to Anss when decompressed in
15 s (Table 2; Fig. 8a). The four analytical profiles
measured in 10- to 40-um-long plagioclases of the charge
decompressed within 15 days do not display any par-
ticular zoning (random variations of maximal +3 An
mol%). Plagioclase number densities are ~1,500/mm? in
the 15-s decompression run, and 3,00073,500/mm2 in the
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charges decompressed within 15 days to 42 s (Table 3;
Fig. 8c).

Orthopyroxene accounts for volume propor-
tions <1 vol% in the isobaric 50 MPa charge as well as
in the decompression runs. The crystals are often too
small for analysis. The compositions range between Engy
and Enyg for decompression duration between 30 days
and 5 h (Fig. 10a). The number density of orthopyrox-
ene could be determined only for the decompression
duration of < 4 min, decreasing from ~4,728/mm? for
the 4-min decompression to ~545/mm’ for the 15-s
decompression run (Table 3; Fig. 10b).

Fe-Ti oxide is ubiquitous in the charges, with com-
position increasing from Mtsg to Mty for decompres-

20 40 60 80 0 20 40 60 80

T T I I

Dﬁﬁ_

52 vol% nd

0 20 40 60 80 100
Bubble radius (um)

sion duration of 30 days and 5 h respectively (Fig. 10c).
The number density of Fe-Ti oxide was determined only
in the 42-s and 15-s decompression runs, giving ~8,271
and 7,301/mm? respectively (Fig. 10d).

We performed a reversal test (#12) consisting of
7 days at 50 MPa, followed by 10-h pressurisation to
150 MPa and a subsequent isobaric stage of 7 days be-
fore the rapid quench. The assemblage comprises Fe-Ti
oxide, one residual orthopyroxene (too small for anal-
ysis), and plagioclase (<10 um in size, representing
4 vol%) with compositions varying between Ansg 4 and
Ansg g in a homogeneous 75.8 wt% SiO, melt containing
4.5£0.6 wt% H,0O. Except for the composition and
H,O content of the melt, the phase assemblage and
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Fig. 8 Plagioclase composition (a), volume proportion (b), and
number density (¢) with decompression rate. Point labels represent
the decompression duration. Error bars give the analytical errors of
the measurements: +2 mol% for a, =2 vol% for b, and +50,
+100, and £200 for ¢, as explained in Table 3

compositions are different from the phase equilibrium
at 150 MPa (Table 2). This discrepancy between the
reversal and the forward experiment may reflect the non-
attainment of equilibrium during the forward experi-
ment at 50 MPa, as also proposed below. Nevertheless,
compositional discrepancies between reversal and for-
ward experiments cannot be taken as a definite proof for
disequilibrium, as re-equilibration kinetics during crys-
tallisation and crystal dissolution are different.

Discussion

To accommodate the decompression-induced perturba-
tions of the phase relations, volatiles exsolve from the
melts, forming and growing bubbles, while crystals nu-
cleate, grow, and chemically equilibrate, provided that
the kinetics of exsolution, growth, and re-equilibration
exceed the imposed decompression duration.

Kinetics of H,O exsolution and bubble growth

The exsolution process can be estimated from the dif-
ference between the melt H>O content at initial and
final pressure. If equilibrium prevails during decom-
pression, the H,O content measured in the melt
matches the H,O solubility at final pressure. If the
measured H,O content is greater than the expected
solubility, the exsolution process is incomplete and the
melt is H,O supersaturated. Similarly, bubble growth

in response to H,O exsolution may be completed or
not, depending on the melt rheology and the available
decompression duration. If the measured melt porosity
is lower than the calculated porosity at equilibrium,
bubble growth is incomplete. The main consequence of a
non-achievement of these processes upon decompression
is the possible magma explosivity by sudden release of
the excess H,O and rapid expansion of the bubbles.

H>0 exsolution

For decompression rates <100 MPa/min (decompres-
sion duration longer than 42 s and 1 min in the LP and
HP runs), melt H,O contents are constant, i.e. 2.5+0.4
and 1.3+£0.5 wt% for the HP and LP decompressions
respectively. These values agree within error with the
2.94+0.4 and 1.7+ 0.4 wt% H,O expected at final pres-
sure, i.e. 50 and 15 MPa respectively (despite a surpris-
ing 0.4 wt% difference). This suggests that H,O
exsolution from melts with viscosities up to ~10® Pa s
(calculated after Shaw 1972) is an efficient process for
these decompression rates.

For decompression rates>100 MPa/min, however,
the measured melt H,O content is greater than the ex-
pected H,O solubility at final pressure, with values in-
creasing with decompression rate (Fig. 6b). This
demonstrates that H,O exsolution was not achieved.
The large statistical errors around the H,O contents of
the HP decompressions > 100 MPa/min reflect hetero-
geneities and various advancement of the H,0O-exsolu-
tion process within the sample. We emphasise that, for
both HP and LP decompressions, H,O exsolution is a
very fast process, completed within ~1 min. Therefore,
most of the crystallisation probably occurs after exso-
lution is achieved.
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Bubble growth

The melt porosity of both HP- and LP-decompression
products increases with decreasing decompression rate
(Fig. 6¢). For decompression rates <0.1 MPa/min, the
melt porosities of the products are in agreement within
error with the calculated porosities at equilibrium, so
that bubble expansion is probably achieved. For de-
compression rates between and 0.1 and 100 MPa/min,
the melt porosities are lower than the calculated ones at
equilibrium, whereas H,O exsolution from the melt is
complete (Fig. 6b, ¢). Therefore, in this range of de-
compression rates and despite exsolution completion,
bubble growth in melts with viscosities up to ~10® Pa s
(Shaw 1972) did not reach equilibrium, and bubbles
were probably supersaturated in H,O vapour when
quenched at final pressure. This is one order of magni-
tude slower than the theoretical prediction of Prous-
sevitch and Sahagian (1996, 1998) that bubbles in
rhyolitic melts cannot grow fast enough to remain in
equilibrium when ascent rates exceed 1 m/s (>2 MPa/
min). This is also one order of magnitude slower than
the experimental results of Gardner et al. (1999) who

Distance (um)

concluded that bubble growth is incomplete for de-
compression rates>1.5 MPa/min. These authors found
that equilibrium may be approached for faster decom-
pression rates when decompressed to low final pressures,
putting forward that supersaturation is significantly re-
duced when porosities exceed ~10 vol% and decom-
pression bubbles reach 5- to 10-pum diameter. For
decompression rates > 100 MPa/min, both H,O exsolu-
tion and bubble growth are not completed processes.
The bubble size distributions vary with the decom-
pression rate (Fig. 7a, b). For both sets of decompres-
sion range, decompression rates>10 MPa/min
(duration <5 min) generate a narrow main mode of
bubbles with radii of 0—5 pm. For slower decompression
rates, the main mode of the distribution becomes 5—
10 pm, and populations of large bubbles with radii up to
100 um are also present. These large bubbles may result
from coalescence. The bubble size distributions also vary
with the decompression range (Fig. 7a, b). For decom-
pression rates > 10 MPa/min, the population of bubbles
with radii of 0-5 pm represents more than 75% of the
HP-decompression bubble number, the value being 45—
55% for the LP-decompression bubbles. Such a large
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number of small bubbles in HP decompressions is fa-
voured by high pressures, as suggested by Gardner et al.
(1999).

Bubble morphology gives information on the crys-
tallisation proportion. In the products of the LP and HP
decompressions and isobaric runs, in which crystal
contents are <15 vol%, bubbles are round (Fig. 5b).
Crystals growing in proportions > 15 vol% distort the
bubble outlines (Fig. 5c, d).

Crystallisation process and kinetics

Decompression-induced crystallisation may occur in
disequilibrium, depending on the kinetic barriers which
resist crystallisation (i.e. melt viscosity), and on the de-
compression path (initial and final pressures, decom-
pression rate) which defines the degree of undercooling
or supersaturation. The undercooling influences
the crystal characteristics (volume proportion, number
density, size, morphology) and controls the crystallisa-
tion process, i.e. growth versus nucleation. Below, we

compare the liquid-composition path and the crystalli-
sation kinetics for both decompression sets.

Liquid-composition path

The normative compositions of the residual melts from
the isobaric and decompression runs (Table 2) have been
projected onto a haplogranite quartz(Qz)-albite(Ab)—
orthoclase(Or) system (Blundy and Cashman 2001) in
order to estimate the evolution of the melt composition
with decompression (Tuttle and Bowen 1958; Cashman
and Blundy 2000). We remind here that this projection
was originally designed for a H,O-saturated Qz;cA-
b;s0ry starting composition (corundum<1 wt%,
Cashman and Blundy 2000), whereas our Qz4;Ab4sOr4
starting rhyolite (SHILL2) is significantly more silicic
and contains several other components (e.g. An up to
15 wt%, hypersthene up to 5 wt%, and less than 1 wt%
corundum, ilmenite and diopside). We recalculated the
normative components for An-bearing systems follow-
ing the empirical solutions proposed by Blundy and
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Fig. 11a—¢ Projection of the melt compositions in the haplogranite
system corrected for An-bearing melts (Qz'~Ab’—Or’; Blundy and
Cashman 2001, adapted from Tuttle and Bowen 1958). a Isobaric
runs and starting composition (SHILL2); Qz—feldspar cotectics for
the Qz—Ab-Or (An-free) system at 50 and 0.1 MPa after Tuttle and
Bowen (1958). b HP decompressions from 150 to 50 MPa. ¢ LP
decompressions from 50 to 15 MPa (for b and ¢, point /abels are the
decompression duration, and the squares denote the melt compo-
sitions of the isobaric run at initial and final pressure). Errors on
Qz’, Ab’, and Or’ components are up to 2 wt% (Blundy and
Cashman 2001)

Cashman (2001). The evolution with pressure of the
recalculated Qz’Ab’Or” melt compositions of the iso-
baric charges is related to the nature and composition of
the crystallising phases (Fig. 11a). With decreasing
pressure from 170 to 50 MPa, plagioclase crystallises, so
that the melt composition moves away from the Ab
component. Below 50 MPa, the liquid line of descent
converges towards the Or apex while co-precipitating
plagioclase and cristobalite. Although the cotectics are
not defined for pressures <50 MPa, the liquid-compo-
sition path strongly deviates from the supposed Qz-
feldspar cotectic line (Fig. 11a; Tuttle and Bowen 1958),
which probably reflects insufficient plagioclase crystalli-
sation for the melt to progress along the cotectic at low
pressures. This would confirm the non-attainment of
equilibrium for the isobaric runs below 50 MPa.

For both the HP- and LP-decompression runs, melt
normative compositions parallel the liquid-composition
path defined by the isobaric experiments (Fig. 11b, c).
As demonstrated by Cashman and Blundy (2000), we
confirm that the melt composition gradually changes

100
AY A \ \
75 50 2 o Or
with the decompression rate. For decompression

rates >0.01 MPa/min (duration <hours), the melt com-
positions are very close to that at initial pressure, sug-
gesting no significant crystallisation re-equilibration.
Only for slow decompressions (duration of several days),
the final melt compositions tend to approach the com-
positions expected for final pressures.

Crystal growth versus nucleation

For decompression rates>100 MPa/min (duration of 13—
15 s) in both HP- and LP-decompression experiments,
plagioclase proportions and number densities are com-
parable to the expected values at initial pressure (Fig. 8b,
¢). This results from the incomplete melt H,O exsolution
which prevents significant crystallisation. For slower
decompression rates, the crystallisation process is dif-
ferent for the HP- and LP-decompression experiments.

The HP-decompression products decompressed at
rates <100 MPa/min are characterised by constant pla-
gioclase number densities of ~575/mm?. In comparison
to the 100/mm? number density at initial pressure, this
indicates that plagioclase nucleation occurred during
decompression, but not as much as expected for the final
pressure, i.e. ~1,200/mm? (Fig. 8c). These new plagioc-
lases, with length < 10 pm (absent at initial pressure),
represent only ~5-8% of the total plagioclase number,
instead of ~37% which is expected at final pressure
(Fig. 4). With increasing decompression duration, the
plagioclase longest axes are shifted to higher values,
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reflecting plagioclase growth. For the 15-day decom-
pression, plagioclases reach a maximum length of 90 pum,
whereas crystals of 0-10 um disappear. The lack of
variation in plagioclase number density, together with
the increase in volume proportion (Fig. 8b) and crystal
size with decreasing decompression rate, suggest that the
dominant crystallisation process upon decompression is
growth around pre-existing individuals rather than
crystal nucleation. This is in agreement with the results
of Hammer and Rutherford (2002) who found a maxi-
mum plagioclase growth rate at P~100 MPa. The
growth-dominated crystallisation may be explained by
the decrease of the plagioclase supersaturation in the
melt, as the system has sufficient time to equilibrate at
each pressure interval (Lofgren 1974; Swanson 1977
Muncill and Lasaga 1988). Orthopyroxene or Fe-Ti
oxide cannot validate the growth-dominated crystalli-
sation, as they are in proportions <1 vol%. The number
density data suggest, however, that the dominant crys-
tallisation process did not occur through nucleation.
Indeed, orthopyroxene nucleates in charges decom-
pressed in 5 and 15 days, with number densities corre-
sponding to that expected at its appearance pressure
(~100 MPa; Fig. 10b). Fe-Ti oxide nucleates with
number densities (up to 2,000/mm?) expected for equi-
librium at pressures between 150 and 100 MPa
(Fig. 10d). Both results indicate that nucleation occurred
mainly above ~100 MPa. We note that in the 10-h de-
compression duration, orthopyroxene did not crystallise,
despite a 5-h time period below its appearance pressure,
indicating a nucleation time lag of at least 5 h.
Irrespective of the decompression rate of the LP-
decompression experiments, the volume proportion of
plagioclase remains constant (20-25 vol%; Fig. 8b),
corresponding to that expected at initial pressure,
whereas ~37 vol% would have been expected at final
pressure (extrapolated to 15 MPa; Fig. 2). This indi-
cates no significant growth of plagioclase upon de-
compression. Two hypotheses may be proposed for this
plagioclase growth difficulty: (1) the high SiO, content,
low H,O content, and high amounts of crystals in the
melt cause high bulk viscosities which prevent plagio-
clase growth; (2) difficulties for cristobalite to exsolve
upon decompression, which causes SiO,-supersatura-
tions of the melt and therefore prevents plagioclase
growth. Unfortunately, the determination of the cris-
tobalite volume content which could verify the latter
hypothesis was impossible. For decompression
rates <50 MPa/min (duration=42 s), the plagioclase
number density increased markedly from ~1,500 to
3,000-3,500/mm? (Fig. 8c), suggesting that most crys-
tallisation occurred through nucleation, with little pla-
gioclase growth. The nucleation-dominated
crystallisation is confirmed by orthopyroxene, whose
number density increases markedly from ~545/mm? for
the 15-s decompression (close to the expected value at
initial pressure) to ~4,728/mm? for the 4-min decom-
pression. Data on Fe-Ti oxides are too scant to inves-
tigate the crystallisation process. The high increase in

the plagioclase and orthopyroxene number densities
corresponds to the boundary between equilibrium ver-
sus non-equilibrium H,O exsolution at ~100 MPa/min
(Fig. 6b). This confirms that nucleation is triggered
mostly by H,O exsolution. Nucleation requires the
onset of high effective supersaturation of the mineral
phases (Lofgren 1974; Muncill and Lasaga 1988), which
may be obtained at pressures <50 MPa where nucle-
ation time lags are important, crystal-growth kinetics
are slow due to high bulk viscosities, and liquidus
curves are at high temperature due to small H,O con-
tents. The release of these high supersaturations occurs
through a significant nucleation event. The nucleation-
dominated crystallisation at low pressure is in agree-
ment with the results of Hammer and Rutherford
(2002) who found a maximum nucleation rate at
P <25 MPa. For long post-decompression equilibration
duration, however, they found that crystallisation by
growth around existing crystals surpasses nucleation-
dominated crystallisation, as also proposed by Cash-
man and Blundy (2000). In our experiments, the rapid
quench which immediately followed the decompression
prevented the onset of a crystallisation regime domi-
nated by growth on existing crystals.

Chemical re-equilibration of the phases

The time competition between the decompression du-
ration and the kinetics of atom displacement controls
the advancement of the chemical re-equilibration pro-
cess of the phases. Our data do not provide any con-
clusion about chemical re-equilibrations during the LP
decompressions, because the phases have wide ranges of
compositions, as they nucleate along decompression.
Below, chemical re-equilibration is discussed exclusively
for the HP-decompression products, for which the main
crystallisation process during decompression is growth
of the existing crystals.

Fe-Ti oxide

For HP-decompression duration of <10 h
(rates=0.1 MPa/min), Fe-Ti oxide did not re-equilibrate
at final pressure and has compositions corresponding to
150-130 MPa. For decompression duration of >5 days
(including the #T1 run which was decompressed in 10 h
before an equilibration period of 7 days at final pres-
sure), Fe-Ti oxide fully re-equilibrated at 50 MPa
(Fig. 10c). This suggests a re-equilibration time scale for
Fe-Ti oxide at pressures > 50 MPa between 10 h and
5 days. This is in agreement with the experiments of
Gardner et al. (1995) and Venezky and Rutherford
(1999), in which ~4 days were required to re-equilibrate
Fe-Ti oxides of 5 pm at 850 °C. For decompression
duration of >10 h, Fe-Ti oxide did not significantly
nucleate or increase in volume proportion, suggesting
that chemical re-equilibration seems to be the favoured
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process for these small crystals in response to the de-
compression-induced perturbations.

Orthopyroxene

During the 15-day decompression, orthopyroxene crys-
tallised (supposedly at ~100 MPa) with a number den-
sity similar to that expected at 100 MPa, suggesting that
no significant amounts of new crystals appeared upon
decompression to 50 MPa. The crystals have the com-
positions expected at final pressure (Fig. 10a), indicating
that they completely re-equilibrated within the ~7.5 day
period they spent between ~100 and 50 MPa. In the
charge decompressed within 5 days, orthopyroxene
compositions span the entire range between those ex-
pected for 100 and 50 MPa, suggesting that some of
them did not completely re-equilibrate within ~2.5 days.
As proposed for Fe-Ti oxide, the absence of significant
nucleation or growth of orthopyroxene during HP de-
compressions favours chemical re-equilibration as the
main process to accommodate the decompression-
induced perturbations.

Plagioclase

For the HP decompressions, the main plagioclase crys-
tallisation occurred through growth around existing
crystals. Analytical profiles of plagioclases from charges
decompressed in 5-15 days, and from the 10-h decom-
pression run followed by an equilibration period of
7 days at 50 MPa show normal zonings, with core
compositions of ~Anyz 49 and rim compositions close to
the values expected at final pressure (Fig. 9a, and #T1 in
Fig. 9b). Therefore, chemical re-equilibration upon de-
compression occurs largely in the crystal core, with a
maximum change from ~Ans; at initial pressure to Angs
within 15 days. Some of the large plagioclases (~20—
40 pum) in the charges decompressed at rates > 0.1 MPa/
min (duration of < 10 h), however, are inversely zoned
with rims corresponding to the composition expected at
150 MPa (~Ans;; Fig. 9b—d), and cores down to ~Anye
(corresponding to ~100 MPa at equilibrium). This
would primarily imply that the core of such plagioclases
could re-equilibrate during time scales as short as 13 s
whereas rims do not change composition (Fig. 9d),
which is unlikely to occur. A more plausible explanation
is that some of the plagioclases which appear during the
isobaric stage at 150 MPa grow with hollow cores (as
noticed for the isobaric charge at 150 MPa) which are
then filled by crystallisation during decompression,
which is a much faster process than growth from the
rims as atom mobility is limited in space. The decom-
pression rates required to prevent normal zonings in
plagioclases corroborate the rates for which the Qz’-
Ab’—Or’ normative compositions of melts do not change
upon decompression (Fig. 11b), i.e. >0.1 MPa/min
(decompression duration of <10 h). This confirms that
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for these fast decompression rates, plagioclase does not
have time to equilibrate (the crystallisation in hollow
cores does not affect at all the melt surrounding the
crystal rims).

Application to the ascent of silicic magmas
in volcanic conduits

The aim of the present study is to relate the matrix
texture and composition of a silicic magma with its as-
cent history in the volcanic conduit. Although the
composition of our matrix melt does not exactly repro-
duce the pre-eruptive interstitial melt of Soufriere Hills
andesite (for magma mixing reasons), our rhyolitic melt
composition compares to many interstitial melts in silicic
magmas. In addition, the P-T—fO,-H,O conditions are
close to those of the Soufriere Hills volcano and relevant
for silicic volcanic edifices. The large range of applied
decompression rates may cover the ascent rates of silicic
eruptions. Therefore, the processes investigated experi-
mentally, i.e. H>,O exsolution, bubble growth, crystalli-
sation, and their interactions may be applicable to the
natural processes.

Magma explosivity

Hypotheses for magma explosivity are related to the
volatile contents. During eruption, volatile supersatu-
ration in the melt can build up if magma ascends on time
scales shorter than the volatile-exsolution process. Our
results suggest that H,O-supersaturation in a rhyolitic
melt (viscosities up to 10”* Pa s) can be reached only for
decompression rates>100 MPa/min (roughly corre-
sponding to ascent rates of >45 m/s for a bulk density
of 2,800 kg/m?). Such ascent rates are extremely high,
maybe not even reached during Plinian eruptions close
to the fragmentation level (Wilson et al. 1980; Pallister et
al. 1992). In addition, when the fragmentation level is
lower in pressure, H,O exsolution from the melt is fa-
cilitated (Gardner et al. 1999). Therefore, it seems un-
likely that magmas sustain high melt H,O
supersaturation as they reach the surface. However, we
showed that bubbles encounter difficulties to expand at
decompression rates>0.1 MPa/min. Partly expanded
bubbles seem to be a pertinent means for magma to
transport H,O-vapour supersaturation en route to the
surface, which may turn explosive through gas-pressure
release.

Magma ascent rates

In natural systems, Plinian magmas ascend rapidly, in
the order of m/s (Pallister et al. 1992), whereas dome-
forming magmas ascend at rates below cm/s (Rutherford
and Hill 1993; Siswowidjoyo et al. 1995; Nakada and
Motomura 1995; Devine et al. 1998a). More precise data

84



414

on ascent rates are, however, not available. One way to
infer magma decompression path and rates could be
provided by experimentally reproducing the natural
matrix textures and phase compositions as a function of
the decompression rate, as demonstrated by Rutherford
and Hill (1993), Geschwind and Rutherford (1995) and
Hammer and Rutherford (2002). We propose that the
compilation of several crystal, melt, or pore features
which vary with decompression rates may precisely
constrain magma ascent rates. For instance, we showed
that (1) the absence of a given phase in the microlite
assemblage, albeit present at equilibrium, can provide
constraints on the magma ascent duration; (2) compo-
sitions or chemical zonings of the microlites may be di-
rectly related to the ascent rate and depth; and (3) the
amount of crystallisation of a pure SiO, phase in the
melt characterises slow ascents of the magma at low
pressures ( < 50 MPa).

The direct application of these results to natural
systems, however, would require more realistic ascent
scenarios, taking into account, for instance, (1) a precise
fragmentation level during Plinian eruptions, which
provide the final pressure for the decompression exper-
iments; (2) non-linear decompressions (i.e. accelerated,
Gilbert and Sparks 1998); (3) horizontal variations of
the decompression rate within the conduit (Massol and
Jaupart 1999); and (4) non-steady magma ascent which
permits re-equilibration (Hammer and Rutherford
2002).

Conclusions

1. H,O exsolution from melts with viscosity up to
10% Pa s reaches equilibrium within ~1 min (decom-
pression rate ~100 MPa/min). By contrast, bubble
growth is a process with a longer time scale. Full
expansion of the bubbles requires several hours (de-
compression rate ~0.1 MPa/min). This may result in
significant H,O-vapour supersaturation in the grow-
ing bubbles during fast magma ascents, with possible
consequences for magma explosivity.

2. The experiments highlighted the following dependen-
cies with the decompression range: (1) considerably
slow crystallisation kinetics at pressures < 50 MPa; (2)
different crystallisation processes upon decom-
pression: dominant growth of the existing crystals
at P>50 MPa and nucleation at P <50 MPa for
plagioclase.

3. The experiments highlighted the following depen-
dencies with the decompression rate: (1) mineral
compositions and volume proportions; (2) crystal-
nucleation time lags and various advancement of the
chemical re-equilibration process.

4. The experimentally determined kinetics of H,O ex-
solution, bubble growth, and crystallisation may be
used together with textural features (crystal mor-

phologies, bubble and crystal size distributions) to
infer the ascent history (depth range and ascent rate)
of silicic magmas in the volcanic conduit.
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Etude complémentaire

Stage de recherche M2 Ahmed RADADI ALl (2005, Orléans)La décompression
expérimentale des magmas de la Montagne Pelée.
Direction : C. Matrtel.

Certains taux de décompression réalisés lors de I'étude pnéedatd nécessité des
décompressions manuelles espacées de quelques heures (jour et rplitsisurs jours.
Ceci a motivé la mise au point a I''STO d’un autoclave équipé danee pneumatique de
décompression pilotée par un régulateur (Figure 4) de pressiopreptasition d’un sujet de
recherche M2 sur la décompression expérimentale des magmas Mentagne Pelée.
L'objectif était d’étudier le dégazage et la cristalisatdu liquide interstitiel rhyolitique de
I'andésite de la Montagne Pelée au cours de décompressions @dgia@00 a 500 bars et de
décompressions lentes de 2000 a 150 bars, simulant I'ascension du magreacoaisiit
volcanique respectivement lors d’éruptions Pliniennes et d’éruptions &.ddme des
expériences décomprimée jusqu'a 150 bars a représenté li@rpreidcompression test en
capsule percée (motivant le sujet de recherche de M2 proposéel'aunéante ; A.
Moussadji, 2006, présenté ci-dessus). Ces expériences ont permdied’ &&volution du
dégazage (porosité totale, taille et nombre de bulles) en fonktitaux de décompression et
a révélé que les porosités étaient en accord avec un dégazégeildbie dés les taux de
décompression de 1 bar/s. L'étude de la cristallisation de mésral été rendue difficile par
le fait que les produits de départ contenaient 1 vol% de crig@aplagioclase (le produit de
départ était Iégérement sous-saturé pour s’affranchir de bulldgpdet). Néanmoins, les
diagrammes d’évolution de la proportion volumique, du nombre et deléaded cristaux de
plagioclase en fonction du taux de décompression montrent des phasesdgonuet de
croissance des plagioclases, en accord avec les résultats de Martehiett $2003).

Figure 4. Vanne de décompression automatisée sur @utoclave a joints froids
et trempe rapide (ISTO). Pression maximale: 2000 bars; Température maximale:
875°C; Milieu de pression: argon, argon + hydrogémeau.
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Etudiant en paralléle les microlites naturels des and@stEs Montagne Pelée, je me
suis interrogée sur 'origine de microlites de plagioclasededciques (> Agp) et j'ai décidé
de "dévier" A. Radadi Ali de son objectif initial pour que nousisiéals quelques équilibres
de phase dans les conditions pré-éruptives de I'andésite de la Nofalfe, mais a partir
d'une andésite basaltique, ce qui a permis de proposer unbisaigta a partir d'un liquide
mafique de recharge du réservoir pour les microlites anorthitigu&ndésite (Martel et al.,
2006).

Etude en cours

Article en préparation:. MARTEL C. (2009) Magma ascent dynamics at Mt. Pelée
(Martinique, Lesser Antilles) inferred from decompression-inducedtallization
experimentsEarth Planet. Sci. Lett.

Financements: ANR CATT "EXPLANT" 01/2006-06/2009 (C. Martel)

Ce projet constitue en quelque sorte une validation des étudesnexméies de
dégazage et de cristallisation par décompression a la compoghdas mécanismes éruptifs
des volcans d’arc, par une application spécifique au cas de la Mer®adée. Il s’agit de
déterminer expérimentalement les vitesses d’ascension mggmatur chaque type éruptif
de la période récente du volcan, par une reproduction fidéle detéaatmpies texturales et
compositionnelles des microlites naturels analysés (Martl, 2006 ; Martel et Poussineau,
2007). Cette étude représente également I'aboutissement de moiCpigjgtdébuté en 2001
et du projet scientifique me concernant dans I'ANR CATT "EXPLANT".

Des séries d’expériences de décompression ont été réaliséededaastoclaves a
chauffage externe et trempe rapide (ISTO), a partir de weterstitiel rhyolitique hydraté en
équilibre avec les phénocristaux dans la chambre magmatique (76 % Norme
CIPW : Qz4ADb3:0r12AN 1 HYsCaoillm;). Une série d'expériences isobares réalisées a 800, 850
et 875°C, NNO +1 et +3 (eau et argon comme milieux de pressgpeatds) et a la
saturation en eau pour des pressions de 2000 a 50 bars permettenirdedbtessemblages,
les compositions et les proportions modales des phases a I'équilitsecela différentes
conditions. Les expériences de décompression ont été réali#@ et NNO+3, a la
pression initiale de 2000 bars (durée de 4-7 jours permettantdtagidn du verre a ~6
pds% HO) et des pressions finales de 50-100 bars ou 300-600 bars. Le deha&s
pressions finales a été motivé par les pressions de trempeafpuoefitation) déduites des
teneurs en eau des verres naturels interstitiels pour lesoésiptdéme et Plinienne (Martel
et Poussineau, 2007). Les décompressions ont été effectuées mamielleme
automatiqguement grace a la vanne pneumatique automatisée dédassus (Figure 4), a
des taux de 0.03 a 25 bar/min, suivis ou non d’un palier isobare a priasaienusqu’a 17
jours. Certains magmas ont été décomprimés par paliers stg;césst deux ayant subi un
refroidissement de 25 et 50°C lors du dernier palier isobare.

Les caractéristiques texturales des microlites natdeelsertains types d'éruption de
la Montagne Pelée (Martel et Poussineau, 2007) ont déja été répsochdr des
décompressions expérimentales, notamment celles des produits deantdifede type
Péléennes ou des nuées de type Merapi (Figure 5). En revanchexmigences
complémentaires sont nécessaires pour obtenir les caragt@istides rares ponces
Pliniennes a microlites.
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I.5- FRAGMENTATION MAGMATIQUE

La fragmentation magmatique est le processus par lequel wumdntinu de magma
(pouvant contenir des bulles de gaz et des cristaux) se désietegra milieu gazeux
contenant des particules de magma.

De maniére générale, un matériau ductile, tel qu'un magmfaageente quand la
vitesse de la contrainte qu'on lui applique devient supérieure a son tempdaxation
structurale. Le temps de relaxation structuralen s) est donné par la relation de Maxwell :
= n/G, avecn la viscosité (en Pa/s) et G son module élastique (en Pa; poopeitiau
module de Young pour les contraintes extensives, et représeniliaritdaau-dela de laquelle
la contrainte ne peut plus étre accumulée sous forme élastigsidediamatériau; Dingwell et
Webb, 1990). Ainsi, une traction rapide sur une pate a modeler va provoquptusa, alors
gu'une extension lente de méme magnitude finale va I'étirercaasgre. Au moment de sa
fragmentation, le matériau ductile qui n'a pas le temps delaeeresous la contrainte
imposée, va se comporter comme un solide, c'est-a-dire accumaularnttainte sous forme
élastique sans déformation (avec G *21%%° Pa pour les liquides silicatés). Il passe alors
d'un domaine ou sa réponse était initialement ductile (avant éraggtion) a un domaine de
réponse fragile/cassant de type solide. La limite entre aes diemaines est la transition
vitreuse, qui marque le passage d'une rhéologie de fluide Newtantelle d'un fluide non-
Newtonien dépendant de la vitesse de déformation. La transition vitréégend
principalement de la vitesse de déformation (pouvant étre feahmisique que la vitesse de
déformation atteint approximativement 1/10@d temps de relaxation structurale; Webb et
Dingwell, 1990), mais dépend également de la température du liquidde eses
caractéristiques intrinseques telles que sa composition ou s& Eemesléments volatils
dissous (Dingwell, 1996, 1998). Pour résumer, un liquide peut se fragmentersdgue la
magnitude et le temps d'application de la contrainte sont suffipant 1) passer la transition
vitreuse (ce qui n'implique pas nécessairement une fragmentdtiphya&ncre la résistance
du liquide dont la réponse est alors assimilable a celle d'un solide (Figure 6).

Figure 6. La transition vitreuse dans
'espace Température - Temps
d'application de la contrainte (Dingwell,
1996). Les déformations plus lentes que le
temps de relaxation structurale générent
une réponse visqueuse et relaxée du
liquide silicaté. Lorsque le temps
d'application de la déformation approche
de la transition vitreuse, le résultat est un
stockage élastique de I'énergie
(comportement solide) pour les faibles
déformations et une fragmentation pour les
fortes déformations. Des variations de
_ teneur en silice et en eau peuvent
R fortement modifier la température de
. Glass 7 transition vitreuse.

 transition —

Time scale

Glass |

FAST

HoT 1/Temperature coLD
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Dans le cas des éruptions Pliniennes, les premiers criterésagimentation de la
colonne magmatique étaient basés sur la coalescence des battesofen, 1951), puis sur
la surpression générée dans des bulles ayant atteint un volunmamdienviron 75 %
(correspondant a la compacité maximale du modele d'empilemephéies rigides) (Sparks,
1978; Wilson et al., 1980; Eichelberger et al., 1986). Cependant, de nombpeunses
naturelles ont des porosités anté-fragmentation tres varialdedn@ et al., 1996), et il a été
montré que de fortes surpressions sont peu probables dans les bulles desqroraison de
l'importance de la coalescence des bulles et de leurs grailidssrésultantes. Des modéles
numériques d'ascension magmatique suggérent que lorsque le magmasufftsegenment
rapidement, la nucléation et la croissance des bulles de gaz pétreergtardées jusqu'a des
niveaux trés proches de la surface, la diffusion des gaz dissoute digngde silicaté n'étant
plus assez rapide pour maintenir I'équilibre avec la pression litijosta(Proussevitch et
Sahagian, 1996; Gardner et al.,, 1999). De fait, lorsque le magmaustireatgaz nucléé
massivement ses bulles a basse pression, leur croissance pdellé@tment rapide que le
liquide silicaté qui doit s'étirer autour des bulles peut alexetser la transition vitreuse et se
retrouver dans le domaine cassant de la réponse a l'extensim ([@Apang, 1999; Sahagian,
1999), rejoignant ainsi, pour le cas des ponces Pliniennes, le principggaentation d'un
liquide par passage dans le domaine fragile et par dépassement @taace2a la contrainte.
Ceci corrobore une étude de ponces fibreuses qui révele des marquéursuxe de
déformations a I'état solide du liquide silicaté juste avainatanentation du magma (Marti et
al., 1999).

L'intensité de I'explosivité se reflete dans la granulométiés fragments produits:
plus les fragments sont petits, plus la masse gazeuse eek&té importante. Cependant, il
existe tres peu d’études permettant de relier quantitativiefiietensité explosive d'une
éruption (au travers de sa masse gazeuse libérée) a une granelpné€ise de fragments
magmatiques (Kaminski et Jaupart, 1998). Le projet mené au Bf@it \a déterminer
I'influence de parameétres tels que la teneur, la tailla &irme des bulles et des cristaux sur
la distribution de taille des fragments obtenus par décompresstamtarg2e d’'un magma
dans des conditions de pression et de températures réalistenn@e®ns ont été obtenues
grace a une bombe de fragmentation mise au point par Alidibirown§vizill (1996a et b) au
BGI, composée d’'un autoclave vertical a chauffage externe (< PS@pare d’'un réservoir
sus-jacent de 2 m de haut a pression et température ambiantee s#rie de diaphragmes
de cuivre manufacturés pour s’ouvrir en moins d’'une seconde a une pressioa @GoB608
bars). Cet appareil ne permettant que des décompressions mstanga partir de faibles
pressions, l'expérience simule une décompression par retrai ipite masse sus-jacente a
une colonne magmatique (e.g., par écroulement d'un déme). Les pregtigdles menées
avec cet outil concernaient la recherche du seuil de fragtient’'un magma en fonction de
sa pression et de sa température (Spieler et al., 2003), aanVénient majeur de travailler
a partir d’échantillons naturels ayant déja fragmentésa(itlage étant leur grande taille). Je
tenais plus particulierement a étudier les propriétés de fragtion d’échantillons aux
teneurs en eau, bulles et cristaux contrblées et systématiquasantdieu a deux
publications, I'une traitant de l'influence des bulles (Martehlet 2000b, présentée ici) et
I'autre des cristaux (Martel et al., 2001) sur les caractéristiquesagpsents.
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Les échantillons ont été synthétisés a partir d’'un verre hapitigeee (79 pds%
Si0, ; Norme CIPW : Q#AbsgOr,s) préalablement hydratés jusqu’a 6 pds% d’eau dans des
autoclaves a chauffage interne au CRSCM/ISTO Orléans onsiitlt de Minéralogie de
I'Université de Hanovre (Allemagne). Les cylindres (2 ou 0.8 cm aaeélire, 2 cm de long)
de verre aphyrique hydraté sont ensuite placé dans l'autoclavebdmbse de fragmentation
en température (360-900°C) et a une pression inférieure a sa passsiolabilité pendant 30
min de maniére a ce qu'il nucléé des bulles. La rupture desrdigmes au-dessus de
I'échantillon est provoquée, engendrant la décompression instantanéehdatillon hydraté
et vésiculé et son éventuelle fragmentation.

Une distribution de la taille des fragments récupérés daremkea été obtenue par
tamisage manuel jusqu'a la fraction 63 um. Les fragments susuite observés au
microscope électronique a balayage (MEB), pour une déterminatiomrdi®ime et de leur
porosité. Suivant les expériences, les porosités des fragmécielsnnent de 4 a 83 vol%,
avec des bulles rondes (diametres de 10 a 275 um) ou en forme dé.¢sbiesmes aplaties
des pyroclastes témoignent d’'un mécanisme de fragmentation patiepatypiques lors de
la fragmentation de matériaux bulleux. Trois lois de distributiertaille sont généralement
proposées pour décrire les populations de fragments générés dpnsckssus naturels ou
industriels simples : log-normal pour les gouttes provenant dedgtéiquides, loi de
puissance pour un solide cassé au marteau et exponentiel pour desugraeepientiels
d’écrasement. La distribution de ces pyroclastes expérimestaiuxne loi de puissance avec
des exposants D de 2.0 & 4.1. D < 3.0 caractérise les expériencés plmosité du magma
est < 50 % et dont la distribution de taille est contrdlée gairdgments les plus larges. Au-
dela de 50 % de porosité, soit D < 3.0 pour des décompressions < 15M@ibdds>s3.0
(controlée par les particules fines) pour des décompressions > 150 vateur de porosité
comparable, la taille des particules diminue avec la magnitude de latéssian ou lorsque
les pores sont des tubes.

La comparaison de l'efficacité des différents parameéttediés pour obtenir une
fragmentation fine montre que I'amplitude de la décompression prédanina porosité, la
forme des bulles ou la viscosité du magma.
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Abstract

We present the first experimental investigation of the fragmentation behavior of two-phase (melt+gas) rhyolitic
systems under rapid decompression. Two-phase samples have been generated by foaming water-oversaturated rhyolitic
melts up to 900°C and up to 18 MPa prior to rapid decompression in a fragmentation bomb. The fragmented particles
or experimental pyroclasts were recovered for analysis. Several features of naturally foamed pumices have been
reproduced, including the generation of both isotropic and tube pumices. We focus here on the fragmentation behavior.
Fragmentation occurred through a layer-by-layer process, in the brittle regime of melt response. We investigated the
influence of the magnitude of the decompression (4 to 18 MPa), the porosity (0 to 85 vol%) and the pore morphology
(tube versus isotropic) on the fragment size distribution. Less vesicular samples (porosity < 50 vol%) generate coarser
fragments. Highly vesicular samples (porosity > 50 vol%) yield coarser fragments when decompressed below 15 MPa
and finer fragments when decompressed above 15 MPa. Increasing decompression of the vesicular samples results in a
decrease in fragment size of 0.2 ® unit/MPa. The presence of tubes instead of isotropic pores in vesicular samples
generates finer fragments under decompression. Implications for dome eruptions are discussed. © 2000 Elsevier
Science B.V. All rights reserved.

Keywords: fragmentation; experimental studies; magmas; pyroclastics; size distribution; domes

1. Introduction

Explosive silicic eruptions are controlled by a
complex interplay of physical and chemical proc-
esses, leading to a wide range of eruptive features.
Critical to the evaluation of monitoring data and
for the development of eruptive scenarios is a
realistic and detailed mechanistic picture of silicic

* Corresponding author. Tel: +49-921-553712; Fax:
+49-921-553769; E-mail: caroline.martel@uni-bayreuth.de

eruptions, which are most robust if they can be
confirmed by real time experimental investigation
of the magma of interest, under realistic pressure—
temperature conditions.

Reliable quantification of the parameterization
of experimental results on magma fragmentation
must be based on a solid foundation of well-char-
acterized materials. We have chosen the best in-
vestigated silicate melt system of relevance to the
earth sciences, HPG8 haplogranitic melt+water
[1], which allow us to specify the physico-chemical
properties (e.g. surface tension, viscosity, density,
diffusivity) of the magma during the fragmenta-

0012-821X/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
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tion event. The fragmentation of magma remains
hotly debated: there is no general agreement on
mechanisms [2-5]. The principal fragmentation
mechanisms in bubbly melts that have been pro-
posed are gas bubble overpressure exceeding the
magma tensile strength and melt film instabilities
due to the propagation of a decompression wave.

Fragmentation simulations in laboratories have
been performed in shock-tube apparatus, either
using liquids at room pressure and temperature
or magmas. The former studies [6-8] provide the
opportunity to observe the dynamics of vesicula-
tion and fragmentation in transparent experimen-
tal devices. In the latter studies [9,10], natural
magmas are rapidly decompressed and the chilled
fragmented particles are recovered for character-
ization. These experimental simulations have been
pioneering in nature and are certainly valuable
but the time has now come to systematize the
nature and efficiency of fragmentation as a func-
tion of the physico-chemical state of the magma
and the intensive variables operative at the frag-
mentation event in nature.

We are interested here in the mechanism by
which magmas fragment under rapid decompres-
sion using the experimental device of [9,10]. Two
sets of parameters that must be constrained for
these simulations are the magnitude of the decom-
pression and the physico-chemical properties of
the material prior to fragmentation. As the sam-
ples have been foamed under controlled condi-
tions immediately prior to fragmentation, we
can compare the influence of porosity, viscosity
and decompression on the fragment morphology
and size distribution.

2. Experimental
2.1. Fragmentation apparatus

The fragmentation device is described in [9,10].
A high-pressure and high-temperature (HPT, up
to 23 MPa and 950°C) section consists of a ver-
tically operating externally heated cold-seal pres-
sure vessel (Nimonic 105 alloy) with a bore of 20
mm in diameter and 450 mm in length. Cylindri-
cal samples are placed in the hot source of the

HPT section on a top of a K-type thermocouple
(precision of *1°C). The temperature gradient of
a 5 cm long sample is less than 20°C [9]. The
average heating rate ranges between 15°C/min at
temperatures below 400°C and 5°C/min at tem-
peratures above 650°C. The pressure medium is
argon. The pressure is measured by piezoresistive
pressure transducers (precision of *0.2 MPa).
The low-pressure and low-temperature (LPT,
room conditions) section is a large cylindrical
tank, 2 m high and 70 cm wide. The HPT section
is sealed and separated from the LPT section by
one to three copper or steel diaphragms specially
designed to disrupt at a given pressure depending
on their thickness.

2.2. Sample preparation

A finely ground powder of HPGS8 haplogranitic
glass (SiO;: 79.0, Al,O3: 12.0, Na,O: 4.6, K,O:
4.2 wt%, microprobe analyses) was loaded with
1.4 to 5.7 wt% distilled water in platinum capsules
of 2 cm in diameter and 2 cm in length. Capsules
were arc-welded while surrounded by liquid nitro-
gen to prevent water loss. Melt hydrations were
performed in large diameter furnace of an inter-
nally heated pressure vessel (IHPV) at CRSCM in
Orléans for ca. 1 month at 950°C and 120 MPa,
then isobarically quenched. Smaller samples were
prepared in platinum capsules of 8 mm diameter
and 2.5 cm long, loaded for 4-6 days in a verti-
cally working IHPV at 1000-1100°C and 300
MPa at the Mineralogical Institute of the Univer-
sity of Hannover. The starting glasses were all
crystal-free, but small bubbles were sometimes
present (see Table 1 for bubble size and volume).
Doubly polished (150-220 um thick) glass plates
prepared from each end of the cylinders were used
for the determination of water content by near-
infrared spectroscopy (Bruker IFS 120 HR). The
concentrations of H,O and OH species were de-
termined from the height of the absorption bands
at 5230 and 4500 cm™!, respectively, by using the
Lambert-Beer law and the extinction coefficients
of [17]. Water contents between the two ends of
the glass cylinders were homogeneous within a
range of 0.2 wt%, up to 0.4 wt% for two samples
(Table 1).
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Table 1
Experimental conditions
Expt. Starting glass cylinders Nucleation conditions Fragment characteristics
No.
Cwini* Pini® Weight T Pe t chalcd Cwin® acalcf Ofmeas Log mini—Log nn® Log nah
wt%)  (MPa) (g) °O) (MPa) (min)  (Wt%) (wt%)  (vol%) (vol%) (Pas) (Pa s)
27 0° 0.1 6.166 900 10 1 0.0 0001 0 4%1 12.4-12.4 -
18 14-14 11 0.110* 800  4(6.3) 30 0.9 - 58+2 64+£5 6.9-75 8.6
5 1.4-14 11 0.717° 800  4.5(6.5) 30 1.0 1.01 49+2 61£5 69-74 8.4
8 1.4-1.4° 11 7.560 900  5(7.3) 30 1.0 07K 632 61£5 5.8-6.7 7.7
20 1.5-1.6 14 1.128° 760 5(6.4) 30 1.0 - 52+3  58%5 7.2-79 8.8
11 1.6-1.7° 16 2.459° 784 5(7.6) 30 1.0 13K 44+3 45+3 6.8-72 7.9
10 1.7-1.8 18 2.571° 900 10(~12) 30 1.4 - 32+3  42+3 5558 6.5
2 14-14 11 0.193° 900 10 60 1.4 121 192 23+£3 58-6.0 -
28 1.5-1.5° 13 7.367 ~360 10 1 1.5 - 0 <1 12.4-12.4 12.4
16 2626 42 7.335 750 5(8.8) 30 1.0 10K 77£2 74%+8 6.5-8.1 9.4
13 2.4-2.4° 36 0.850° 750  5(8.2) 30 1.0 ILOK 75+2 71%8 6.6-8.1 9.3
7 2.0-22 26 7.692 800  10(11.1) 25 1.4 13K 46+x4 625 6.3-7.0 8.0
17 2.1-24 31 1.335° 750 10(11.1) 30 1.5 I8 K 325 43%3 6.7-7.1 7.7
25 2.5° 38 7.309 630 15 1 2.5 241 5*1 123 8.2-83 8.3
9 3.2-3.2° 66 7.750 900  10(12) 30 1.4 14K 68f2 728 4758 7.1
29 3.3-34° 75 1.183° 800 10 25 1.4 151 67+3 625 5568 7.8
22 3.7-3.9° 97 7.178 750 10(11.2) 30 1.4 12K 73+4 625 5878 8.8
24 3.9-3.9° 102 6.092 900  15(17.3) 30 1.6 12K 682 70%x8 4.4-6.0 7.3
14 3.9-3.9° 102 7.508 822 18 1 1.8 14K 602 615 5.0-6.6 7.6
19 4446 143 0.154° 800  4(6.6) 30 0.9 - 91+4 - 5.0-7.5 —
1 4446 143 0.090° 900 10 60 1.4 12K 80+4 838 4.2-6.0 -
6 4446 143 0.885° 755  15(15.3) 5 1.8 1.8 K 654 5215 54-70 7.8
23 4.3-4.7° 140 7.622 750 15 30 1.8 15K 68+x6 o615 5574 8.4
21 5.6-5.8 234 1.312° 900  15(15.3) 30 16 1.6 K 804 83+8 3.8-5.7 9.1

2Water content at each end of the starting glass cylinder measured by infrared spectroscopy, except for experiments 9 and 10, for
which the second value was obtained by Karl-Fischer titration. Analytical errors of ~0.2 wt%.

‘Starting glasses with bubbles (<3 vol%, diameter of ~50 um), except for experiments 23 (diameter up to 150 um) and 24
(11 vol%, diameter up to 150 um).

Solubility pressure calculated after [11] corresponding to Cwjy,;. Pini-P gives the supersaturation pressure for vesiculation.

*For 8 mm diameter samples.

‘Pressure of the HPT section. Number in bracket gives bursting pressure for the single diaphragm experiment (see text for de-
tails).

dAt P, after [11].

°Glass water content of the fragments measured by Karl-Fischer titration (K) or infrared spectroscopy (I).

"Vesicularity (o) calculated after [12]: = (1+py/((CWini—CWpin)Pm)) ', Where p,, is the water density [13], p, the melt density of
the starting hydrated HPGS8 glasses (bubble-free) by the double-weight method in air and ethanol (Mettler Toledo AG204). As
this yields a glass density (~2.338 g/em? for 1 wt% H,0), we subtracted the density difference (i.e. 0.032 g/cm?®) obtained by [14]
between HPGS glass at 20°C and melt at 900°C.

gMelt viscosity calculated after [15] for average Cwy,; and Cwy, at T.

hBubbly-melt viscosity calculated after [16], for highly concentrated suspensions (Phin.x =85), considering a rigid behavior of the
pores under the 1073 s decompression time.

2.3. Vesiculation and fragmentation experiments vice. The HPT section was pressurized, then
heated up. These conditions were maintained con-

The hydrated glass cylinders were polished to stant for 30 min, so that water exolution from the
fit tube-shape holders (8 mm i.d. and 5 cm long or oversaturated melt is allowed to proceed within 1—
17 mm i.d. and 25 cm long), which were loaded 2 h (starting at the glass transition temperature).
inside the HPT section of the fragmentation de- All the experiments experienced vesiculation and
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subsequent rapid decompression, except experi-
ments 1 and 2, which were isobarically quenched
instead of rapidly decompressed, providing an in-
sight into the pre-fragmentation state. The se-
quential occurrence of foaming and fragmentation
permits the investigation of foamed materials
without the potential complications arising from
changes in foamed material properties due to an
intermediate quenching step.

Some experiments were performed using a sin-
gle diaphragm, which was disrupted by increasing
the pressure in the HPT section up to the dia-
phragm strength (maximum increase of 4 MPa
in less than 5 s). During the course of this work
we improved the procedure by installing a set of
three diaphragms, separated by two small-volume
chambers that were independently pressurized.
Pressurizing these small-volume chambers over
the strength of the diaphragms while pressure is
maintained constant in the HPT section leads to
the simultaneous disruption of the three dia-
phragms and subsequent rapid decompression of
the sample. Calculated decompression rates of a
5 cm long sample, range from 5 to 23 MPa/ms [1].
The sample fragments if its strength is overcome
and the fragments were collected in the LPT sec-
tion after rinsing with water. This wet collection
procedure produces mass yields of more than 97%
of the initial weight. The experimental conditions
are reported in Table 1.

3. Pyroclast analysis

3.1. Size distribution, morphology and water
content of the fragments

The recovered pyroclasts were sieved to obtain
fragment size distributions (FSD). The automatic
sieving was performed with care to prevent sec-
ondary breakage of these sometimes highly po-
rous and fragile particles (errors due to loss of
particles and breaking are less than 3 and 5 wt%,
respectively). We did not sieve particles below
63 um in diameter, referred as an arbitrary
40 um diameter (4.5 ® units). The mean and me-
dian diameters were calculated after [18].

Pyroclasts of different sizes were selected for the

morphological study by scanning electron micros-
copy (JEOL 840A SEM). The aim was to charac-
terize the fragment shapes and outlines in order to
infer aspects of the fragmentation processes they
experienced.

The glass component of the fragments was an-
alyzed for water content by infrared spectroscopy
following the procedure used for the starting hy-
drated glasses. Where the glass areas were too
small for infrared spectroscopy measurements,
the fragments were crushed below the size of the
smallest bubbles for water determination by Karl-
Fischer titration. If the amount of fragmented
material was too low for Karl-Fischer titration
analysis, water contents were calculated after [11].

3.2. Vesicularity

Fragments were selected for qualitative and
quantitative analyses of the vesicularity. The po-
rosity, bubble shape and bubble size distribution
(BSD) were determined by image analysis from
SEM pictures of the embedded fragments used
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Fig. 1. Measured versus calculated vesicularity. Labels repre-
sent the experiment number (° for bubble-bearing starting
samples as reported in Table 1). Error bars on measured ve-
sicularities are determined from repeated measurements by
image analysis. Error bars on the calculated vesicularities are
+2 vol% plus the water content difference between both ends
of the starting glass cylinders (see Table 1).
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for the fragment morphology study. The porosity appeared that the higher the porosity, the larger

was determined from the two-dimensional sec- the errors on the vesicularity (up to +8 at 83
tions and considered equivalent to the volume vol%; Table 1), probably due to pumice damage
percent of pores. By repeated measurements, it during polishing. The bubble sizes were defined by

X968 186km WD39

RGN o

BINF --
85171 28KV X158 108rn WD39 0923 28KV X486 188pkm WD3I

Fig. 2. SEM images showing the pore and fragment morphologies. (a) Experiment 10, (b) experiment 8, (c) experiment 6, (d) ex-
periment 14, (e) experiment 23 and (f) experiment 21.
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Table 2
Size distributions of bubbles and fragments
Expt. P Fragment  Porosity, & Bubble size distribution (diameter in pm) Fragment size distribution (® unit= —log,d in mm)
No. weight

(MPa) (2) (vol%) Main mode Second Total Average Total Mean Median Db

(average mode range bubble size  range diameter diameter
bubble size) label®

27° 10 - 41 71 - 0-25 10 - - - -
18 4 - 64%5 4010 - 11-102 50 - - - -
5 4.5 0.129 615 ~ 50 - 5-100 T50 —1.0/4.0 0.46 0.26 2.3
8° 5 7.146 611 40+ 10 ~ 100 35-442 50 —2.5/4.5 0.32 0.27 2.1
20 5 - 58%5 2+1 - 1-6 10 - - - -
11° 5 - 45+3 2.5+0.5 - 1-11 10 - - - -
10 10 - 42+3 10+4 - 4-32 10 - - - -
2 10 - 23+3 38+3 - 33-71 50 - - - -
28° 10 7.097 <1 33+3 - 0-90 50 —2.5/4.5 —0.37 —0.41 2.1
16 5 5.252 74+ 8 90+ 40 275+25 33-719 T100 —2.0/4.5 1.22 1.05 2.8
13° 5 0.179 71+8 ~10 - 1-50 10 —1.5/4.0 —0.68 —0.57 2.2
7 10 4.958 62+ 15 - 33-274 T50 —2.0/4.5 1.39 1.29 2.7
17 10 1.159 43+3 51 - 1.4-9 10 —1.5/4.0 0.86 0.77 2.1
25° 15 6.836 12+3 40+ 10 - 34-206 50 —2.5/4.5 —0.58 —0.66 2.0
9° 10 5.546 728 200 £ 80 - 35-442 T100 —1.0/4.5 2.00 1.96 33
29° 10 0.073 625 50%20 175+25 32-728 50 —0.5/4.0 1.22 1.05 2.5
22° 10 5.234 62+5 7010 30+10 15-177 T50 —1.0/4.5 2.10 2.07 33
24° 15 4.793 708 125+25 270+ 25 27-468 100 —0.5/4.5 2.26 2.26 39
14° 18 6.036 615 50+ 10 1105 23-194 T50 —0.5/4.5 2.41 2.37 4.1
19 4 - - - - - - - - - -
1 10 - 83+8 100 +20 215+ 15 33-270 T100 - - - -
6 15 0.290 52%5 ~40 - 10-100 T50 —0.5/4.5 2.16 2.21 3.5
23° 15 5.576 615 7010 ~250 23-348 T50 —1.0/4.5 2.09 2.06 33
21 15 0.497 83+8 25%1 9.5%£0.5 1-11 10 —1.5/4.5 1.70 1.65 3.1

§S—LF (0002) SLI S1017T 22Ud1DS LDIUD] PUD YLD | D 12 [2LDI D

° For bubble-bearing starting material.
210 for average bubble size (aBS) between 1 and 25 um, 50 for aBS between 25, 75 um and 100 for aBS above 75 um and T for tubes.
bPower-law exponent.
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their measured diameters. In case of very elon-
gated pores (tubes), the full length of the elonga-
tion is not measurable because of intersection by
the fragmentation planes, so that pore sizes are
defined by the diameter of the section normal to
the tube elongation preceded by a ‘T’ (for tube).

In each experiment, a minority of the fragments
was nearly or fully glassy (i.e. very few bubbles).
The vesiculation experiments (without decompres-
sion, experiments 1 and 2, Table 1) revealed that
these fragments might represent the rims at the
contact with the holder. These bubble-depleted
parts were not considered in our vesicularity
study.

4. Results

4.1. Vesicularity, pore morphology and bubble size
distribution the pyroclasts

Low porous (< 50 vol%) fragments have aver-
age vesicularities 5 to 15 vol% higher than the
calculated vesicularities (Fig. 1). Vesicularities
measured on highly porous fragments are in bet-
ter agreement with the calculated ones, although
fragments from bubble-bearing starting samples
are on average 5 vol% (up to 10 vol%) less porous
than the calculated values.

Pores are either isotropic (Fig. 2a,b,d) or elon-
gated (Fig. 2c,e). Fragments less porous than 50
vol% only display isotropic pores, but above ~ 50
vol% porosity, pyroclasts show either tubes or
isotropic pores (Table 2). The tubes are always
wider than 40 um, whereas isotropic pores are
smaller than ~ 50 um in diameter (except in ex-
periment 24). Bubble size distributions are either
unimodal or bimodal. Bimodal BSDs only char-
acterize highly porous samples (o> 60 vol%),
whose starting glass cylinders contained bubbles,
so that the population of large bubbles (second
mode of the BSD) might represent expansion of
the pre-existing pores.

4.2. Morphology and size distribution of the
pyroclasts

Fragments exhibit plate-like shapes (Fig. 2d,e.f)

and have angular outlines, irrespective of the pore
size or shape.

Under rapid decompression, three samples did
not experience fragmentation (experiments 18, 19,
20) and two were fragmented in a small number
of particles (experiments 11, 27). For the other
experiments, FSDs are reported in Table 2. The
distribution is always unimodal and the particles,
ranging from —2.5 to 4.5 ® units (5.6 to 0.04 mm)
correspond to coarse ash according to the classi-
cal size scale of volcanic clasts. For most of
the experiments, the mean diameters are similar
to the median diameters or slightly skewed to
finer sizes.

Power-law exponent D
1.9 2.1 2.3 25 27 29 3.1 33 3.5 3.7 39 4.1 43

100 T T T T T[T T T T T 1 100
Porosity>50 vol% Porosity>50 vol%
90 | D<3.0 | D>3.0 90
P<15 MPa BX P>15 MPa
80 - g z | o -180
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70 | e . +70
e 5 45 10 10 | 15 10/15 18
s 6 © o © , *° 60
(=
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= S0 — — — — — — - — - — — 50
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ry 50 X 17
w3,
= -«
L @& | >
' . 3
Lo B

435 325 2 15 1 05 0
Fragment size (unit)

Fig. 3. Parameters controlling the FSD: porosity and pres-
sure effects on the power-law exponent D determined by the
slopes of the best fit of the data in the inset. This diagram
compares the fragment size distributions with the power-law
distribution given by logy(N)=r"", where N is the number
of fragments with radii larger than r. The fragment number
was determined by dividing the total fragment mass in each
sieve (only the 04 @ unit range is shown, where all experi-
ments can be compared) by the mass of a single fragment
(volume of a sphere corresponding to the sieve mesh time
the glass density corrected by the porosity o given in
Table 1).
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5. Discussion
5.1. Pre-fragmentation conditions

5.1.1. Foaming

Our samples were able to foam under decom-
pression as low as 1 MPa (experiment 2), which
was only observed in crystal-bearing samples
(heterogeneous nucleation, [19]). Therefore, we
think that water nucleation in our samples was
heterogeneous, probably due to tiny bubbles, mi-
crofractures or impurities in the starting glass
cylinders.

A vital point in our assumption that no signifi-
cant viscous strain occurs during or after frag-
mentation is the question whether or not frag-
ment porosity equals pre-fragmented foam
porosity. The water solubilities calculated for the
HPT section conditions agree with measured
water contents within 0.4 wt% (Table 1), so that
water did not diffuse from the melt to the bubbles
during fragmentation. However, calculated cool-
ing times up to 10 s for a particle radius of 2 mm
(thermal diffusivity of 4Xx 1077 m?/s) are larger
than the decompression time (1073 s [1]), so that
the gas in the fragments are likely to expand after
decompression, especially at melt viscosities below
10® Pa s for which bubble growth is not impeded.
Our experimental pyroclasts are mostly more po-
rous with respect to the calculated vesicularities
(except fragments from bubble-bearing starting
materials), suggesting that the actual porosity of
the pyroclasts might overestimate the porosity pri-
or to fragmentation on average by 5 vol% and up
to 15 vol% (Table 1).

5.1.2. Isotropic versus tube pumices

Either isotropic or tube pumices were generated
in the experiments. A crucial point for our study
is the determination of the pre-fragmentation pore
characteristics, i.e. whether tube pumices were
formed before or during fragmentation. Tubes
can certainly be formed before decompression,
as illustrated by the tubes in experiment 1 where
no decompression and fragmentation occurred. In
order to determine whether tubes can also occur
during decompression, we compared the time-

scales of fragment cooling and bubble elongation.
Bubble elongation is parameterized by the capil-
lary number (Ca), giving the ratio of the viscous
forces which act to deform a bubble to the inter-
facial forces which tend to maintain the sphericity
[20]: Ca=enR/o (& is the strain rate, 1 is the melt
viscosity, R is the bubble radius and o is the sur-
face tension). A Ca number of 1 represents the
maximum strain rate due to flow around the bub-
ble that may occur without deforming the bubble
to a non-spherical shape [21]. For Ca=1, n=10>7
Pa's, R=25 um and 6=0.15 N m~! [22], ¢ is of
the order of 1072 s™!, giving a time scale of 100 s
(up to 10* s for n=10%! Pa s). The slowest cool-
ing time of ~ 10 s (see above) is shorter than the
bubble elongation timescale, so that bubbles are
very unlikely to elongate during or after decom-
pression.

The reason why either isotropic or tube pores
are generated is not yet elucidated. However, it
seems to be related to bubble size. Indeed, iso-
tropic pumices were generated when bubbles did
not grow above ~50 pum in diameter (even at
total porosities higher than 70 vol%), but once
they grew up to ~ 50 um at a total porosity larger
than ~ 50 vol%, pores end up as tubes (except for
experiment 24). It seems that ~ 50 vol% of poros-
ity is the maximal volume for packing spheres of
~ 50 um in our experimental configuration where
the sample holder closely surrounds the samples,
thus restricting lateral bubble expansion.

5.2. Fragmentation conditions

5.2.1. Fragmentation mechanism

From the plate-like shape fragments they recov-
ered from experiments carried out using Mount
St. Helens dacite and from observation through
high-speed cameras [23], Alidibirov and Dingwell
[24] concluded that the main fracturing process
occurring in the fragmentation bomb apparatus
is a spallation fragmentation. The spallation frag-
mentation wave refers to the decompression of
magma containing pressurized gas vesicles (either
close or open porosity). Fragmentation is initiated
by the disruption of the interbubble partitions due
to the pressure differential between gas in pores
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Fig. 4. Parameters controlling the FSD. Median diameter in
@ unit=—logyd, where d is the diameter in mm (error of
+0.1 ® unit). (a) Decompression effect. Labels represent the
vesicularity in vol% (* for 8 mm in diameter starting glass
cylinders), the average bubble size in um (T for tubes) and
the logarithm of the melt viscosity (see Tables 1 and 2). Er-
ror of =2 MPa correspond to a scatter in the porosity of
+5 vol%. The slopes gives a fragment size decrease of 0.2 @/
MPa. (b) Effect of the pore shape. The line represents the
decompression effect of FSD as given in (a).

and ambient pressure, and propagates downwards
into the next layer of pores. Our plate-like shape
pyroclasts are very likely to have experienced the
same layer-by-layer fragmentation process.

Three size distributions are commonly pro-

posed to account for fragment populations gener-
ated in industrial and natural processes: log-
normal, power-law and exponential [25]. Frag-
mentation of a solid by an explosion or with a
hammer generates a power-law distribution (log-
normal distributions rather describe droplets pro-
duced by the breakup of a liquid jet and the ex-
ponential distributions characterize sequential
processes such as grinding and milling). The inset
of Fig. 3 shows that the fragment sizes plotted in
the power-law typical coordinates give almost
straight lines, suggesting that the FSDs produced
by a spallation fragmentation are close to follow a
power-law, with exponents D ranging from 2.0 to
4.1 (Table 2).

5.2.2. Brittle versus ductile fragmentation

Recently, brittle versus ductile fragmentation of
the magma has been discussed [2]. If the applied
stress is sufficient to push the strain response of
the magma into the glass transition region and
overcome its strength, the magma fragments brit-
tle. The following observations of the fragment
outlines and calculations allow us to resolve
whether a brittle or ductile fragmentation oc-
curred. The tube pumices have outlines sharply
cutting the tubes (e.g. Fig. 2¢). By a ductile frag-
mentation, these tubes would have been distorted,
tapered or necked at their tips. The brittle frag-
mentation is confirmed by the process timescales.
When the application time of the stress is shorter
than the relaxation time required for the melt to
deform in a viscous manner, brittle fragmentation
can occur. The relaxation time (7;) of a product in
response to an applied stress is given by the Max-
well relation: 7,=mn/G, where 7 is the viscosity
and G the elastic modulus which is proportional
to Young’s modulus for tensile stresses. For a
Young’s modulus of 10'° Pa, corresponding to a
dacitic glassy matrix [26] and bubbly-melt viscos-
ities between 107 to 10°4 Pa s (Table 1), 7, ranges
from 1073 to 10~! s, respectively. The decompres-
sion time Afgec (~ 1073 s) is shorter than 7, thus
suggesting a brittle fragmentation. An exception is
experiment 10, having a relaxation time 7, of
~ 10733 s, thus permitting a short viscous defor-
mation during fragmentation.
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The decompression threshold at which frag-
mentation occurs gives the strength of the materi-
al. No fragmentation occurred in experiment 20
under rapid decompression at 5 MPa (porosity of
58 vol%, melt viscosity of 107 Pa s). The sample
from experiment 11 was however slightly frag-
mented at 5 MPa (porosity of 45 vol%, melt vis-
cosity of 1072 Pa s). This suggests a strength for
our samples of ~5 MPa.

5.2.3. Parameters controlling the fragment size

We investigated the effects of the porosity and
pressure on the power-law exponent D (Fig. 3).
Samples less porous than 50 vol% are character-
ized by D < 3.0, reflecting that the FSDs are con-
trolled by the large fragments. Above 50 vol% of
porosity, FSDs are characterized either by D < 3.0
when samples were fragmented below 15 MPa or
by D > 3.0 when fragmented from 15 MPa (except
experiments 9 and 22). This suggests that dense
material (porosity <50 vol%) does not fragment
finely under rapid decompression up to 15 MPa.
Vesicular material (porosity > 50 vol%) only frag-
ments into fine particles at high decompressions
(>15 MPa). Kaminski and Jaupart [27] used
D <3.0 to argue for primary fragmentation (a
single event) and D > 3.0 for secondary fragmen-
tation (such as repeat fragment collisions). They
performed experiments by hitting pumices with a
hammer, where the size and the number of the
fragments produced depend on the energy input
(at small energy input, only small pieces at the
surface of the sample can be broken). In contrary,
the spallation fragmentation always concerns the
whole sample, as the over-pressurized layer of
bubbles bursting into the free surface exposes
the next layer to fragmentation. Two hypotheses
can be proposed for D>3.0 in our experiments,
depending on how the physic of the fragmenta-
tion mechanisms compares with the experiments
of [27]: primary break-up in a context of spalla-
tion fragmentation if the processes do not com-
pare or secondary fragmentation of highly vesicu-
lated melts (<50 vol%) decompressed from 15
MPa (evidence for secondary fragmentation is
however not supported by any peculiarities of
the fragment shape or texture).

The pressure effect on the FSDs of vesicular
samples (porosity > 50 vol%) was further investi-
gated by comparing experiments where starting
material have comparable pre-fragmentation
physical properties. Fig. 4a shows that the higher
the decompression, the finer the particles. The
correlation between pressure and fragment size
suggests a fragment size decrease of 0.2 @ unit/
MPa. Higher decompressions indeed involve larg-
er released energy applying on any flaws and het-
erogeneities of the sample through which failure
will be initiated. Fig. 4b shows the effect of the
pore shape on the FSDs, suggesting that tube
pumices are generally more finely fragmented
than samples with isotropic pores. This could re-
flect the low strength of a material containing
tube pores due to thin walls in between the tubes.
The effect of the melt viscosity on FSD is not
straightforward and would require further system-
atic investigations to be determined.

5.2.4. Applicability to dome explosions

Our experimental device generating fragmenta-
tion by rapid decompression best simulates dome
explosions, consequently to a destabilization (e.g.
landslide) whereby the underlying pressurized
magma is suddenly exposed to much lower pres-
sures. Melnik and Sparks [28] have recently theo-
retically demonstrated that ground deformation
patterns or vulcanian eruptions observed in Sou-
friere Hills dome (Montserrat) [29] could be at-
tributed to pressurization at shallow levels (upper
part of the conduit) rather than in the deep mag-
ma chamber. Our experiments are consistent with
this model, by showing that small overpressures
(Iess than 20 MPa) can lead to magma fragmen-
tation when rapidly decompressed. In addition,
we suggest that the magnitude of the decompres-
sion is a parameter much more efficient in dome
explosions than melt porosity, bubble shape or
melt viscosity of the pre-fragmented magma.
However, our starting samples are crystal-free,
thus having physical properties, which do not
match those of magmas in common domes. Ex-
perimental investigation using crystal-bearing
samples is in progress.
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Etude complémentaire

Article: MARTEL C., DINGWELL D.B., SPIELER O., PICHAVANT M. & WLKE M.
(2001) Experimental fragmentation of crystal- and vesicleibgailicic melts.Bull.
Volcanol. 63, 345-359

Financements: EC (ENV4-CT-98-0703) on "The Physics of Explosive Volcanism".

Dans le but de mieux simuler le processus de fragmentation detprdduddme, les
expériences de fragmentation précédentes ont été complétére gande de I'influence des
cristaux sur la distribution de taille des fragments. La pedjpar des échantillons est
similaire a celle décrite précédemment, mais comprersut&vant hydratation de 20, 35 et
45 vol% de cristaux d’alumine tamisés a 350 um, et 5 échantillonsnamtten plus des
cristaux d’alumine tamisés a 90 pum pour simuler l'effet diratfites entre des
phénocristaux. La distribution de taille des fragments récupérési @btenue grace a un
laser particle sizejusqu’a la fraction 0.5 pm. Les distributions de taille de fragnsent
généralement polymodales, avec un pic étroit a 350 pm correspondantadlel des
phénocristaux (fragments composés d’un cristal), un large pic am7€orrespondant a la
taille de cristaux se fracturant lors de la phase d’hytimataun pic a ~1500 um dont la
hauteur augmente avec la teneur en cristaux, et un pic a 4000 pnepa@xpériences
déecomprimées a faible température (600°C) ou faible pressions (§0@amsrairement aux
échantillons aphyriques, la présence de cristaux ne permetplésdloppement de bulles >
80 um de diamétre et sous forme de tubes, méme a des poroSQégoi6. De maniére
générale, le seuil de la pression de fragmentation augmente avealteeteceastaux.

En conclusion de cette étude expérimentale, il a été possibleinie kKlafluence sur
la distribution de taille des fragments de parameétres tels lgquenagnitude de la
décompression, la teneur et la taille initiales des bulledest cristaux. Cependant, le
probléeme majeur pour une extrapolation aux produits naturels, i.e., ettaunagnitude de
la décompression en fonction d’'une étude texturale et de distributiorailtes tdes
pyroclastes, reste un probleme d’échelle entre le laborabile volcan... Autrement dit,
guelle devrait étre la taille d’'un échantillon expérimental poursgudistribution de taille de
fragment ne soit pas une fonction de son volume initial ? Des carspas ont été faites
entre les échantillons synthétiques de ces deux études (0.8 ede2diameétre pour 2 cm de
long) et les échantillons naturels de 5 cm de diameétre égtilmr Spieler et al. (2003),
montrant que certains échantillons de 2 et 5 cm de diametre déc@wpgrilmute pression
(250 bars) présentaient des distributions de taille similaires. Cependdratghasnts les plus
larges obtenus sur certains échantillons de 0.8 cm de diamétre cagtusudécomprimés a
basse pression avaient des tailles en relation avec le diamiége Actuellement, les
bombes de fragmentation (installées depuis au LMU a Munich) pemhd’utilisation
d’échantillons de plus gros volume, ce qui est certes une amélioratigine résout pas la
vraie question du rapport entre une magnitude de décompression etééeliammimal d’'un
échantillon pour que sa distribution de taille de fragments en sojpeéndéante, et il y ait
alors un véritable moyen de déterminer les valeurs des décoropeessibies par une
colonne magmatique a partir de la distribution de taille des @ged d’'une éruption
donnée. Sinon, l'outil expérimental ne peut étre utilisé que pour I'obteddodonnées
gualitatives sur les fragments (tailles, morphologies), pour des caispas relatives de
I'influence de divers parametres, ou pour des caractérisatiofiendiee de fragmentation
(vitesse de propagation).
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[.6- CONCLUSIONS GENERALES

L'objectif que jai poursuivi ces 15 dernieres années concerne la €oemsion des
mécanismes éruptifs des volcans d’arc, et en particulier desscauenant aux différents
styles éruptifs observés et dont les impacts en termes desristju® gestions des crises
volcanigues sont extrémement différents. La comparaison des donantibiturels avec les
produits d’expériences d’équilibre de phases a permis de détempiagoour les réservoirs
magmatiques de petit volume, les conditions de stockage des magnfatuckss éruptions
Pliniennes et a déme pouvaient étre comparables. La déterminatioconldisions preé-
éruptives, que ce soit au travers de l'utilisation de géothermo/ggrofhétres sur les
produits naturels ou par une étude plus fine combinant les produitslaauexpérimentaux,
constitue une étape nécessaire avant toute étude des conditiongegrafiin systeme
volcanique, ne serait-ce que pour la détermination des parametrésuplifs initiaux, en
particulier, la pression, la température, la teneur en voldisisous et la composition du
magma en sortie de réservoir magmatique.

Le paramétre syn-éruptif majeur & déterminer est alorgtésse d’ascension du
magma, directement responsable du caractere a I'équilibre déséquilibre du dégazage et
de la cristallisation dans le conduit volcanique. Les seuls témomsitdsses d’ascension
magmatique que nous ayons en I'absence de suivi sismique des e se retrouvent
au travers de la porosité et des microlites des pyroclastesels. Les projets réalisés de
décompressions expérimentales ont en particulier permis d’assodiux de décompression
a une densité numérique, une proportion volumique et une taille de bulieslethicrolites.
Les expériences de fragmentation magmatique ont ensuite percosngarer l'influence de
ces parameétres, i.e., la proportion et la taille des bulleseatrid¢gaux, ainsi que la pression de
fragmentation sur la distribution de taille des pyroclasteest@&. A mon sens, les publications
résultant de mon activité de recherche constituent de réeflesaes dans la compréhension
des différents processus pré- et syn-éruptifs de ce type de volcanisme.

Parce qu'elle permet de replacer les magmas dans leurs amundit@turelles de
pression, température, et oxydoréduction, l'approche expérimentaleeagesrinformations
de premiere importance sur les processus magmatiques, en retdés \ar I'adéquation
avec les produits naturels. Cependant, un certain nombre de pointsemécusont
régulierement source de questionnement:

- Choix de I'échantillon de départ pour les expérient@sdétermination des conditions de
stockage d'un magma au travers d'expériences de crisiatlisdeé phase a l'équilibre,
nécessite le choix d'une composition de liquide magmatique reptéserta celle de la
roche totale du magma en équilibre thermodynamique dans le rés@iatiavant et al.,
2007). La stratégie expérimentale jusqu'a présent adoptée est de lEmgroduits émis en
surface (en considérant que les phénocristaux n'ont a priori pasoédiféémau cours de
I'éruption et que la composition chimique du liquide silicaté baigoestphénocristaux est
retrouvée par fusion du verre résiduel avec ses microlites).vanalee, la teneur initiale en
éléments volatils dissous dans le liquide silicaté a été etigp@ar dégazage du magma au
cours de l'ascension et constitue une inconnue investiguée par aglifié@mtes proportions
d'éléments volatils (0, CO, SO, etc...). Cependant, au cours de leur différentiation,
certains réservoirs subissent des intrusions répétées de magvasant de réservoirs plus
profonds, témoignés dans les produits émis par des traces degesélagcaniques sous
forme d'enclaves ou de rubanements, et a I'‘échelle cristallneeljues de minéraux
déstabilisés, de phénocristaux intensément zonés, et méme de micradittdlisés a partir du
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liquide mafique au contact du magma résidant plus froid. La diffidgtEexpérimentaliste a
la recherche des conditions de stockage des magmas consistesadiranchir au maximum
de ces magmas étrangers au réservoir considéré. Ceci suppadadedétaillée préalable
des produits naturels afin d'identifier et d'évaluer limportance rédigues de ces
compositions étrangeéres, puis devrait comporter un procédé permetsam défranchir dans

le verre de départ des expériences (par exemple "rdiiecceurs zonés des phénocristaux,
physiquement par tri manuel ou virtuellement par composition rett@est.. Une alternative
fréqguemment utilisée a ces expériences de cristallisabiosiste a opérer par expériences de
fusion + recristallisation partielles. Dans ce cas, le prodhiiirel émis est directement utilisé
comme produit de départ, sans cycles préalables de fusion, replaafifférentes natures et
teneurs de volatils dissous dans des conditions permettant la fusion du verre ehetrsitila
périphérie des phénocristaux dont la composition est supposée en éthgibredynamique
avec les conditions de réservoir superficiel. Cette proportion de lidomdi (interstitiel +
microlites + bordure des phénocristaux) constitue alors le produitégart qui va
recristalliser, comme pour les expériences précédentesrigtallisation, sous diverses
conditions de P, T, fQjusqu'a ce que la nature, la proportion et la composition des phases
recristallisant soient comparables aux produits naturels. Cpériemces de fusion +
recristallisation partielles permettent en théorie une meilléom@l&ion des compositions des
magmas du réservoir superficiel dans le cas de forts ne&langgmatiques, et présentent en
plus l'avantage d'étre moins sensibles aux problemes de nucléationngeaux. Cependant,
d'une part il n'est pas toujours aisé de contrdler la fusion Ifgedied'autre part, les phases
recristallisent généralement en bordure des phénocristawardzis{sites de nucléation
préférentiels), parfois sur quelques microns, rendant ainsi péidi@stification des phases
néoformées et leur analyse chimique relativement difficile.

- Limitation techniques a I'étude des processus magmatijaesnéthodes d'observation in-
situ (au travers d'outils transparents haute pression et henfiértgure) sont a priori idéales
pour I'étude de la vésiculation des bulles, car elles permettent Vatigerdirecte et compléte
(sans hiatus) du processus, en s'affranchissant d'un lourd progexpsrenental sérié en
temps dans des autoclaves classiques (sans fenétres tmteg)ar€ependant, ['outil
transparent idéal n'est techniquement pas encore au point... L'aatatlesé par C. Gondé
au cours de sa these n'a pas la résolution optique nécessaire @é¢ppsoblemes de perte en
eau de l'échantillon (en l'absence d'encapsulage). Bien ghoeiceement difficiles, les
modifications a apporter a cet outil sont réalisables. Cependaitisatidn de cellules a
enclumes de diamant non hydrothermales, permettant une décomprestiemisdqcellules
a membranes par exemple), apparait a présent comme le mophrs I[prometteur pour
I'étude du dégazage, et est en cours de réflexion pour les anveéas. Un autre exemple de
limitation apportée par les outils expérimentaux a |'étudgrEessus magmatiques est celui
de la fragmentation magmatique dans le cas des éruptions Pliniponesesquelles aucun
outil expérimental ne permet une étude en conditions réalistesp@sition, pression,
température, vitesse d'ascension), c'est-a-dire par décompressiongtiua emamouvement.

- Extrapolation des expériences a I'échelle natureDans le cas des expériences de
fragmentation par décompression instantanée, la recherche dudseldl pression de
fragmentation du magma me parait pertinente et applicable ayasanaturels, parce que la
rupture de cohésion interne du magma dépend de propriétés physicguesimmdépendantes
de la quantité de matériau mis en jeu (hormis la questionxti@pielation des propriétés des
ondes de choc et de fragmentation confinées dans un autoclave isocbonglEtiou déme
volcanique). En revanche, les études que j'ai menées sur l'infldenadaille des bulles et
des cristaux sur la distribution de taille finale des fragse(FSD; Fragment Size
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Distribution) posent assurément un probleme d'échelle et d'apptialibcte des résultats
obtenus a partir de cylindres expérimentaux a une vraie tailo@duit magmatique. Le
probléeme revient & obtenir une relation entre la FSD et lesngdires investigués (taille des
bulles et/ou cristaux et magnitude de la décompression) indépengalateaille du cylindre
expérimental initial. Ce cas parait envisageable pour les déessimms pulvérisant les
echantillons, pour lesquels la taille moyenne des fragmen#éeest plusieurs ordres de
grandeur plus petite que celle du cylindre initial. Plus la miffée entre la taille des
fragments et celle du cylindre initial diminue, plus il y aridgue que la FSD soit en partie
contrblée par la taille de I'échantillon de départ, et ce ridqiiéétre évalué dans le cas d'une
éventuelle poursuite de I'étude. Ce probleme récurrent de migeh&lle naturelle des
produits expérimentaux peut également se poser dans le cas dedétddgazage, pour
lequel la taille des bulles peut étre limitée par la tailda charge expérimentale et n'est pas
directement transposable a la distribution de taille des bullegdatemtillons naturels. Ce
probléme ne concerne a priori pas les déterminations de pressimcldation ou de densité
numérique initiale de bulles, mais potentiellement le processusralesance et de
coalescence.

Il ne s'agit pas ici d'épiloguer sur la taille ou la nature dgsoditifs expérimentaux
qui ne seront jamais a l'échelle du volcan ou des analoguesnexipiux qui ne seront
jamais aussi complexes que les produits naturels, mais deigthgra réfléchir sur les
conditions et les limites d'extrapolation des choix stratégiquess, matériaux, et processus
étudiés) et d'apprécier au plus juste leur applicabilité aux processus gqoé=ani

Malgré ces problémes récurrents a l'expérimentation, ldaégiead'approche des
processus magmatiques en couplant une étude des produits natuesl®epé&riences haute
pression et haute température me parait fournir des informatiorguesniet tres
complémentaires des études de terrain en amont sur les déggtarismes éruptifs, et en
aval sur les modélisations numériques des éruptions. Malgréfoets eféployés, les causes
du passage d'éruptions effusives a explosives des volcans d'agcseenfrient pas clairement
définies. En effet, I'explosivité de ['éruption est directementgekhu devenir du gaz
s'exsolvant du liquide silicaté, et les études sur le dégazage ball notamment contribuées
a définir les conditions de nucléation et de croissance des Dépsndant, maintenant que
l'on peut définir les densités numeériques et les vitesses deatroésdes bulles en fonction
d'un certain nombre de parametres, il s'avere impératif d'étadipossibilités de perte de ces
gaz pour progresser dans la compréhension de la dualité deorésugtplosives versus
effusives. De méme, la possibilité a basse pression ddligagian massive de microlites liée
a cette exsolution des volatils peut avoir des conséquences raagemréa possibilité de
repressuriser un magma, notamment par augmentation drastique Wdscasité et par
exsolution subséquente de silice pouvant colmater les pores (Sparks, 1997).

A partir des études de dégazage magmatique et de cristadit'on de microlites, et avec
I'objectif de se rapprocher encore plus prés des prossus responsables du potentiel
explosif d'un magma, je projette a présent deux études majeures :

a) I'évolution de la perméabilité des magmas cours de leur ascension ou de leur
déformation dans le conduit volcanique;

b) une modélisation thermodynamique du processus de cristallisatpmrmettant
notamment une reconstitution des conditions de cristallisation dewsicrolites.

Ces deux points constituent I'objet de la section IlIProjets de recherche
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PARTIE Il - ENSEIGNEMENT, ENCADREMENT, RESPONSABILITES
SCIENTIFIQUES ET ADMINISTRATIVES

[1.1- ENSEIGNEMENT

2 h de cours / an depuis 2005 sur la "Dynamique éruptive" (niveau M1)
TP de paléontologie et de cartographie en 1996 (niveau DEUG)

[1.2- ENCADREMENT D’'ETUDIANTS
Theéses universitaires

Edith MOLLARD (débutée en 2007, OrléanS)nétiques syn-éruptives de croissance des
plagioclases dans les magmas différenciés
Direction: J.-L. Bourdier ; EncadremenC. Martel (90 %).
Financement Bourse MRT.
Financement des moyensANR CATT "Explosivité des démes de lave, approche
analytique, expérimentale et numérique ; Application aux volcantaeit{(EXPLANT);
03/2006-03/2009 (C. Martel).

Charlotte GONDE (2008, Orléansktude expérimentale in-situ du dégazage d’'un magma
rhyolitique
Direction : M. Pichavant;_Co-encadrementH. Bureau (LPS Saclay / IMPMC) et C.
Martel (50 %).
Financement Bourse CEA.
Financement des moyensANR CATT "Explosivité des débmes de lave, approche
analytique, expérimentale et numérique ; Application aux volcantaesit(EXPLANT)
03/2006-03/2009 (C. Martel).

Stéphane POUSSINEAU(2005, Orléanspynamique des magmas andeésitiques : approche
expérimentale et pétrostructurale ; Application a la Soufriere de Guadeletige la
Montagne Pelée
Direction : J.-L. Bourdier;_Co-encadrement. Pichavant, L. Arbaret et C. Martel (20
%).

Financement Bourse MRT.

Financement des moyensProgramme National sur les Risques Naturels (PNRN)
"Systémes magmatiques et styles éruptifs violents aux éstillprocessus physico-
chimiques fondamentaux™ 2001-2002 (M. Pichavant et B. Villemant).

Stages de Recherche de Master 2

Alain MOUSSADJI (2006, Orléanspégazage expérimental d’'un magma rhyolitique
Co-direction : C. Martel (50 %) et A. Burgisser.

Ahmed RADADI ALI (2005, Orléansha décompression expérimentale des magmas de la

Montagne Pelée.
Direction : C. Martel (100%).
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Stages de Recherche de Master 1 et autres

Elisabeth TRY (2008, Orléans)Etudes pétrographiques et minéralogiques de quelques
eruptions Pliniennes de la période récente de la Montagne Pelée
Co-direction : M. Pichavant et C. Martel (50 %).

Félix CHAUVEAU (Février 2008) Stage d’observation en entreprise de niveau 3
Direction : C. Martel.

[1.3- ADMINISTRATION DE LA RECHERCHE

- Membre élu au Comité d'Experts disciplinaire (CED) de I'Université&b@sl en
section 35-36 (College B) depuis 2009.

- Membre nommé au Comité Thématique "Risques et CatastropHesgliels” de la
Section Sciences de la Terre de I'INSU depuis 2009.

- Membre élu du Conseil de Laboratoire de I'lSTO depuis 2008.

- Animatrice scientifique de I'équipe « Magmas et Liquides silicatés 2006-2007.
- Membre suppléant du college B de la Commission de Spéciatlstd®Jniversité
d’Orléans en section 35-36 de 2005 a 2008.

[I.4- EVALUATIONS DE PROJETS ET D’ARTICLES SCIENTIFIQUES
- Rapporteur sollicité pour les revues internationales suivantes (~2 / an):

Contributions to Mineralogy and Petrology (3)

Earth and Planetary Sciences Letters (1)
Geochimica and Cosmochimica Acta (1)

Geology (2)

Geophysical Reasearch Letters (3)

Journal of Petrology (1)

Journal of Volcanology and Geothermal Research (4)

- Rapporteur sollicité pour I'évaluation de projets internationauxe{laraFoundation) et
nationaux (ACI, SEDIT, Mi-Lourds...)

- Participation a 1 audition pour recrutement de poste ITA.

- Rapporteur extérieur de la Thése de Giada lacono-Marziano (2005, Italie).
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[1.5- PARTICIPATIONS AUX PROGRAMMES DE RECHERCHES NATIONA UXET
INTERNATIONAUX

Les différents projets sur lesquels j'ai émargés depuis 1994s elelmandes de
financements réalisées sont synthétisées dans le Tableau 3 ci-dessous.

Le 1* projet PNRN (1994-1997) a permis de financer une partie du fonctimmiede ma
thése.

Les projets européens ont financé la totalité des dépensegesebamon post-doctorat
en Allemagne.

L'acquisition de la Presse Paterson a I''STO a bénéficitndesements de la Région
Centre, de I'ACI Jeunes Chercheurs (co-porteurs: L. Arbar€t #artel), du programme
national Mi-Lourds de I'INSU, d'une partie de la CRV (Coordinatiolad®echerche en
Volcanologie) et des Fonds Propres de I'ISTO.

Tableau 3. Demandes de financements scientifiques.

Cadre Type de Titre du projet Porteurs Ma Dates Somme
programme partici- allouée
pation
Projets en BQR Univ. Evolution syn-éruptive de la  Martel C 80 % 2009 9.1 k€
cours Orléans perméabilité des magmas demandes
ANR Explosivité des domes de laveMartel C 80%  Juin 350 k€
Projets thématique - Approche analytique, 2009
d'entrée CATT expérimentale et numérique
au CNRS Application aux volcans 2006
Antillais
ANR Blanc Usine de différenciation des Chauvel C 30% 2008 124 k€
Antilles Pichavant M 2006
ACI Dynamique éruptive des Druitt TH 100 % 2005 ?
thématique volcans antillais 2003
DyEti ? Chauvel C 30% 2005 ?
2003
PNRN Systémes magmatiques et  Pichavant M 30% 2002 ?
(CNRS/INSU) styles éruptifs violents aux  Villemant B 2001
Antilles : Processus physico-
chimiques fondamentaux
Acquisi- ACI Jeunes Suspensions magmatiques Arbaret L 70 % 2007 130 k€
tion Chercheurs Martel C 2005
Presse Equipement Propriétés des suspensions Pichavant M 75 % 2003 60 k€
Paterson  Mi-Lourds magmatiques dans un champ et
INSU de pression anisotrope 2005
Région Centre 2004 140 k€
CRV Propriétés rhéologiques des Arbaret L 50% 2003 10k€
dbémes andésitiques Martel C 2001
Post- BGI Visitors' - Rubie DC 100 % 2001 ?
doctorat Program 2000
EU IHP — Access to Research Rubie DC 100 % 2000 ?
Infrastructures 1999
EC The physics of explosive Dingwell DB 100% 1999 ?
volcanism 1998
EC-TMR Hydrous silicate melts Dingwell DB 100% 1998 7
Network 1997
Doctorat PNRN Risque volcanique ? 100% 1997 7
(CNRS/INSU) 1994
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La réalisation de mon projet d'entrée au CNRS a bénéficiéfdecdis financements
ACI (Actions Concertées Incitatives) et ANR (Agence Natierdd la Recherche). La fin de
ce projet est notamment incluse dans I'ANR thématique CAT ta&@dphe Telluriques et
Tsunami) que je coordonne depuis 2006 et jusqu'a Juin 2009:

ANR CATT "EXPLANT", Janvier 2006 — Juin 2009

"Explosivité des dbmes de lave - Approche analytique, expérireergtl numérique
Application aux volcans" (acronyme: EXPLANT).

Ce projet ANR a été financé a hauteur de 350 k€ et regroupeehgieet et 24 personnes
listées ci-dessous:

Partenaire 1: ISTO (Institut des Sciences de la Terre d'Orléans): 214 k€
Martel C (CR; Coord.), Arbaret L (MC), Bourdier JL (Pr), Burgisser 8R|,
Champallier R (IE), Gaillard F (CR), Lesne P (Doc), Mdl& (Doc), Picard D (Doc),
Pichavant M (DR), Poussineau S (PostDoc), Scaillet B (DR).

Partenaire 2 : LMV (Laboratoire Magma et Volcans, Clermont-Ferrand): 75.5 k€
Druitt TH (Pr; Resp.), Cluzel N (Doc/IE), Giachetti T (doc), Kelfour{MC), Laporte
D (DR), Provost A (Prof).

Partenaire 3: CRPG (Centre de Recherche Pétrographique et Géochieijancy): 26 k€
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PARTIE Ill - PROJET DE RECHERCHE

Dégazage et cristallisation syn-éruptifs: réle sur I'explosivité desa&ob d'arc

[1I-1- INTRODUCTION

Quand et de quelle nature sera la prochaine éruption d'un volcanlatexe ? C'est
sdr, on est encore trés loin de proposer une réponse fiable, en padigya la base, on ne
peut pas encore répondre sans équivoque a la question des causesienkecde I'un ou
l'autre des divers styles éruptifs observés. Il est probable qrexharche de ces causes
nécessitera encore plusieurs dizaines d'années d'études. Les sagamm@diques des vingt
derniéres années sont pourtant remarquables: on a aujourd'hui lessrdeydéterminer les
conditions de stockage, d'écoulement, de dégazage et de caithtalleu cours de I'ascension
et d'appréhender les cinétiques de ces processus. Les simulatbséeséa partir des
données obtenues permettent d'envisager des scénarios éruptifsriabes et complexes
(Melnik et Sparks, 2002a et b).

Deux types d'objectifs généraux a priori contradictoires emsbient importants a
atteindre pour progresser davantage, a savoir a) persévérer daastifiation fine des
processus pré- et syn-éruptifs d'un systeme volcanique donné.éktbbyer des modéles
applicables aux mécanismes éruptifs des volcans d'arc en général :

a) Investigation fine des processus pré- et syn-erupgfglupart des projets que j'ai
menés jusqu'a présent avaient cet objectif, notamment au travers systéenatique
d'individualisation des effets de différents paramétres sur I'éeplulies processus de
dégazage, cristallisation ou fragmentation magmatiques. Lardéédion expérimentale des
conditions pré- et syn-éruptives de la Montagne Pelée permetastaisiement de mieux
comprendre les modes de stockage et de remplissage de sa chragbratique, ainsi que
ses conditions d'ascension, étapes indispensables a l'objectif s&loregde la prédiction
éruptive. Bien que ce type d'étude soit un travail de longue halaingisen notamment de la
nécessité de bien connaitre les produits naturels et de la lourdexelleade la pétrologie
expérimentale, je compte poursuivre ce type d'approche pour d'autemesysyolcaniques,
de maniére non restrictive au volcanisme d'arc. J'ai par exesnpleours un projet de
détermination des conditions pre-éruptives des trachytes de la Giednuys (Massif
Central), intéressant d’une part localement pour une meillemn@réhension de nos volcans
(métropolitains!) et d’autre part, internationalement en raison doqueade données de
relations de phases pour les compositions trachytiques pourtant ceypantde volcanisme
de contexte extensif (ex: Italie). Ce projet commencé eatmihtion avec Rémi Champallier
il y a deux ans a été intégré en Juin 2008 dans une demande d'ANRGghéRaSKNAT
"REVEIL" (P. Boivin) qui a été refusée en Octobre 2009, epaasuit actuellement sans
financement spécifique. J'ai également en projet la détermination des consitie@siptives
de Soufriere Hills @ Montserrat, au travers d'une étude deslites des ponces andésitiques
vulcaniennes (dont I'échantillonnage a été effectué au cours de depagnes en Juillet
2006 et 2008 dans le cadre de 'ANR CATT "EXPLANT"), pour remonter canditions
d’ascension d'un magma donnant des éruptions vulcaniennes. Ces dewsxiqit@stsur la
Chaine des Puys et Montserrat répondent a des problématicqersfiquies ciblées, traitées
par des méthodes comparables a celles que jai utilisées jysgsent (raison pour laquelle
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je ne détaille pas davantage ces projets). Par ailleurspybaite apporter de nouvelles
informations sur le processus de dégazage, par une étude in-situ du démefdpge la
perméabilité des magmas, dont les intéréts scientifiques etdgens humains, techniques et
financiers sont développés ci-dessous au § Ill.1.

b) modéliser les mécanismes éruptifs des volcans dtarcassemblant les données
systématiqguement acquises pour un systéme volcanique spécifique (tam@bdEonditions
définies). La modélisation empirique ou thermodynamique permet une @oengion élargie
des processus et une application plus généralisable aux volcansites étudiés. Dans ce
but, j'envisage une étude de synthese rassemblant les données conmaiisisi et texturales
des microlites naturels (Pinatubo: Hammer et al. (1999), Merlgonmer et al. (2000); St
Helens: Cashman et McConnell (2005); Montagne Pelée: Mart®loessineau (2007);
Soufriere Hills: Clarke et al. (2007) et étude en cours) epéieences de décompression
(Hammer et Rutherford, 2002; Couch et al., 2003; Martel et Schmidt, 2088¢l, en
préparation; these E. Mollard en cours), avec pour objectif une moglisks conditions
d'ascension des magmas andésitiques et des styles éruptifsukkanté Cette synthése de
données pourraient par ailleurs alimenter des modeles numériquasdetigEnt magmatique
dans le conduit volcanique (ex: CONFLOW de Mastin et Ghiorso, 20@ehilet Sparks,
2002b), en apportant des précisions sur les variations des taux depoEssiam (linéaires
dans ces modéles) et les éventuels paliers isobares a precdrapa. Ce projet est détaillé
au § 111.2.

lll.2- EVOLUTION DE LA PERMEABILITE DES MAGMAS EN COURS
D’ERUPTION

Financements envisagésDemande de financement Bonus Qualité Recherche (BQR) déposé
le 9 Mars 2009 aupres de I'Université d'Orléans (9.1 k€; C. Marte|gtRle financement de
plus grande envergure prévu en 2010.

Problématique. Les transitions brutales entre des éruptions explosives uetivess
souvent observées sur les volcans des zones de subduction peuvent éendgps comme
une compétition entre lI'augmentation de la pression des gaz alussagma menant a des
conditions de fragmentation explosive, menant notamment a des érygithoesnes (Sparks,
1978; Wilson et al., 1980) ou des nuées ardentes de type vulcanien, peéldderapi
(Alidibirov and Dingwell, 1996a) et la perte des volatils qui empéehdéveloppement de
larges surpressions gazeuses et permet la densification duareagenmise en place effusive
(Eichelberger et al., 1986; Jaupart et Allegre, 1991; Woods etgkiokig 1994; Edmonds et
al., 2003; Melnik et al., 2005).

Le seuil de fragmentation a longtemps été basé sur lergéut cle la porosité globale
du magma, fixé a 70-80 vol% et justifié par I'empilement maxaeasphéres (bulles de gaz)
pouvant étre contenues dans un volume de liquide (Sparks, 1978). Cependant, nn certai
nombre d'études ont depuis montré que la fragmentation opére sur une gaponesidés
beaucoup plus étendue, ne permettant plus de relier simplement méigbagplosif d'un
magma a sa porosité totale (e.g., Klug et Cashman, 1996). Ereeffepacité d'un magma a
perdre ou a conserver ses gaz est liée au caractere coounéetné de son réseau de pores,
c'est-a-dire a la géométrie, taille et forme des bufiegdt qu'a leur volume total (méme si
une forte porosité a plus de chance d'étre ouverte que fermée).airdela de la porosité,
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c'est la perméabilité magmatique qui apparait comme le fadéterminant dans le
développement du potentiel explosif d'une éruption.

La perméabilité traduit la capacité d'un matériau a lajssser un fluide au travers de
sSon réseau poreux et est une caractéristique intrinseque duamatéiépendante du fluide.
Dans le cas des magmas, la difficulté provient de la déteionnarécise du réseau poreux,
résultat de plusieurs processus tels que la nucléation, la cr@sdancoalescence et la
déformation des bulles. Les événements de nucléation de bullegeiaet au cours de
I'ascension du magma vont définir une densité numérique de bulles impotthnce est de
contraindre I'épaisseur de liquide silicaté a amincir pour que lolidles croissantes puissent
entrer en contact. Cependant, méme si les bulles entrent en caiestne pourront
coalescer que dans des conditions favorables de viscosité du reagmaurface de tension
entre le liquide silicaté et le gaz, pouvant alors créer éssaux de chenaux de bulles le
rendant perméable.

Par conséquent, au cours de I'éruption, le réseau poreux du magemacesistante
évolution. La connaissance actuelle de I'évolution de la perméateliténagmas provient
d'une combinaison d'études de produits naturels, d'expériences de oledosit de
simulations numériques. Les perméabilités mesurées sur des pysoetdstmiques montrent
une gamme allant de $Get 10" m? pour des porosités de 2 a 90 vol%, la relation générale
entre la perméabilité et la porosité étant de type loi de massérigure 7). On peut y
remarquer que la perméabilité des pyroclastes de plus de d&b férosité est relativement
constante autour de 1Om?, alors qu'il existe une variabilité de plus de six ordres de grandeur
autour des porosités plus faibles. De méme, le seuil de percolatiodeésous duquel la
perméabilité est nulle) varie selon les études depuis 60-70iébe(Berger et al., 1986;
Westrich et Eichelberger, 1994) a ~30 % (Klug and Cashman, 1996; tSdanga, 1999;
Blower, 2001; Mueller et al., 2005; Burgisser et Gardner, 2005).

10—10
) Figure 7. Données de
perméabilité en fonction de la
porosité (Mueller et al.,
10% 4 2005) La ligne épaisse
représente le meilleur fit des
. données de Klug et Cashman
o . (1996) donnant une équation de
e s la forme : Perméabilité -~
& 10" 4 4 (Porosité}®.
2
E
a
10° - -
A = Klug & Cashman (1996)
A A Saar & Manga (1999)
A © Eichelberger et al.(1986)
1o% < Doyen (1988) (sandstone data)
1 T L] 1 I I ] L] 1

0 50 100
Total porosity [%)]
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Ces variabilités autour de la relation perméabilité-porosité pelanait plusieurs
explications :

- le mode de calcul de la perméabilité des proditts effet, la loi de Darcy utilisée
pour déterminer la perméabilité prédit une relation linéaireedat vitesse du fluide et le
gradient de pression appliqué, soit une validité pour un écoulement ilen{faidle nombre
de Reynolds). Cependant, en raison de la fréquente tortuosité du réseaM pes
pyroclastes et/ou d'un fort gradient de pression parfois appliqué lpooresure de la
perméabilité, I'écoulement fluide devient turbulent, et la relaidre la vitesse du fluide et le
gradient de pression devient parabolique. Ces considérations tefdeakirs l'insertion de
facteurs correctifs a la loi de Darcy, ce qui n'a ét gmicompte que dans les travaux les plus
récents (Rust et Cashman, 2004; Mueller et al. 2005; Bouvet de Maisoreteale sous
presse);

- des différences dans les facteurs facilitant la coalescence des helles qu'une
distribution polymodale de taille de bulles ou une anisotropie de formmefiant
d'augmenter la perméabilité dans le sens de l'allongement des bakigk 8t al., 1996; Saar
et Manga, 1999; Blower, 2001);

- des différences de cristallinité ou de fracturation des magpwssant avoir un effet
important sur le seuil de percolation (Blower, 2001; Melnik et Sparks, 2002a).

- des différences de géométrie et de taille des ouvertures des gpartout pour les
faibles porosités, rendant compte d'une hystérésis a porositée@gy@da perméabilité d'un
magma en train de vésiculer et celle d'un magma en train findter par perte des gaz
(Rust et Cashman, 2004).

- I'nétérogénéité des échantillons naturels d'un méme dgypént a la distribution
spatiale, la taille, I'orientation des bulles, et la cristaédli peut générer a elle seule plus d'un
ordre de grandeur de variabilité de la perméabilité (Mueller et al., 2005).

Projet proposé.Ces fortes variabilités entre le seuil de percolation, la @aiitité et
la porosité des magmas, le fait de mesurer les perméalslir un échantillon en dehors de
son contexte magmatique réel, et au vu de l'importance reconnuevelopgément de la
perméabilité sur le potentiel explosif d'une éruption, je projetteétude de I'évolution de la
perméabilité de magmas en contexte éruptif, c'est-a-dire asl detga décompression ou de
sa déformation, par mesures in-situ de perméabilité au moyen du ndedptgosimétrie de
la presse de déformation de type Paterson de I'ISTO.

La presse Paterson, acquise a I'lSTO en 2005 (Figure 8pressitwée d'un autoclave
a chauffage interne (pression d'argon ~1-5 kbars; températd430C) equipé de modules
de déformation en torsion et en coaxial (compression/extensionjieabe modules de
porosimétrie (actuellement en test) et d'une cellule de mémute sensibilité spécialement
congcue et recemment testée pour I'étude des matériaux peu visgeelx gamme des
liquides silicatés). Il n'existe actuellement aucune egpée de mesure de la perméabilité de
magmas dans des conditions aussi réalistes.

Je propose d'étudier le seuil de percolation et I'évolution de I&pbiiité de liquides
silicatés bulleux parfaitement caractérisés, par des sws$msitu de leur perméabilité au
cours, 1) dune décompression pendant laquelle les bulles nuclééesssgnmss
éventuellement coalescent et se connectent entre elles, ele2)r dformation en torsion,
c'est-a-dire en fonction de leur nombre capillaire (parametmévdstle rapport des forces
visant a déformer la bulle sur celles cherchant a maintesjpHéricité, i.e. le rapport de la
vitesse de déformation sur les surfaces de tension), afidéterminer l'effet de forts
allongements des bulles sur leur seuil de connectivité. L'utiisdti module de porosimétrie
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couplé a une déformation (module de torsion) ou une décompression de lléchemtistitue
un défi technigue, notamment en raison des fortes augmentations de \d@utéchantillon
induites par le dégazage. Par conséquent, afin d'optimisexm&seaces, un certain nombre
de tests préalables sont nécessaires. En particulier, la amig@int d'un protocole est
nécessaire pour obtenir des échantillons aux porosités et densitésques variables et
reproductibles. Aprés l'expérience, les échantillons seront récupérés des analyses
tridimensionnelles de la porosité par microtomographie X de résollifion (appareil arrivé
a I''STO début Mars 2009), permettant de visualiser en troierdilmns la géométrie du
réseau poreux.

Figure 8. Presse Paterson de I'ISTOAutoclave a chauffage interne équipé de modulesl@éermation en
torsion et co-axiale, de deux modules de porosimétt d'une cellule haute sensibilité spécifiquentgdice a
la déformation des matériaux peu visqueux de langambes liquides silicatés.

Ce projet est avant tout un défi scientifique, car la naissdreedéveloppement du
potentiel explosif d'un magma en cours d'éruption semble étroitdident développement
de la perméabilité du magma, desservi par un volet expérinientaiant et ambitieux rendu
possible par les récentes acquisitions de la presse Paterson et du miciegibmogr

Compétences pour la réalisation du projetLa Presse Paterson est un outil que nous
maitrisons a présent au laboratoire (Arbaret et al., 2007; Chanpetl al., 2008). Le
fonctionnement de la cellule haute sensibilité spécialement dédé&ede des magmas a été
validé par les travaux de thése de D. Picard (soutenue a OrtéedMer®2009). Des mesures

de perméabilité en statique (sans déformation) avec le modufordsimétrie donnent
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actuellement des résultats trés satisfaisants (projetahgBet et S. Sizaret, ISTO). J'apporte
mon expertise sur les problématiques de vésiculation des bulldéqmanpression (Martel et
Bureau, 2001; Martel et Schmidt, 2003; These C. Gondé, Orléans 2008).

Financements envisagésUne demande de financement (9.1 k€) pour une série
d'expériences de prospection sur le sujet a été demandée arbiig®Orléans (BQR), afin
de tester la validité de mesures in-situ de perméabilitégnaiiques en décompression et
déformation dans la presse Paterson. Les résultats de cette étudemoaditit une demande
de financement de plus grande envergure en 2010.

[ll. 3- MODELISATION THERMODYNAMIQUE DE LA CRISTALLISATIO N PAR
DECOMPRESSION

La cinétique de cristallisation des magmas a depuis longtagpscénnue comme un
facteur clef dans linterprétation des textures des roajedes, permettant de remonter a
leurs conditions de cristallisation a partir de la morphologieedes|cristaux. En particulier,
des expériences en refroidissement a différantiercooling(AT en °C, différence entre la
température liquidus du minéral et sa température réelle stallisation) et des simulations
numériques ont été développées a partir de liquides pour reprodudifdesntes textures
cristallines des roches naturelles. Pour des études concernanadeclpse, phase
phénaocristalline et microlitique la plus abondante dans les composdmmhssitiques a
rhyolitiques, on peut citer par exemple les travaux de Lofgk880Q), Kirkpatrick (1981) et
références incluses, Loomis (1981), Muncill et Lasaga (1987, 198&)dd&saet Jaupart
(1987), Toramaru (1991, 2001), Kile et Eberl (2003). Bien que les premigmss éaient
longtemps souffert d’'un manque de données appropriées (viscositaisitvdéfdes éléments
dans des liquides silicatés hydratés), résultant en de s&zants entre les expériences et les
modélisations thermodynamiques (Muncill et Lasaga 1988), elles onhdzeypepermis de
cerner le processus de cristallisation par refroidissememéseparametres régissant la
nucléation, la distribution de taille et la forme des cristairsi, la cristallisation est un
processus gouverné par les mécanismes de diffusion et d’incorpodasoléments a
I'interface liquide/cristal, numérisé en fonction A& par les équations de conservation de
masse, de relation d’équilibre thermodynamique liquide/cristatjrdgique de nucléation et
de croissance. Récemment, Toramaru (2001) a apporté des quantific&tideffet de la
vitesse de refroidissement et de différents mécanismes dsamoe sur les parameétres de
nucléation et de taille des cristaux dans un systéme eutedtinaiee. Ces modélisations
thermodynamiques de cristallisation par refroidissement sonteeaotuellement en cours
d’'investigation, notamment avec l'objectif d'un développement pour degenms de
compositions plus complexes et plus réalistes pour des roches magmatiques.

Les intrusions plutoniques cristallisent préférentiellement gasidéessement au cours
de leur emplacement a une profondeur donnée (pression constante, @@ p@bissante).
En revanche, les roches volcaniques en cours d’éruption cristalpgeit par perte en
volatils du magma en réponse a la décompression adiabatique (temgpéranstante,
pression décroissante). Quelques études expérimentales récentése omenées pour
déterminer l'effet de la vitesse et de la magnitude de laondgession de liquides
rhyolitiques saturés en eau sur les modalités de cristallisedominance de la nucléation
versus croissance) et sur les caractéristiques textusalesmpositionnelles des cristaux
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(Hammer et Rutherford, 2002 ; Martel et Schmidt, 2003 ; Couch et al., 2@@8&el, en
préparation). A partir de ces données expérimentales, jenvisagdédsopper des
modélisations thermodynamiques de la croissance des plagioclab#ss pour une gamme
déterminée de compositions et de conditions de pression, températmeusten volatils, et
avec une application spécifique a l'ascension de magmas skchegice dans un conduit
volcanique. L’idée est d'adapter pour une cristallisation isothg@amedécompression, les
modélisations existantes de nucléation et de croissance isobarepladgoclases par
refroidissement, dont la base est la théorie classique de laatmeléristalline et les
différents modeles de croissance (par diffusion et/ou mécangiteterface liquide/solide).
La différence de températu®T représentant le moteur de la cristallisation isobare se
retrouve également au cours de la décompression isotherme d'de Bdigaté saturé en eau,
puisque que la température d'apparition du plagioclase augnvectéagoerte en eau (Figure
9). Une premiére approche de modélisation de la nucléation desogdsgs par
décompression a été réalisée par Hammer (2004), a partiésldgats des expériences de
décompression d’'un liquide rhyolitique saturé en eau (Hammer befRuid, 2002). En ce
qui concerne la croissance des plagioclases, je propose unérgrapproche par réitérations
d'une croissance isobare a chaque pas de la décompression. liaatiodéle la croissance
cristalline envisagée ici apparait déja relativement corsplewtamment en raison des
différents mécanismes potentiels de croissance du plagioclapendant, la croissance
cristalline est un processus largement étudié par la communéanéfisgpie des Sciences de
la Terre, de I'Univers, et des Matériaux, offrant un choixalkaforations. La finalité de ce
projet est de pouvoir remonter aux conditions d’ascension d'un magma (notarnese
vitesses d’ascension) a partir d’'une seule étude des micrdiitdsseverres naturels des
produits éruptifs d’un volcan, par I'application d'une équation de niumhéat de croissance
cristalline.

220( T T T T T T 1 5.6 Figure 9. Condition
pression - température
2000 — Plagioclase liquidus —5.3 d'apparition du
of Mt. Pelée rhyolite ¥ plagioclase dans le verre
O Plagioclase absent o)) .. ,
1800 — ® Plagioclase presenf | 50 rhyolitique saturé en eau
= de la Montagne Pelée
1600 — — 48y (Martel, en prép.).
c A une pression donnée,
1400 — —a58 I'undercooling AT
= 5 S responsable  de la
& 1200— — 420 morphologie du
g | s plagioclase (i.e., tabulaire,
@ 1000— . e o ) —39% squelettique, dendritique)
& | =  est la différence entre la
800 — il — 3,5,2 température du liquidus et
i 3 la température réelle de
600 — | 3.10 cristallisation du
° ° T plagioclase AT = 100°C a
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Afin de démarrer ce projet, j’ai proposé en 2007 un sujet de tlyasé @our objectif
I'acquisition de données expérimentales de nucléation et de croiskarmagioclase par
décompression et leur modélisation thermodynamique.

These : Edith MOLLARD (débutée Septembre 2007, Orléa@f)étiques syn-éruptives de
croissance des plagioclases dans les magmas différenciés.

Direction : J.-L. Bourdier Encadrement : C. Martel.
Financements : Bourse MRT.Moyens: ANR CATT "EXPLANT" (C. Martel) 03/2006-
06/2009.

Le sujet consiste dans un premier temps a obtenir un modele cgrepile nucléation
et de croissance de plagioclase par décompression isotherméqdida kilicaté saturé en
eau, a partir de données expérimentales obtenues par expériedéesrderession sériées en
temps, puis délaborer un modeéle thermodynamique en accord avedoleses
expérimentales. L'application principale de cette modélisatidnleesdétermination des
vitesses d’ascension d'un magma a partir de I'étude textatab®mpositionnelle de ses
microlites de plagioclase.

Les expériences de décompression sont réalisées a partir devateasx de départ
préparés par SCHOTT AG (Allemagne): une haplotonalite (77.5 pd8% Siorme CIPW :
QzsAbssANg) volontairement simple de composition pour faciliter la future mealédin
thermodynamique, et le verre interstitiel rhyolitique de lankgne Pelée (76 pds% SiO
Norme CIPW : Q#Ab3:0rANn;HysCoyllm;) pour une composition chimique plus réaliste.
Ces deux compositions sont préalablement saturées en eau (6,@)% B kbars et 875°C
dans des autoclaves a chauffage interne (ISTO), puis décomprimésr alpa® kbars et
875°C dans des autoclaves a chauffage externe et trempe rapide).(IDeux séries
d’expériences sont réalisées : des décompressions rapides (~1fusquia une pression
finale variable entre 2000 et 100 bars et des décompressions suivéaideariables entre
0.01 et 10 bar/min. Les deux séries d'expériences sont sériéem@s) teempées apres
guelques heures jusqu'a plusieurs semaines, afin d'étudier legueséles processus. Les
taux de nucléation et de croissance des plagioclases sont désjpéstivement du nombre et
des parametres de formes des cristaux, analysés par @@itedimage et par
microtomographie X (appareil arrivé a I'ISTO début Mars 2009). Ladétisation
thermodynamique de la cristallisation sera préférentiehéméalisée a partir des expériences
dans lesquelles la croissance du plagioclase est isobare (ctompdisie, analysée par
microsonde électronique). Les discussions inhérentes a ce sujet découlesardrdpdraison
entre:

- I'naplotonalite et la rhyolite de la Montagne Pelée, permtettapprécier I'influence
de la composition chimique sur le processus de cristallisation ;

- les produits expérimentaux et naturels de la Montagne Relartel et Poussineau,
2007; Martel, en prép.) permettant d’interpréter au plus pres lestioosdile cristallisation
des microlites naturels ;

- la composition de la Montagne Pelée et celle de Soufridle (Montserrat) au
travers des textures et compositions des microlites des poncesigaltes, permettant de
valider le caractére plus général du modele élaboré.

Bien que la réalisation des expériences ne nécessite pas dgpgéuatnts techniques
particuliers par rapport au dispositif en place, le programmpérgrental de ce projet est
relativement chargé, notamment en raison de la systématidueraieée et des sériages en
temps des expériences. Le temps passé a constituer une base de drpéBmentales de
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gualité pour le travail de modélisation thermodynamique de la cnoissaistalline se fait
évidemment au détriment du temps restant pour la modélisation, d@atitation apparait
déja ardue dans le cas présent de compositions liquides ellingst complexes et en
simulation de décompression (impliguant des changements de compositienghéblogie).
Cependant, les principes de base de la modélisation devraiemoéég, probablement en
collaboration avec des thermodynamiciens spécialistes de lasamoe cristalline, et
permettre de poursuivre les recherches hors du cadre de cette these.

Ce projet général de modélisation thermodynamique de la aroessies plagioclases
par décompression bénéficiera de deux projets complémentairesntpeesci-dessous
permettant de progresser dans la compréhension du processus diisatich des
microlites : le développement d’'un modele de solubilité de I'eau ldansagioclases et une
étude expérimentale du bilan thermique au cours de I'ascension d’un magma.

Etude complémentaire

Solubilité de I'eau dans les plagioclases

Collaborations : E. Deloule (CRPG Nancy), H. Bureau (IMPMC Paris 7).
Financements envisagés Demande de temps de faisceau a la microsonde ionique du
CRPG Nancy et a la microsonde nucléaire de Saclay.

La teneur en éléments volatils dissous dans un verre résidueepdre compte de la
pression de trempe du magma grace a des modeles de solubilrtdatiés (ex: Burnham et
al., 1994). On peut également remonter aux conditions P-T de formatiomstemblage
naturel de plagioclase + liquide silicaté, a partir de séfmgériences d'équilibre de phases
et des analyses chimiques des cristaux, des verres et dedkdils dissous (Putirka, 2005).
Une alternative a la lourdeur expérimentale et analytigueette approche pourrait étre
apportée par des méthodes d'analyse de I'eau dans les plagicales I'espoir que la teneur
en eau dissoute dans le plagioclase soit significativement dépendealatgression d'eau du
liquide silicaté a partir duquel il cristallise. Récemmeng desures de teneur en eau dans
des feldspaths potassiques ont été obtenues par des méthodes spapiessofiarouge et
résonance magnétique nucléaire), suggérant 365 a 915 ppm d'eau darsteses (Xia et
al., 2006), 1000-1400 ppm dans un microcline, 170 ppm dans une sanidine (Johnson et
Rossman, 2003), et jusqu'a 900 ppm dans des plagioclases (Xia et al.yangeet al.,
2008). Ces études ne cachent néanmoins pas la difficulté a intelkpsé&pectres obtenus, en
raison de la présence dans ce groupe minéral de la plus largee ghespeéces hydroxylées
différentes (OH H,O, NH;"), surajoutée a la présence de micro-inclusions fluides, de
molécules organiques de surface et a la complexité naturelleeshau cristallin des
tectosilicates. Bien que les feldspaths volcaniques ne contiennpribra que l'espéce
structurale OH, la forme et la position des pics obtenus paranfya sont dépendantes de la
composition du cristal (Johnson et Rossman, 2004).

Par conséquent, Etienne Deloule, co-auteur des publications précénmmtemant
I'analyse de I'eau par spectroscopie infrarouge dans dg®ghses du facies granulitique
(Xia et al., 2006 et Yang et al., 2008), a initié un projet d'analyse de I'eau dplagjieslases
par des méthodes de faisceau d'ions, afin d'établir une relattom les conditions de
cristallisation d’'un plagioclase et sa teneur en eau intrinseqseabalyses préliminaires de
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I'eau dans des plagioclases expérimentaux par sonde ionique aliétEes dans le cadre de
I'ANR CATT "EXPLANT" (C. Martel), laissant supposer desidars relativement élevées
(~2000 ppm) et des feldspaths et plagioclases standards aux campdsimogenes ont été
définis (orthose, anorthite, albite) afin de pouvoir poursuivre le trawailles plagioclases
expérimentaux. Il s'agit maintenant de réaliser des analysss systématiques, afin de
déterminer les parametres influencant la teneur en eau desclaags expérimentaux
(pression, température, composition du liquide initial, etc...). L’apfiio volcanologique de
ces corrélations est la possibilité de déterminer directetesntonditions (notamment la
pression) de cristallisation d’'un plagioclase naturel a pi#etsa teneur en eau, et de remonter
ainsi a I'histoire du stockage et de I'ascension du magma daosnduit volcanique. Les
difficultés majeures de ce projet sont avant tout la résolutionakpate la microsonde
ionique face a des cristaux expérimentaux d’au mieux 20 plargks (5-10 um en moyenne)
et les faibles teneurs suspectées a des pressions < 2 kbars.

En paralléle de la sonde ionique, une autre technique d’analyseiquaatad’ions,
I'ERDA (Elastic Recoil Detection Analysis), a récemmetét @tilisée avec succés pour la
détermination des teneurs en eau de pyroxénes mantelliguesayBetraal., 2003) Cette
méthode permet le dosage d'éléments Iégers comme I'hydrogemétqidion des atomes de
recul sous un faisceau incident d'hélium accélérés a quelqués Ndeis avons décidé en
collaboration avec Hélene Bureau de tenter l'analyse des pgpsc naturels et
expérimentaux, avec le méme objectif que précédemment, a savib@tdrmination d’'un
géobaromeétre a partir des teneurs en eau des plagioclaseslyséade I'eau par ERDA
constitue un défi technique, notamment en ce qui concerne la résapatiale. En effet,
I'analyse de I'hydrogene s’opere en mode incliné (70° entradeefau d'ions et la surface de
I'échantillon), soit une résolution spatiale minimale de 2 x 8 pour(mles microlites,
rappelons-le, de 5-10 um en moyenne, 20-50 pm au maximum). Cependant eatedes
avancées technigues prometteuses ont été réalisées concernant embtdanmésolution
spatiale (L-ERDA ; Raepsaet et al., 2008). En outre, cette méihégknte I'avantage d'une
analyse non destructive (permettant la validation de la mesured’@atres méthodes
analytiques), d'une tres haute sensibilité de détection (applegour les faibles teneurs en
eau attendues), et d'une option cartographie permettant d'unéapalysie simultanée des
cristaux et du verre, et d'autre part l'acquisition d'analyséserents majeurs par détection
RBS (Rutherford Backscattering Spectrometry ; cinématiqualasie a I'ERDA, mais
concernant les particules rétrodiffusées). Ce projet faiséilérnent partie d'une demande
d'’ANR Blanc "FLUIBA" (C. Raepsaet, coord.) refusée en septer2bd8. Les premieres
analyses ERDA a la microsonde nucléaire ont néanmoins étauétfiecu LPS a Saclay, en
Novembre 2008 grace a l'acceptation de ma demande de temps @auaf@cUT). Les
échantillons analysés sont de larges plagioclases naturels dude6h®29 de la Montagne
Pelée, révélant des teneurs en eau de 260 ppm pds dans une 8®aBitaol% et 273 ppm
dans une anorthite 50-55 mol% (Figure 10). Ces résultats sont endaiitnaavec la
dépendance a la composition du feldspath de la teneur en eau, symgedEhnson et
Rossman (2004), mais pourrait s'expliquer par une cristallisation diogése a partir d'un
liquide silicaté, aux compositions, températures et pressionsste&tes differentes, mais a
la teneur en eau potentiellement similaire, i.e., ~6 pds% (Martl, 1998; Pichavant et al.,
2002). Une nouvelle demande de temps de faisceau a la microsonde ewckg@irdéposée
en Février 2009 pour rechercher une éventuelle dépendance de leeteraurdu plagioclase
avec la pression partielle d'eau dans le liquide silicaté a partir duqustallise.
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Figure 10. Analyse de I'eau par ERDA dans deux plagclases du déme de 1929 de la Montagne Peldal
centre, cartographie en calcium par microsondetréleique (Martel, thése 1996); en haut, cartogmpRiBS;
dessous, cartographies ERDA,; en bas, spectres BRIiés par le logiciel RISMIN.

Etude complémentaire

Bilan thermique de dégazage et de cristallisation d’un liquide rhyolitique

Collaboration : R. Champallier (ISTO)
Financements envisagésa déterminer.

La motivation de cette étude est d'estimer la pertinence du dhoie température
constante pour les simulations expérimentales et numériquessdeniion du magma dans
un conduit. En effet, bien que de récentes études par mesures éiquies suggerent que
les variations de températures liées a I'exsolution de Bedent négligeables (¢guelques
degrés jusqu’a 5 pds% d’eau exsolvée ; Richet et al., 2006), la détagae dusolvé est une
réaction globalement endothermique (Sahagian et Proussevitch, 1986), caple la
cristallisation de microlites est exothermique. Il a étéemduent proposé que la chaleur
latente de cristallisation au cours de I'ascension du magma patteaidre 100°C (Couch et
al., 2001 ; Blundy et al., 2006).

Avec l'objectif d'apporter de nouvelles informations obtenues par appeoche
expérimentale, et parce que je suis un peu sceptique sur la Igéssilsiugmenter la
température du magma de 100°C par chaleur latente de casiafiigd'autant plus que
I'étude de Blundy et al. (2006) repose sur différents géotherma@ragipiqués a des phases
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naturelles facilement rééquilibrables ou modifiables au cour&sieehsion), je propose de
mesurer les variations de températures liées la tisatadn et au dégazage syn-éruptifs.
L'ascension du magma sera simulée par des expériences de désmmprdsin liquide
silicaté hydraté dans des autoclaves a chauffage extetreengie rapide. Différents taux de
décompression seront testés afin de mesurer les variationspirdeme liées 1) au dégazage
de l'eau non accompagné de cristallisation; 2) a la cristalisaans contribution du
dégazage ; et 3) au processus couplé dégazage et cristallisaigre mtes conditions
naturelles. L'application directe de ce projet est d’obtenir un liienmique dégazage +
cristallisation pour différentes vitesses d’ascension et so8n@ruptifs réalistes de volcans
d’arc, permettant de réajuster au plus pres les parant&sesimulations expérimentales et
numériques de ces éruptions.
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