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Introduction géenérale
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Chapitre 1 Introduction générale

Par définition, un magma (du greo paypo : pate pétrie) est une suspension de
liquide (couramment appel@elt dans la suite du manuscrit), de cristaux et déeefules
propriétés physiques et chimiques des melts s¥icagfletent leur structure, gouvernée par
diverses interactions a I'échelle atomique (Nawynt4995). La connaissance des propriétés
physico-chimiques des magmas permet de localigsecadactériser et de suivre I'évolution
des magmas dans la crolte et le manteau terreBressétudes spectroscopiques (par ex.
Allwardt et al., 2004) ont montré que les étudesiin sont nécessaires pour étudier la
structure des silicates. Par ailleurs, certainepnités fondamentales étant communes aux
magmas, verres et céramiques, I'étude des magmasti@che pas seulement a interpréter
des problemes géologiques, mais trouve eégalemenapplication au monde industriel (biens

manufacturés, stockage des déchets).

Les mesures électriques sur des eélectrolytes solide laboratoire ont éte
considérablement développées par la communautéaikysces des matériaux, a partir de la
seconde moitié du XXeme siecle. En effet, I'éleciimie des solides a haute température a
des applications industrielles fondamentales l@estechniques de stockage et aux procédés
de conversion d’énergie. La théorie des propriétéstriques des électrolytes solides s’est
inspirée de celle développée antérieurement pauéliectrolytes liquides, en particulier les
solutions aqueuses (Noyes et al., 1907 ; Foga,et@84 ; Franck, 1956 ; Quist and Marshall,
1968).

Un défi majeur pour les mesures électriques alétg’affranchir des phénomenes de
polarisation au sein des matériaux, qui peuverdé&mir comme la séparation des charges
électriques positives et négatives sous l'influedeza champ électrique. Une solution pour
réduire ce probleme est de faire circuler dansllile de mesure un courant faible, ce qui
permet d’éviter des effets de chauffage, de chaeggsmirréversibles au niveau des électrodes
et donc d’éliminer certains problemes de polarsatPar ailleurs, la réponse électrique d’un
semi-conducteur (conductivité et constante diépag) montrant une dispersion en fonction

de la frequence (Koops, 1951), les études se s@mitées vers des mesures de la réponse

! Le terme de melt fait référence & un passage éat Isolide (vitreux) & I'état liquide. Une tradoct de

« silicate melt » par « liquide silicaté » ne serhicompléte, ni totalement correcte (par ex.,dsret al., 1989).
« Liquide surfondu » est une traduction possiblepéhdant, le terme « melt » étant couramment éitiiet

anglicisme sera utilisé dans la suite du manuscrit.
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Chapitre 1 Introduction générale

électrique de la cellule en faisant varier la fréaee et en faisant circuler un faible courant.
Reste a discriminer, lors de I'analyse de cett@mép électrique, les autres phénomenes de
polarisation persistants créés dans la cellule esune. Différentes méthodes de visualisation
des données ont alors été développées. Elles asged sur des représentations graphiques
complexes (partie réelle vs partie imaginaire) déémbntes grandeurs: l'impédance
complexe Z* (Armstrong et al., 1975), I'admittancemplexe Y*=1/Z* (Bauerle, 1969), la
permittivité complexe* (McCrum et al., 1967) et le module complexe Mfe*¥l(Grant et

al., 1977). Ces études portent le plus souverdesisolides polycristallins (par exemplef{a
alumine (Hodge et al., 1976 ; Grant et al., 197¢s deux grandeurs les plus couramment
utilisées, a savoir I'impédance et le module coxgse sont complémentaires, I'impédance
permettant de distinguer les effets inter-cristall{électrodes, joints de grains) et le module
les effets intra-cristallins (grains) (Grant et ab77).

Les études présentées dans le présent manusaréroent les mesures d’'impédance
complexe. Par définition, I'impédance électriquey @st un nombre complexe, mesure
I'opposition totale au flux de courant en réponsanasignal AC (Roberts and Tyburczy,
1999). (Notons que le courant électrique utilisardes études électriques est le plus souvent
alternatif (AC), car, contrairement a un couranhtow (DC), il limite le phénomeéne de
polarisation a l'interface avec les électrodes). teahnique adoptée est la spectroscopie
d'impédance, appliquée pour la premiéere fois awectéblytes solides par Bauerle (1969).
Cette technique est efficace pour étudier les maede conduction a haute température dans
les solides, car elle permet de discriminer lefébhts effets de polarisation observés lors
d’un scan en fréquence (Bruin and Franklin, 19BEportes et al., 1994). Des techniques de
mesure électrique autres que la spectroscopie diamce ont été utilisées antérieurement a
Bauerle (1969) pour mesurer la réponse électrigumatériaux, comme celles de Bockris et
al. (Bockris et al., 1952 ; Bockris and Mellors 589 ou celles de Volarovich, pionnieres en
ce qui concerne l'application des mesures éle@sqacquises a différentes pressions et
températures aux matériaux géologiques (Volaroaod Tolstoi, 1936 ; Volarovich and
Bondarenko, 1960 ; Volarovich et al.,, 1962). Lessuames dimpédance électrique des
matériaux géologiques se concrétisent dans la decomwitié du XXéme siecle. Les études
concernent aussi bien les minéraux, les rochesegueerres et liquides silicatés (synthétiques
et naturels) (Tyburczy et Fisler, 1995). L'intetfatéon des spectres d’'impédance des
matériaux géologiques a été étudiee en détail (Roket Tyburczy, 1994 ; Huebner et
Dillenburg, 1995, Roling, 1999). Contrairement actanmunauté de science des matériaux

qui effectue principalement des mesures a quataréties (e.g. Malki and Echegut, 2003), la
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Chapitre 1 Introduction générale

communauté géologique effectue des mesures a dectxoéles, incluant la contribution des
électrodes a la conductivité mesurée. Une étuddéadétogique approfondie a été établie
dans cette thése pour qualifier et quantifier 'artance de I'effet des électrodes (Pommier et

al., 2009, AmMin, sous presse).

Une application fondamentale des mesures élecgiquedes matériaux géologiques
concerne [l'évaluation des risques volcaniques, Ma caractérisation des réservoirs
magmatiques présents sous les volcans actifsset des réservoirs de magma stockés a plus
grande profondeur (asthénosphere). En effet, [&tes propriétés électriques des roches,
melts silicatés et minéraux en laboratoire perneeiieux comprendre la réponse électrique
du terrain et notamment dinterpréter les anomal@étectées par les sondages
électromagnétiques.

De nombreuses études concernent le principal mipéésent dans le manteau, a
savoir I'olivine et ont caractérisé la dépendanedalréponse électrique de ce minéral a la
température (T), la pression (P), la fugacité enygeére (fQ) et [lorientation
cristallographique des grains (par ex. Duba, 193atp, 1986 ; Wanamaker, 1994 ; Schock et
al., 1989 ; Wanamaker and Duba, 1993a,b ; ConstaideDuba, 1990, 2002 ; Constable and
Roberts, 1997 ; ten Grotenhuis et al., 2004; Duné& et al., 2005). Les propriétés électriques
des roches partiellement fondues ont été étudiges dles conditions de pression et
température pertinentes pour le manteau (ShanldaddVaff, 1977 ; Roberts and Tyburczy,
1994, 1999 ; Partzsch et al., 2000 ; Yoshino e2804 ; Maumus et al., 2005). Des modeles
ont été proposés a partir de ces mesures en lalergiour reproduire les différentes
conductivités du manteau terrestre (Wannamaker6 1981 et al., 2000 ; Park and Ducea,
2003 ; Toffelmier and Tyburczy, 2007). Les mesuétestriques en laboratoire sont un outil
nécessaire aux magnétotelluriciens avec, par exeifigentification de zones de stockage de
magma détectées dans I'asthénosphére (par ex.invosthal., 2006).

Les études des propriétés des magmas a des casditiostales sont un peu moins
répandues. Si quelques études se sont intéresséasagmas peu riches en alcalins (basaltes
a dacite) (Waff and Weill, 1975 ; Rai and Manghnat977 ; Tyburczy and Waff, 1983,
1985 ; Scarlato et al., 2005), ce n’est que récemiage des études approfondies sur d’autres
types de magmas ont été réalisées (Gaillard, 2064ecnant une rhyolite, Pommier et al.
2008 concernant les compositions tephritiques a@litmues, Poe et al., 2008, concernant
une tephriphinolite). L'effet des volatils (en pewdiier celui de I'eau) sur la conductivité

électrique des liquides silicatés a ces conditionstales a été peu étudié (Lebedev and
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Khitarov, 1964 ; Satherley and Smedley, 1985 ; I&ai] 2004 ; Pommier et al., 2008-
Chapitre 3) et seuls les travaux de Gaillard et fa@net al. ont bénéficié des progres relatifs
a la précision de la mesure de la conductivitététpe (spectroscopie d'impédance). Le lien
entre mesures électriques en laboratoire et staridain (magnétotellurique) est abordé dans
cette these d’'une maniére tout a fait nouvellecguisiste a utiliser les données en laboratoire
et les observations du terrain pour établir un rfeodiérect de la conductivité d'un édifice
volcanique. Cette étude a été appliquée au Vésiora I'intérét réside dans la dangerosité de

ce volcan situé dans une zone tres densément peuplé

Le présent manuscrit s’est focalisé sur les mesatestriques en les reliant aux
propriétés physico-chimiques des melts silicatés.autre objectif fondamental des mesures
électriques en laboratoire est d’explorer les pé@s de transport dans les verres et liquides
silicatés, de maniére a comprendre les modalités pdecessus de diffusion au sein des
matériaux, a I'échelle microscopique (atomique). transition vitreuse (Tg) peut étre
clairement identifiée au moyen des mesures éledsiqBagdassarov et al., 2004 ; Pommier
et al., 2008). Ainsi, I'étude des mécanismes daspart a concerné a la fois le domaine
vitreux (T<TQ) et le domaine liquide (T>Tg). La emissance issue des études en science des
matériaux, avec notamment la détermination de tgieed’activation et aussi du temps de
relaxation (Moynihan, 1998), peut s’appliquer auaténiaux géologiques. Elle identifie un
transport « activé » dans le domaine vitreux ettransport « assisté (et activé) » dans le
domaine liquide, les deux mécanismes reposantasfarination de défauts responsables du
transport et la migration dans le verre des postelercharge correspondants (Déportes et al.,
1994). Les études dans le domaine vitreux ont raamiie les conductivités électronique et
ionique contribuent a la conductivité globale (Ceopet al., 1996), la conductivité
électronique étant particuliéerement importante dassverres riches en fer (Barczynski and
Murawski, 2002). Le domaine liquide est caractédaé une conductivité d’origine ionique
(cationique) et les alcalins ont été identifiés omenétant les principaux porteurs de charge
dans les melts silicatés (Heinemann and FriscB8Q ¥ Kanehisa, 1992 ; Gaillard, 2004 ;
Pommier et al., 2008), car étant les espéces les mbbiles (Jambon and Carron, 1976 ;
Jambon, 1982 ; Henderson et al., 1985 ; Dunn artiffRal990 ; Roselieb and Jambon,
1997). La conduction des protons et leur spéciatans les melts silicatés hydratés souléve le
probleme de leur contribution dans la conductiwigsurée : si I'eau est sous forme d’espéece
chargée (A, H30"), elle est porteuse de charge alors que s'il s@digne espéce neutre {H

OH, H,0O), son role consistera a faciliter la mobilité ddsalins a I'intérieur de la structure
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(silica framework et son effet sur la conductivité sera indire@.deconde hypothése semble
étre privilégiée (Zhang and Stolper, 1991 ; Behetrad., 2002 ; Gaillard et al., 2003).

Si des études ont tenté de relier conductivitétépe et viscosité (par ex. Pfeiffer,
1998), une correspondance directe est difficileabl# entre les deux grandeurs physiques, la
viscosité s’attachant essentiellement a la stractlu melt, dominée par I'assemblage de
tétraedres de silice, alors que la conductivitduitda mobilité des porteurs de charge. Le lien
entre diffusion du porteur de charge (auto-diffayi@t conductivité est beaucoup plus
evident, permettant d’identifier les contributidndividuelles des especes mobiles (utilisation
de la formule de Nernst-Einstein (cf Chapitres HetCette these a montré qu’il est aussi
possible de relier diffusion chimique et condudéviélectrique, en utilisant la réponse
électrique d’un liquide silicaté pour suivre laéligue de réactions chimiques, notamment des

réactions redox (Pommier et al., 2009, en révision)

Summary

In situ measurements are requested to understamd piysical and chemical
properties of magmas. Electrical measurements haen developed by the material science
community and have been then applied to geologmaterials. With the intention of
minimizing polarization phenomena, improvementslettrical measurements considered
scans in frequency with a low current. Differentimogls exist, the most common consisting in
the measurement of the complex impedance. Thiothettthe one used in this manuscript.
Impedance spectroscopy measures the total oppogtiecurrent flow in response to an AC
signal. Two main techniques are used, based on &wd-four-electrode measurements. We
conducted a methodological study that allowed talifuand to quantify for both setups the
importance of the electrode effect on the meascoaductivity.

A fundamental application of electrical measurermeperformed on geological
materials consists in the interpretation of elecati anomalies in the Earth’s crust and
mantle. If numerous studies have investigated kbetrecal properties of mantle rocks and
minerals, few are dedicated to the electrical resgm of magmas at conditions relevant to
study the Earth crust. We investigated the eleaitnproperties of Mount Vesuvius magmas
and linked laboratory and field measurements thiotlte elaboration of a forward model of
the electrical conductivity of the volcanic edifice

The electrical measurements performed in this mamptshave been related to the
transport properties of the investigated silicatelts and glasses with, in particular, the

identification of the glass transition and the detaation of activation energies. The

17



Chapitre 1 Introduction générale

correlation between self-diffusivities of mobileesigs and conductivity allowed the
identification of the main charge carriers in thevestigated samples (using the Nernst-
Einstein equation). We also showed that it is gidssio use the electrical response of a

sample to monitor in real time the kinetics andudiion mechanisms of a chemical reaction.

Approches et objectifs(Approaches and objectives)

Le présent manuscrit est organisé en chapitrevithdails, chacun comportant un
article publié, accepté, en révision ou prochairmgseumis. Par conséquent, chaque chapitre

possédant sa propre introduction, il ne sera ptéseiqu’une simple vue d’ensemble.

Les objectifs de cette thése sont triples : 1)uke des données expérimentales sur
les variations du comportement électrique des diggiiet verres silicatés en fonction de leur
composition, teneur en eau, température, pressitugacité en oxygene et les interpréter en
termes de propriétés de transport. 2) Joindre adoasées expérimentales des contraintes
pétrologiques et des données géophysiques pouir @tabmodele direct de la conductivité
électrigue d’un édifice volcanique (en 'occurrenleeVésuve). 3) Utiliser I'outil conductivité
électrigue comme sonde pour étudier I'évolutiom@’wéaction chimique (oxydoréduction), a
I’échelle atomique, au sein d’'un magma.

Le chapitre 2 fournit une description détaillées dechniques expérimentales et
analytiques utilisées, en particulier en ce quiceone I'acquisition des données électriques en
fonction des différents paramétres mentionnés ssae La stratégie expérimentale ainsi que
les problémes rencontrés sont discutés. L'invesitiganéthodologique de la technique de
spectroscopie d'impédance est illustrée par I'ertintitulé “Re-evaluation of the electrical
conductivity of silicate melts” American Mineralogist,sous presse), qui est une étude
réalisée en collaboration avec M. Malki (CEMHTI,|&ms).

Le chapitre 3 présente les résultats des mesigesigues effectuées sur différents
produits éruptifs du Vésuve, sur une large gammeedepérature (domaines vitreux et
liquide), de pression, de composition et de teraureau. Un modele de la conductivité
électrigue des magmas du Vésuve est proposé giranmeere comparaison avec les données
du terrain est ébauchée. Cette étude est intitlléeoratory measurements of hydrous and
dry Mt. Vesuvius melts”, publiée alournal of Geophysical Reasear@008. Le passage de
la conductivité électrigue d’'un verre ou d’'un maltcelle d’'un magma est abordé via la

discussion de modeéles mathématiques intégrantet’albes cristaux. Une expérience de
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décompression réalisée sur une obsidienne hydaaégmlement permis d’aborder I'effet des
bulles sur la conductivité. Une derniere sectidrdésliiée au temps de relaxation électrique.

Le chapitre 4 est dédié a la concrétisation do &atre mesures expérimentales en
laboratoire et mesures sur le terrain (magnétaiglies). Il s’agit de la construction
d’'un modele direct de la conductivité électrique\&suve, a partir des mesures électriques
présentées dans le Chapitre 3, de profils magtiéiidgeies, de contraintes pétrologiques et
de données géochimiques de la littérature. L'itidiaa la technique de mesure électrique sur
le terrain (mesures magnétotelluriques) s’est affsavec A. Siniscalchi (Universita di Bari)
et Z. Petrillo (INGV, Napoli). L’élaboration du métk direct est le fruit d’'une collaboration
avec P. Tarits et S. Hautot (IUEM, Brest). Cettedétest présentée sous la forme d’un article
prochainement soumis a G-cubéglepchemistry Geophysics Geosysdenmitulé “Forward
modelling of the electrical conductivity of MouneSuvius”.

Le chapitre 5 est consacré a I'étude des cin&igeles mécanismes redox dans les
melts basaltiques. Les mesures électriqgues sdigées ici comme sonde pour étudier les
changements de la réponse électrique de I'echamt@h fonction du temps, au cours d’'une
réaction redox (réductions et oxydations). Cesatians sont interprétées en termes de
diffusion des especes mobiles au sein du melt. Odéhe reposant sur les flux conjoints de
cations et de trous d’électrons, opposés au flaxydjene en transit dans I'’échantillon a été
établi. Cette étude est acceptée au jou@edchimica et Cosmochimica Actaus le titre

“Time-dependent changes of the electrical condigtof basaltic melts with redox state”.

The present thesis has been organized in individoapters, each of them having an
article either published, or accepted or in revisior in preparation. As a consequence, each

chapter has its own introduction and, thereforelyanbrief overview will be provided here.

The objectives of this thesis are three-fold: @)atquire experimental data regarding
variations of the electrical behaviour of silicagtasses and liquids in function of their
composition, water content, pressure and oxygeaditygand to interpret these data in terms
of transport properties. 2) To relate these expental data to petrological constraints and
geophysical data in order to elaborate a forwarddabof the electrical conductivity of a
volcanic edifice (in this case, Mount Vesuvius)T8)use the electrical conductivity tool as a
probe to investigate the evolution of a chemicalct®n (redox reaction) at an atomic scale

within a magma.
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Chapter 2 provides a detailed description of thepezimental and analytical
techniques used in this thesis, and deals in pagrowith the acquisition of electrical data in
function of the different parameters mentioned abdwhe experimental strategy as well as
the problems encountered is discussed. The mettgidal investigation of the impedance
spectroscopy technique is illustrated by an artiefgitled “Re-evaluation of the electrical
conductivity of silicate melts” (American Mineraisy in press), and is a collaboration with
M. Malki (CEMHTI, Orléans).

Chapter 3 presents the results of electrical meawents performed on Mount
Vesuvius eruptive products on wide ranges of teatper (glassy and liquid domains),
pressure, composition and water content. A modahefelectrical conductivity of Mount
Vesuvius magmas is proposed and a first compamstnfield data is drafted. This study is
entitled “Laboratory measurements of hydrous ang t#t. Vesuvius melts”, Journal of
Geophysical Research, 2008. The transition fromelleetrical conductivity of a glass or a
melt to the one of a magma is considered via tleeudsion of mathematical models
integrating the effect of crystals. A decompressaxperiment conducted on a hydrous
obsidian also allowed to deal with the effect obllles on the conductivity. A last section is
dedicated to the electrical relaxation time.

Chapter 4 is dedicated to the link between expamtad measurements in laboratory
and in the field (magnetotelluric). This projeceeds the elaboration of a forward model of
the electrical conductivity of Mount Vesuvius, lthea the electrical measurements presented
in Chapter 3, magnetotelluric profiles, petrolodgicanstraints and geochemical data from
the literature. The introduction to the technigueetectrical measurements in the field has
been performed with A. Siniscalchi (Universita diriBand Z. Petrillo (INGV, Napoli). The
elaboration of a forward model results from a colmation with P. Tarits et S. Hautot
(IUEM, Brest). This study is presented as an atich preparation for G-cubed
(Geochemistry Geophysics Geosystems), and entleadvard modelling of the electrical
conductivity of Mount Vesuvius”.

Chapter 5 is dedicated to the study of redox kisedind mechanisms in basaltic melts.
Electrical measurements are used here as a prolivestigate the changes in the electrical
response of the sample with time, during a redaxctien (reductions and oxidations). These
variations are interpreted in terms of diffusion mbbile species within the melt. A model
based on cooperative fluxes of cation and electroles, in opposition to oxygen fluxes in

transit in the sample has been established. Thiglystis accepted in Geochimica et

20



Chapitre 1 Introduction générale

Cosmochimica Acta and is entitled “Time-dependéinges of the electrical conductivity of

basaltic melts with redox state”.
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Objectifs du chapitre

Ce chapitre présente de fagon détaillée les puwesdxpérimentales et les techniques
analytiques. La synthése des verres de départ edebgdratés est expliqguée, incluant les
etapes de I'hydratation d’'un échantillon en auteeld a stratégie adoptée pour les mesures a
différentes pressions et températures est égalepmrsidérée. Les détails concernant les
techniques analytiques utilisées dans le présentseat sont présentés. Les échantillons ont
été caractérisés par microscopie optique, micrascéfectronique a balayage (MEB) et
microsonde. En ce qui concerne les échantillongatgd, la teneur en eau a été analysée
avant et apres I'expérience en effectuant des seslgar spectroscopie infrarouge (FTIR) et
le titrage Karl Fisher (KFT). Concernant I'étudelog, le ratio fer ferrique/fer ferreux a été
déterminé par dosage colorimétrique. Une grandigepde ce chapitre est dédieée aux mesures
de conductivité électrique utilisant la technique dpectroscopie dimpédance. Cette
technique permet de réaliser des mesurestu et en temps réel avec une grande précision.
L'impédance complexe de I'échantillon est mesuréeféectuant un scan en fréquence d& 10
a <1Hz. Une étude meéthodologique (Pommier et &Q92 American Mineralogist, sous
presse) confronte les mesures a deux et quatreagles. La contribution des électrodes, dans
I'appareillage a deux électrodes, a la conductiéltéctrique mesurée a été qualifiee et
guantifiée en effectuant notamment une expériencepart-circuit. L'effet des électrodes est
non négligeable pour les melts peu résistifs etldentempérature. Une comparaison avec des
études antérieures a permis de corriger la basdodaées de la conductivité des melts

naturels.

This chapter presents a detailed view of the erpemial procedures and analytical
techniques. The synthesis of the starting dry artdus glasses is explained, including the
steps of the sample hydration in internally hegbeelssure vessel. The strategy adopted for
measurements at different pressures and temperatsralso considered. Details regarding
the analytical techniques used in this manuscripé @resented. The samples were
characterized using optical microscope, SEM andtedb® microprobe. As regards hydrous
samples, the water content was analysed beforeadied the experiment using infra-red
spectroscopy (FTIR) and Karl Fisher Titration (KETAs regards the redox study, the
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ferric/ferrous ratio was determined by wet chenyiginalyses. A large part of this chapter is
dedicated to the electrical measurements using diapee spectroscopy. This technique
allows to perform in situ and real-time measuremenith accuracy. The complex impedance
of the sample is measured by performing a scanréquency, from 10to <l1Hz. A
methodological study (Pommier et al., 2009, Ameriddineralogist, accepted) confronted
two-electrode vs four-electrode measurements. ©hé&ibution of the electrodes of the two-
electrode setup to the measured electrical conditgthas been qualified and quantified, by
performing, in particular, a short-circuit experime The electrode effects were found to be
non-negligible for low-resistive melts and at higgmperature. A comparison with previous

studies allowed to correct the database of the ootidity of natural melts.
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2.1. Matériaux de départ

Les matériaux de départ sont des échantillongelatdu Vésuve (Italie), du Kilauea
(USA) ainsi qu’'une obsidienne (sud de I'lslandeh &chantillon synthétique (borosilicate
provenant du CEMHTI) a été également utilisé datade présentée a la fin de ce chapitre.

Les échantillons du Vésuve consistent en une tephgsue d'une éruption
strombolienne de la période médiévale {7<ssiécle), une tephriphonolite provenant de
I'éruption subplinienne Pollena (472 ap. JC) et phenolite de I'éruption plinienne Pompéi
(79 ap. JC). lIs ont été choisis de maniére arépeésentatifs des produits éruptifs émis par le
volcan, soulignant a la fois la diversité de conmpms chimique et la diversité de styles
eruptifs. Par ailleurs, I'étude des propriétés téigoes de ces laves particulieres (trés
potassiques) revét un caractéere novateur. L’édi@antiiu Kilauea est un basalte issu d’'un
conduit actif du volcan Pu'u’ ‘O’o collecté en 20@QT. Orr, USGS). Il a été utilisé pour
I'étude des phénomeénes redox (Chapitre 5). Sa csitigpo est proche de celle des MORB
(Mid-Ocean Ridge Basalt), qui sont les magmas lies igpandus a la surface du globe. L’état
redox des basaltes reflétant I'état d’oxydation diEgons sources, ils ont des implications
importantes en ce qui concerne I'évolution du mamteerrestre (Christie et al., 1986). Les
basaltes sont en fait considérés comme étant de daordidats pour étudier I'évolution et la
différenciation de la planéte Terre, une évolutigrandement dépendante de celle des
conditions redox (par ex., Frost and McCammon, 2008e obsidienne naturelle (Gaillard,
2004) a été hydratée et utilisée pour quantifiangortance des bulles dans les mesures
électrigues (Chapitre 3). L’échantillon synthétique borosilicate, a été choisi en raison de sa
trés forte teneur en sodium et de son tres fortéddg polymérisation, dont I'intérét direct

concernant les mesures électriques sera abordé gaite.
2.2. Synthése des verres et préparation des échélotis

2.2.1. Obtention d’un verre

Tous ces matériaux de départ ont été réduits edrpalans un mortier en agate puis
portés en température de maniére a obtenir un derépart chimiquement homogéne. La
composition de ces verres est donnée aux Chagtres 5 (échantillons du Kilauea et
borosilicate) et au Chapitre 3 (échantillons duiéset obsidienne).

La fusion de poudre de roche est réalisée a presgmosphérique, a 1400-1500°C,
dans un four de typRiezoceran{Figure 2.1). La poudre est placée dans un crelesplatine

ou, en ce qui concerne les expériences avec mesleesiques a 4 électrodes (cf fin de ce
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chapitre), dans un creuset en alumine. Des fuslame heure chacune ont été réalisées, avec
ajout de poudre de roche avant chaque nouvellerfust ce jusqu’a I'obtention d’'un volume
de verre suffisant (i.e. hauteur de verre dansdaset > 1cm). Une fois sorti du four, le verre
refroidit dans le creuset a l'air ambiant, sansnyye rapide, pour éviter I'apparition de
craquelures qui le fragiliseraient. Le verre obtesst dépourvu de bulles (a échelle
micromeétrique). Des cylindres de verres sont eadoités directement dans le creuset. En ce
qui concerne les matériaux les plus dépolyméritsh(ite, basalte), trés peu de cylindres se
sont casseés lors du forage, alors que les auttesli®s de verre (tephriphonolite, phonolite)

ont été plus difficiles a extraire (rendement vatride ¥z &5).

p silicate melt cylinders directly

. a Pt crucible in the Pt crucible
in a 1atm furnace

Figure 2.1: Steps of the glass synthesis and glass cylindtdliag.

2.2.2. Hydratation en autoclave a chauffage interne

Différentes méthodes ont été testées pour prépaeecapsule hydratée (cf Pommier,
2006, rapport de stage ingénieur et de Master dbdRehe), la méthode la plus efficace étant
exposeée ci-dessous. Pour procéder a I'hydratatiom échantillon, comme indiqué Figure
2.2, le cylindre de verre est d’'abord placé dares capsule de métal noble (Pt ou Au), un
capuchon de méme métal soudé a I'arc a une exé&éhitube (soudure de type « boite de
conserve »). Une quantité connue d’eau déminéealis@rrespondant au %m d’eau que I'on
souhaite injecter dans I'échantillon, est ensyetée a I'aide d’'une micropipette. La capsule
est entourée d’'un papier absorbant régulierememidifié et plongé dans de I'azote liquide,
de maniere a maintenir la quantité d’eau introdgié&e dans la capsule. Ainsi, lors de la
soudure d’'un second capuchon pour fermer totalerzemtapsule, I'eau introduite ne se
volatilise pas. La capsule est régulierement pefenaniére a quantifier précisément le
volume d’eau introduit et aussi pour détecter lesnéuelles pertes en eau au cours de la
soudure. Cette soudure est alors testée de deuienemn 1) le bain d’huile : la capsule

fermée est immergée dans un bécher rempli d’huikude et les éventuelles fuites sont
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immédiatement indiquées par I'échappement de bdlksu de la capsule. L'avantage de ce
test est de permettre la localisation de la panté soudée et donc de rectifier la soudure. 2)
L’étuve : la capsule fermée est placée dans une tt150°C) pendant 1h environ puis pesée
a sa sortie de maniére a voir si la capsule a daak introduite ou si des fuites ont permis a
I'eau de s’échapper. L'inconvénient de cette méthest de ne pas permettre de ressouder la
capsule avant que toute I'eau ne soit partie. Legxdtests ont été faits pour chaque
hydratation, le bain d’huile puis I'étuve. La cafgsest ensuite placée dans un autoclave a
chauffage interngInternally Heated Pressure Vesséligure 2.3, aux conditions (P,T)
dictées par la teneur en eau a introduire danseteev(Burnham, 1975). La durée de
I'hydratation dépend du coefficient de diffusion ltEau dans le type de matériau de départ
(Watson, 1994 ; Zhang and Stolper, 1991), des diinar et de la géométrie de I'échantillon.
En I'occurrence, pour une géométrie cylindriqueptténomeéne de diffusion de I'eau obéit a
I’équation suivante :
Avec C (%m) la concentration en eau, t le temps r(dg rayon du cylindre (m), D le
coefficient de I'eau dans le matériau (m2?/s). Lauon correspondant a cette équation est
donnée par le formalisme suivant (Crank, 1975):
C-C, :1_252 expDa’t).J, (ra,)
C,-C, ass a,Jd,(aa,)

@)

Avec C (%m) la concentration en eau au temps {(¥&8n) sa concentration initiale ; Q@om)

sa concentration finale, a le rayon maximal dundré (m), J(x) la fonction de Bessel a
'ordre i et a, les racines de I'équation(da,)=0. Par mesure de seécurite, la durée de
I'hydratation obtenue par I'équation de diffusioré# interprétée comme étant une valeur
minimale et a toujours été largement dépasséeldaratique. Par exemple, I'hydratation de
la tephriphonolite du Vésuve (VS88-65B) a 1.9%nsis'effectuée a 100MPa et 1200°C,
pendant ~60h, I'équation de diffusion préconisam durée d’au moins 20h (en considérant
Dr2o~1.10"°m2/s, Watson, 1994). A la fin de I'hydratationcipsule est trempée rapidement,
afin d’éviter la cristallisation de I'échantillotine fois sortie de l'autoclave, la capsule est

pesée.
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Air meltin 1atm furnace
9 1400-1500°C - Pt crucible containing
during 1-2hr rock powder crushed

In an agate mortar

| Dry sample synthesis | | Hydrous sample synthesis
5 Drilled glass from
the Pt crucible
-Rectified extremities
using a lathe
Bubhle-free glass cylinder Bubble-free

or glass powder

* glass cylinder
E f;&dditiun ofa
Homogeneous glass i known amount of H,O

Inner drill
sample for the Sl

conductivity cell
Pt or Au capsule
L=5-10rmm sealed at one extremity
0D=4-8mm
ID=1mm * Capsule weighed

Pt ar Au cap

Sealed capsule
containing glass
and water

* Capsule weighed
Capsule in [HPY at (T, P} during several days

* Rapid guench
3 + Capsule weighed

Hydrous glass
Rectified extremities

/ Using a micrasaw

Homogeneous hydrous
nner drill glass sample for the
conductivity cell

L=4-8mm
OD=5-10mm
ID=1mm

Figure 2.2 : Sketch of the sample synthesis. The preparati@adyly sample is shown on the
left part, while the steps regarding the hydratpzocess for hydrous sample synthesis are

presented on the right part. See text for details.

Figure 2.3: Pictures presenting the
synthesis of hydrous starting glass
using an Internally Heated Pressure

Vessel. Gas medium is Ar. Duration

Introduction of the Mo furnace Synthesis of the hydrous glass
containing the capsule in the under defined
IHPV (T,P) conditions

of the experiment is determined using

diffusion formalism (see text).
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2.2.3. Préparation de I'échantillon pour la cellue mesure électrique

Que I'échantillon vitreux cylindrique soit sec bydraté, ses deux faces sont rectifiées
au tour ou a la microscie, de maniére a ce qu'algsnt paralleles. Les mesures électriques
nécessitant de bien contraindre la géomeétrie dehdwtillon, le cylindre doit étre le plus
parfait possible. L’échantillon est ensuite fix&abase a I'aide d’'une résinérystalbond
Aremco) sur une plaque de verre et foré en sorreé¢diametre du foret : 1mm, Figure 2.2).
La malitrise de cet aspect technique de la préparalie I'échantillon a été acquise

progressivement, essentiellement dd au fait dedeigion et de I'argutie requises.

2.3. Appareillage expérimental et stratégie

Les mesures électriques ont été effectuées a pneasnosphérique dans des fours a
lbar a atmosphére contrblée et sous pression ksantiun autoclave a chauffage interne
(IHPV, ISTO), le gaz sous pression étant I'argoms Ldétails concernant I'équipement
expérimental sont mentionnés aux Chapitres 3 et 5.

Quelle que soit la pression de I'expérience (efik et 400 MPa), les mesures
électrigues ont été effectuées dans le verre os laliquide, i.e. en dehors de lintervalle de
cristallisation (cf 2.7.). Le choix de ne pas faleemesures électriques en présence de cristaux
est expliqué au paragraphe 2.7. Pour les expésemoe autoclave, des mesures étant
effectuées dans les domaines vitreux et liquidefférentes pression, il est inévitable de
traverser l'intervalle de cristallisation. Les $égies expérimentales adoptées ont permis de
ne traverser qu'une seule fois lintervalle de tatisation et donc de minimiser le

développement des cristaux dans I'échantillon (fedu4).
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Dry Phonolite
VES19 400

Figure 2.4: Experimental strategy
for electrical measurements under
100 pressure. The P-T paths for the

experiments on the dry phonolite

and the dry tephriphonolite were
400 600 800 1000 1200 1400
T(©) adopted because they allow to cross

Dry tephriphonolite only once the interval of

VS88-65B . .

400 — crystallization, preventing from the
B 1 growth of crystals at the

300 I— -1 electrode/melt interface.
< - i
o
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o 200 —

100

400 600 800 1ooo. 1200 1400
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2.4. Analyses au microscope, MEB et microsonde éemique

Tous les échantillons ont été observés au micpesoptique de type Leica a I'ISTO,
avant et aprés les expériences. Les échantillon€lapitre 3 ont été systématiquement
analysés au microscope électronique a balayage JMEBrléans JEOL Winset JSM 6400,
Polytech’Orléans-ISTO), dans le double objectif aactériser les interfaces échantillon-
composants de la cellule de conductivité et dectiitda présence de cristaux dans les
expériences auxiliaires ayant permis la déternonadie I'intervalle de cristallisation.

La composition chimique de chaque échantillon & ddterminée par microsonde
électronique a OrléansCémebax SX-50 BRGM-CNRS-Université d’'Orléans). Les
conditions d’analyse sont 15 kV, 6 nA, 10s suriegi 5 s sur le fond. Pour I'analyse des
verres, un faisceau défocalisé a été utilisé (gu) alors que l'analyse des cristaux s’est

effectuée au moyen d’'un faisceau focalisé (Ir). Les standards utilisés pour la calibration
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de la microsonde sont les suivants : une albitarabi¢, pour le sodium et le silicium; une
orthose naturelle, pour le potassium; un corindgnthetique, pour l'aluminium; une
pyrophanite synthétique, pour le manganése etdeej une hématite naturelle, pour le fer;
une olivine naturelle proche du péle forstériteuple magnésium; un grenat ferro-calcique
naturel (andradite), pour le calcium; une chromjtethétique, pour le chrome.

En plus détre utilisée pour effectuer des anayg®nctuelles, la microsonde
electronique a également été employée pour réaeseprofils de concentration dans certains
échantillons, dans le but d'observer d'éventuelleteractions a l'interface échantillon-
électrodes, échantillon-céramique et aussi de suas variations de composition chimique

d’'un échantillon soumis a un changement des camditiedox (Chapitre 5).

2.5. Détermination de la teneur en eau

La teneur en eau des échantillons hydratés (Cleap8)y a été déterminée par deux
techniques différentes : I'analyse infra-rouge @&t la Titration Karl Fisher (KFT).

L'objectif de l'analyse infra-rouge (spectrométMicolet Magna 760relié a un
microscope Nic-Plan, ISTO, Orléans) a été de w#rifhomogénéité de la teneur en eau dans
les échantillons de départ. Une source de type &iGbar) ou de type lumiere blanche, un
détecteur MTC/A et une séparatrice gaht été utilisés. Ces conditions optimisent I'gsal
dans le domaine spectral de I'eau (pic & 4500' gour OH et 5200 cth pour 'eau
moléculaire). Les spectres ont été collectés suntervalle de longueur d’onde s’étendant de
2000 & 7400cfh (résolution de 4 ou 8cf), accumulés pendant 128 scans sur des échantillons
préalablement polis sur deux faces paralléles. Rbague spectre obtenu en un point de
I’échantillon, la mesure de la hauteur des deug (@H et HO moléculaire), correspondant a
I'absorbance, a permis d’obtenir la teneur en ealgulée avec la loi de Beer-Lambert (par
ex. Hanna, 1972):

[H20]=[OH]+[H20mol]=(A4s50d ( €4500€))+(A620d( E5200€)) (3)
[H20] étant la teneur en eau dans I'échantillon (%#n);absorbance a une longueur d’'onde i
(cm?), & I'absorptivité (ou coefficient d’extinction) motai & une longueur d’'onde i (L.mol
! cm?) et e I'épaisseur de I'échantillon (cm). Les vatedee proviennent de la littérature
(Newman et al., 1986). Les analyses infrarougesctfées en différents points d’'un méme
échantillon ont permis, dans le cas d’'inhomogénditéépartition de I'eau, de quantifier les
variations de [HO] et, dans le cas d’homogénéité de répartitiombidnir une valeur

moyenne de la teneur en eau de I'échantillon. Unmgte de spectres est présenté Figure 2.5.
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Les analyses ont été effectuées sur une tephrifitonbydratée (VS88-65B) et la
détermination de la hauteur des pics ont permidaterminer une teneur en eau pour chaque
point, situé a divers endroits de la capsule, lganae de ces teneurs conduisant & une teneur

en eau globale (ici, 1.9%m).

Molecular H20 OH
[ 0350 s 5)11]\»&(11‘—U7R71(m—1 o - o "
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Figure 2.5 Infrared absorption spectra for the hydrous tgptonolitic glass (VS88-65B)

synthesized at 1200°C, 100MPa. Analyses were peddrat different positions in the
capsule. The height of the two peaks (moleculaewanhd OH) was determined graphically
(black lines) and corresponding water content walsutated knowing the thickness of the

glass sample (determined for each spectrum) amg tise Beer-Lambert’s law (EqQ. 3).

Dans le cas ou une mesure globdlell) de la teneur en eau dans I'échantillon était
suffisante (Chapitre 3), un dosage par la méthod€ & également été effectué (Pommier et
al., 2008). La méthode utilisée correspond a adlerite dans les études de Westrich (1987),
Behrens et al. (1996).

2.6 Analyse du F&/Fe"

Des dosages colorimétriques ont été effectués apalyser la concentration en fer

ferreux (FeO), dans le cadre des expériences rédoapitre 5). Les étapes du dosage sont
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présentées Figure 2l6e dosage redox par colorimétrie est une méthodmnatlyse
couramment utilisée pour déterminer de maniéreaiolbulk) la concentration en FeO dans
les melts silicatés (e.g. Magnien et al., 2008i|l&4d et al., 2003 ; Wilson, 1960). Avec cette
méthode, I'échantillon, réduit en poudre, est drdbdissout par une solution HF3$0,, a
une température de 275°C. Les proportions sorduesntes : au moins 25mg de verre broyé,
7mL H,SO, (dilué a 50%) et 0.3mL HF). En pratique, la solotapntenant le verre dissout
est mélangée a 7mL d:80y, 5mL d’H3PO, et une cuiller d’acide borique. De I'eau distillée
est ajoutée jusqu’a obtenir 100mL de cette soluaidioser.

La solution titrante (dichromate de potassium) mraioxyder le fer ferreux en fer
ferrigue selon la réaction suivante (une mole detiem titrante permet d’oxyder 6 moles de
fer ferreux en fer ferrique) :

Cr,07 +14H" +6Fe”* o« 2Cr* +7H,0 +6Fe* 4)

L'utilisation de diphénylamine sulfonate de barywwomme un indicateur coloré permet

d’indiquer I'équivalence par un changement de aautki mélange qui se teinte en violet. La

teneur en FeO est déduite par la formule suivante :

X VegM
Feq%m) - 6CK2Cr207 eq FeO 100 (5)

M K2Cr207 'msample
avec FeO la concentration en fer ferreux de I'étihham (%m), C la concentration en
K.Cr,0O; (0.3514g/L), Veq le volume équivalent (L),xMa masse molaire de x (g/mol),

Msamplel@ Masse de I'échantillon (g).

7mL H,S0,
5mL H,PO, _
Boric acid K,Cr,0; solution
25mg sample (powder) (0.3514g/L)
7mL H,SO, Indicator
0.3mL HF (2 drops) V=Veq
Pt cap
T
Pt crucible * * *
o 275°C '
Heating Titration

Figure 2.6 : Sketch of the steps for colorimetric titration. Tst steps show the sample
preparation prior to the titration. The titratioa completed once the colour of solution
containing the sample turns violet-purple. The wwmduof reagent added from the burette
allows to determine the content of ferrous irothe sample powder and, thus, to deduce the

content of ferric iron.
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2.7. Mesure des propriétés électriques

2.7.1. Mesure de la conductivité électrique desregeret liquides silicatés par
spectroscopie d'impédance : concepts de base

La conductivité électrique (ou son inverse, laistésté électrique) représente
I'aptitude d’'un porteur de charge a diffuser (acturrence, dans un verre ou liquide silicaté)
suite a l'application d'un potentiel électrique. ld€pendance de la conductivité a la
température et a la pression est représentée waerdrae la loi d’Arrhénius (Arrhénius,
1889) :

o=lt= Jolexp(wj ©)
Yo 0T

avecola conductivité électrique (ohhm™), o la résistivité électrique (ohm.mgy le facteur
pré-exponentiel (ohthm™), Ea I'énergie d’activation (J/mol), P la pressitMPa), AV le
volume d’activation (criimol), T la température (K) €f la constante des gaz parfaits. Le
facteur pré-exponentiel est influencé par la temfoee (valeurs plus élevées pour T>Tg,
Pommier, 2006) et exprime I'agencement a I'échatitamique (Déportes et al., 1994 ; Caillot
et al. 1994) :

22
F-l O C

g, .
° 60T

Avec F la constante de Faraday (C/mol), | la distamoyenne de saut d’un porteur de charge (m),

()

nuO la fréquence de vibration des cations en posititerstitielle (Hz), C la concentration du paorte
de charge (mol/ci
Dans les melts silicatés, la conductivité éleceigst essentiellement contrélée par les ions, la
conductivité globale ulk) mesurée représentant la somme des contributiaigiduelles
(Gaillard, 2004). Chaque contribution peut étre niifi¢de en utilisant la loi de Nernst-
Einstein (par ex., Gaillard, 2004):
2

R ®
ou D; est le coefficient de diffusion d’un ion i (m#/sj),sa charge (C)\; la concentration de i
(m®), kg la constante de Boltzmanifi,la température absolue (K) ldt le rapport de Haven.
Hr sert a exprimer les mécanismes de migration meseurs de charge dans le melt

(Chakraborty, 1995).
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2.7.2. Acquisition des données
La conductivité électrique est obtenue a partitadeesure de I'impédance complexe.

L'appareil utilisé est un spectrométre dimpédarielartron, Schlumberger) acquis par
'ISTO en 2006. Selon le manuel d’utilisation, laégision sur la mesure d'impédance liee a
I'impédance-métre varie de 0.1 a 0.2%. Les messmg effectuées a l'aide de deux
électrodes, quelques mesures a quatre électrode&téoréalisées au CEMHTI (collaboration
avec M. Malki), en utilisant le méme appareil desare. Les mesures 4 électrodes sont
couramment utilisées en science des matériaux @oesles mesures 2 électrodes sont
largement majoritaires en géologie. Les deux teples sont comparées dans larticle
Pommier et al. 2009, accepté, présenté a la foeddhapitre. Les cellules de mesures utilisées
(configuration 2 électrodes a lbar, sous presdiaomiguration 4 électrodes) sont présentées
Figure 1 dans l'article ci-apres et au Chapitre 3.

L’'impédance complexe, Z* (ou Z) est composée d’'padie réelle (Z') et d'une
partie imaginaire (Z”) :
Z*=7-Z" (avec j2=-1) (8)

La partie réelle Z' correspond sans ambiguité eésastance électrique de I'échantillon, R
(ohm). Cela signifie que. Z* = Z' = R quand Z"= @mme illustré Figure 2.7. Z” traduit les
phénomeénes capacitifs (Z'<0) et inductifs (Z">@.est mesurée en effectuant un scan en
fréquence (de G <1Hz). Pour visualiser la réponse électriqueefmésentation dans le plan
de Nyquist (représentant Z' en fonction de Z") petférée a la représentation exponentielle
de Z (représentant le module et la phase en fana® la fréquence), le premier type de
représentation permettant d’extraire facilemengdgie purement résistive de I'impédance du
verre ou liquide silicaté. La réponse électriquendgatériau correspond a un assemblage de

résistance et condensateur, comme montré Figue 2.7
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Figure 2.7 A) Sketch of the typical electrical response dflass to a scan in frequency, in

the Nyquist plan (real vs imaginary part), aftepDées et al. (1994). The electrical resistance

R of the sample corresponds graphically to thersetion between the impedance spectra

and the real axis. B) Example of the electrical oase of the tephritic sample VES9 at 1bar,

475°C and 1225°C, in the Nyquist plan and eledtraraalog circuit (after Huebner and
Dillenburg, 1995). A fit circle (Zview software) prisles R = Rample= 1.47.18ohm, and
C=4.7.10"'F. The electrical response of the electrolyte cpoeds to the association of a

resistance, a capacitor and a Constant Phase Eld@PH) (in series or in parallel). C)

Exponential representation of the complex impedamd®), consisting in presenting both the

modulus and the phase as a function of the frequenc

42



Chapitre 2 Techniques expérimentales et analytiques

Si les spectres obtenus dans le domaine vitreux des arcs d'impédance, ceux
obtenus dans le domaine liquide présentent desurpations dues a l'inductance des
électrodes (Simonnet, 2003). Il est toutefois pgmesile corriger le signal dans le domaine
liquide, en soustrayant a I'impédance Z mesuréedaune de I'impédance parasite (Figure
2.8). Cette derniére a été obtenue avec une expérge mesure en court-circuit (Pommier et
al., 2009, accepté, cf fin de ce chapitre). Cependa valeur Z corrigée obtenue présente un
demi-cercle de polarisation qui ne représente pastement Z liquide, du fait de la
persistance de certains phénomenes de polariség®electrodes (Simonnet, 2003). Cet arc
d'impédance ne permet pas d’avoir acces au tempslakation. Notons que dans le domaine
vitreux, I'impédance de I'’échantillon est tellemgnande comparée a celle des électrodes que

la correction de Z mesurée est inutile.

| | | | | T
Dry Phonolite ° o
217 | VES19, [
| 200MPa, 1100°C $ s |
Z corrected
£ 0 ¢
E T
= R e
N T o
[ ]
L
2+ o —
i Z measured ® |
[
4 | ‘ | ‘ | ‘ | ‘ |
0 5 10 15 20 25
Z' (ochm)

Figure 2.8: Measured and corrected impedances for the dry piterad 1100°C, 200MPa
using 2-electrode measurements. Correction was doneperforming a short-circuit
experiment. The real part of Z short-circuit, reprasg the contribution of the electrodes, is

about 2ohms. The value of the corrected electricaidactivity is obtained using the

resistance value R and Eq. 8.

Une fois la valeur de résistance R (ohm) obtefai€onductivité correspondante
(ohm.m)* est obtenue & I'aide du facteur géométrique G: (m)
o =1/(RG) 9
Pour les mesures a 2 électrodes, I'échantilloneagéométrie cylindrique, inspirée de I'étude
de Gaillard (2004). Ce type de cellule de mesuserasune bonne cohésion de I'assemblage
ainsi qu’'une géométrie de I'échantillon constanteaurs de I'expérience. De plus, avec cette

géomeétrie, I'échantillon se fixe facilement aprés tannes de I'obturateur de l'autoclave
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(mesures sous pression) et aprées le porte-écloandill four a 1atm. Le détail des connexions
pour lier de maniére optimale le spectrométre dédgnce a la cellule de conductivité placée
dans le four 1atm ou l'autoclave a été étudié drmamier (2006), rapport de stage ingénieur
et de Master de Recherche. Les autres configusatieria cellule de mesure présentées dans
la littérature sont comparées dans I'article Pommiial., 2009, accepté.

Pour chaque mesure a (P, T) fixées, les mesurdsréidérées jusqu’a l'obtention
d’'une valeur de résistance stable. Dans la plu®stcas, cette stabilité est immédiate. Mais |l
arrive que le temps d’atteinte d’une valeur stadwé beaucoup plus long, comme illustré
Figure 2.9. Ces changements au cours du tempdiéedt des changements chimiques. Dans
le cas de la Figure 2.9, ils sont attribués a $salution des cristaux de leucite, la mesure
etant effectuée a la frontiére du liquidus. En asamhles cristaux de leucite a des spheres,
I'utilisation d’un formalisme de diffusion (Crankk975, cf Chapitre 3, Eq. 14) a permis de
déterminer le coefficient de diffusion lié a lagbiution des cristaux. En considérant un rayon
moyen de sphére de 300microns, d'aprés des obmsryadu microscope, une valeur de
1.2.10"m?/s est obtenue. Dans le Chapitre 5, la sensihikt la conductivité électrique aux
changements chimiques a été utilisée pour suigrmlution des réactions redox au cours du

temps dans I'échantillon.

0.72

o (ohm.m)-1

Dry phonolite VES19
Stabilization at 1050€, 2kbars

0.62 \ \ \ \
0 40 80 120 160 200
Time (min)

Figure 2.9 Time-dependence of the electrical response ofltiigohonolitic melt at 1050°C,
200MPa. The long time span (~180min) requesteddohra stable value is attributed to the
dissolution of crystals (leucite) formed while csog) the interval of crystallization (during
the heating cycle), since this temperature is cluwsehe liquidus temperature. The fit
corresponds to the formalism of diffusion in a tays-assimilated to a sphere (Crank, 1975)
and provides a diffusivity value of 1.2:1n?/s, considering an average radius for the crystal

of leucite of 300microns.
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Les mesures ont été effectuées dans des verdes diquides silicatés, i.e. en dehors
de l'intervalle de cristallisation. En effet, leseprieres expériences réalisées pendant le stage
ingénieur/M2R  (Pommier, 2006) ont montré que lesistaux se développent
préférentiellement a I'interface avec les électeodesont donc une source de pollution de la

réponse électrique mesurée (Figure 2.10).

External
electrode « Rosaceous »
(Pt tube rim) leucite
Glass

Figure 2.10: SEM photomicrograph of the dry phonolite sample laarl The preferential

growth of leucite on the Pt electrode wall (rosaseshape) is clearly visible.

Par ailleurs, la mesure électrique étant globaldékjpla contribution du liquide et des
cristaux est mesurée sans connaitre leurs propsrtespectives. Par conséquent, il n’est pas
possible de contrdler précisément ce qui est mesletiet des cristaux, ainsi que celui des
bulles, sera discuté au Chapitre 3, en considéraamment les différents modéles
mathématiques permettant d’obtenir la conduct#&ié&trique d’un magmamagma a partir de
Oliquide, Ocristaux €t Opbulles L€S dOomaines vitreux et liquides ont été ideédifen realisant des

trempes \Wire loop techniqued’échantillon a différentes températures a 1bagure 2.11).
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Figure 2.11: Conductivity as a function of temperature for thmy ghonolite and the dry
tephriphonolite from Mt. Vesuvius, at 1bar. Measoeats in both the glass and liquid
regions. The glass transition is identified as &kim slope. The effect of crystals is not
visible in the phonolite sample. This can be ex@diby the small time span spent to cross
the intervall of crystallization that probably pests the crystals from growing in the
conductivity cell. SEM photographs correspond tocese of samples placed close to the

conductivity cell and quenched at different tempees (wire loop technique).

2.8. Re-évaluation de la conductivité électrique demelts silicatés

Les mesures électrigues en laboratoire sur dessnséitatés sont utilisées pour
interpréter les anomalies géophysiques (en I'oenwe, magnétotelluriques). Sur la base de
mesures a 2 et 4 électrodes, nous avons montrg,l'daticle qui suit, que I'influence de la
cellule électrique du systéme a 2 électrodes saptaluctivité mesurée (ou son inverse, la
résistivité) peut avoir une importance significatipour les melts peu résistifs et augmente
avec la température. A 1400°C, la résitivité dedtsnrés conducteurs mesurée avec 2
électrodes peut atteindre six fois la valeur deasti#gé mesurée avec 4 électrodes. Une
expérience en court-circuit est nécessaire pourigenr les données a 2 électrodes. La
contribution des électrodes a été aussi estimée @ges échantillons d’études antérieures,
pour lesquelles la résistance de la cellule épatripeut étre aussi élevée que la résistance de
I’échantillon. Une correction des données de rg#tistde la littérature est proposée et les
valeurs des parametres énergétiques correspon iattgation d’énergie et facteur pré-

exponentiel) sont recommandées.
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Abstract

Electrical impedance measurements in laboratorylmate melts are used to interpret
magnetotelluric anomalies. On the basis of two- fand-electrode measurements, we show
that the influence of the electrodes of the 2-etetd system on the measured resistivity can
be of significant importance for low-resistivity ftee and increases with temperature. At
1400°C, the resistivity of very conductive meltsamared with two electrodes can reach six
times the resistivity value measured with four gleaes. A short-circuit experiment is needed
to correct the 2-electrode data. Electrodes contabus also estimated for samples from
other studies, for which the resistance of thetetad cell can be as high as the resistance of
the sample. A correction of the resistivity datanfrthe literature is proposed and values of

the corresponding Arrhenian parameters are recometen

Keywords: impedance measurements, resistivity, melts.

1. INTRODUCTION

The knowledge of the electrical properties of medtaeeded for the interpretation of
magnetotelluric profiles (Wannamaker et al. 2008shino et al. 2006; Tarits et al. 2004,
Muller and Haak 2004; Roberts and Tyburczy 1998}). déxample, both magnetotelluric data
and electrical measurements in laboratory allowesl identification of partial melt in the
asthenosphere below the East Pacific Rise (Yoshiab 2006). The information provided by
electrical measurements in laboratory is of sigaifii interest to the interpretation of
geophysical anomalies, in terms of quantitativest@ints placed on potential conductive

magma reservoirs (Pommier et al. 2008; Gaillarcalet2008) and for the elaboration of
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conductivity models (Xu et al. 2000). Since elaeticonductivity (or resistivity) is extremely
sensitive to small chemical and physical changesgpresents a subtle probe for studying
silicate melts properties under controlled andatde conditions (T, P, composition and,fO
(Pommier et al. 2008; Gaillard and lacono Marzigf65; Gaillard 2004; Tyburczy and Walff
1985, 1983). Several studies have contributed tprone the technique of electrical
impedance measurements over the past decadesfpajto et al. 1987; Hodge et al. 1976;
Bauerle 1969).

Experimental difficulties raised by electrical me@snents include the maintenance of
a well-constrained electrical cell geometry andrbeessity to limit the interactions between
the sample and the components of the electricdl teladdition, the problem of the
contribution of the electrical response of the &taes to the measured resistance can be of
non negligible importance (Tyburczy and Waff 19&8)d needs to be quantified. Most
electrical measurements of natural silicate metes 2-electrode based, whereas the 4-
electrode system is mostly used by the materi@nsei community. The resistance of the
electrodes (Rectrode} IS included in the impedance measured by thee@uglde system, which
can affect the electrical response of the samgfedeve resistance), particularly for low
resistivity melts. It is therefore important to &wate the contribution of the electrodes in the
experimental conductivity database for silicate tmeBecause this problem concern most of
the current database of electrical resistivities natural melts, it also raises a direct
implication in the interpretation of magnetoteltuprofiles in molten or partially molten
regions of the Earth’s crust and mantle.

The main goal of this study is to address the imfteeof the electrode configuration
on the measurement of the resistivity of melts ahoratory. We measured the electrical
response of three silicate melts (a basalt, a dherand a borosilicate) using two different
techniques, based on 2- and 4-electrode measureniegeriments were conducted at 1 bar
and in the T range [800-1430°C]. The influence ofdfextrical response of the electrodes on
the 2-electrode data was identified, demonstratiegneed for a significant correction of the
impedance measurements. Errors on resistivity vatiesilicate melts due to electrodes
contribution were estimated for the investigatethglas as well as for samples from other
studies. We recommend values of corrected Arrheparameters for the calculation of

electrical resistivity of natural silicate melts.
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2. EXPERIMENTS

2.1. Starting products

The three starting materials were a borosilicatarstized at the CEMHTI (CNRS-
Orléans, France), a phonolite from Mt. Vesuviusnffoer et al., 2008), and an alkali basalt
from the Pu'u’ ‘O’o volcano (Kilauea). The compositi of the Kilauea basalt is close to the
typical composition of MORB-type basalts. The sammplere chosen for their differences in
chemical composition and their geological interebhe starting materials were finely
crushed, melted in air at 1400°C during ~1h andhghed into a glass. The composition of
the starting glasses is presented in Table 1. Fo2tblectrode measurements, the starting
materials were melted in air in a Pt crucible ama&l tesulting bubble-free glass was drilled to
cylinders (Pommier et al. 2008). For the 4-eleatrodeasurements, the starting materials
were melted in an alumina crucible which was diyeased in the electrical conductivity

measurements (Simonnet et al.2003).

2.2. Basic concepts of complex impedance measurertgen

Complex impedance measurements allow to study atiothu processes by
discriminating most of polarization effects obsehduring a scan in frequency (Bruin and
Franklin, 1981). While the electrical resistancegeblogic materials has been measured for
almost one century (e.g. Volarovich and Tolstoi, @93mpedance measurements applied to
solid electrolytes are more recent (Bauerle, 1968urczy et Fisler, 1995 and references
therein). The interpretation of impedance spectrgeims of transport mechanisms has been
widely investigated (Roberts et Tyburczy, 1994; bluer et Dillenburg, 1995; Roling, 1999).

Impedance spectroscopy consists in recording #atredal impedance of a material at
variable frequency. An ac current is delivered l@sw two “current electrodes” and an
induced ac voltage drop is measured between twdtdlye electrodes”. The complex
impedance Z* is deduced, Z*=U*/I*, U* being the W@je drop vector and I* being the
current vector (Simonnet et al. 2003). In the Ztetmle system, current and voltage
electrodes are conveyed through only two electrodes

The complex impedance Z* is the sum of a real antraginary parts: Z*=R+jX, R
being the electrical resistance and X the reactahlees, the determination of the electrical
resistance of a material consists in extractingéaé part of the complex impedancegrial
(Bagdassarov et al. 2004; Gaillard 2004; PommiealeR008). The electrical resistivify

(ohm.m) is deduced from the value of R (ohm) bygshe following relation:
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p =GR (2)
where G is the geometric factor (m) and dependgherdimensions of the material studied

and on the distance between electrodes.

Table 1: Composition of the starting glasses.

Sample Borosilicate Phonolite Kilauea basalt
SiO, 50 55.73 49.96
TiO, 0 0.16 2.41
Al ;O3 8 21.94 13.24
FeOt 2 1.95 10.88
MnO 0 - 0.13
MgO 0 0.19 7.50
CaO 0 2.87 10.58
Na,O 22 6.11 2.29
K,0 0 10.14 0.38
B,0Os 18 - -
Total 100 99.09 97.89

2.3. Experimental setups

The two experimental setups are presented in Fibar@-electrode experiments were
performed at the ISTO and 4-electrode experimenthea CEMHTI (Orléans, France). All
experiments were conducted in air. In both casesglass sample was placed in the hot spot
of the furnace. Temperature, monitored with a Eheoh controller, was measured by a type
S thermocouple, placed adjacent to the conductied@l, and is known to within £2°C.
Impedance was measured in response to an AC digrtae 1Hz-1MHz frequency range
using an impedance gain/phase analyzer (Solartg@®,1Schlumberger Co.), the voltage
amplitude being 0.1 to 0.5V.

In the 2-electrode configuration, the two groupsvefded electrodes are connected to
a Pt tube (external electrode) and a Pt wire (iraleelectrode), respectively. The cylindrical
geometry of the sample (L from 3.5 to 9mm; OD frdrd to 7.5mm and ID=1mm) implies
the electrical resistivity to be coaxially measurg&h alumina plug prevents the two
electrodes from being in contact with each othem{mier et al. 2008). In the 4-electrode
configuration, two Pt sheets serve as current reldes and two Pt wires measure the voltage
drop. The four electrodes are connected separttetile impedance spectrometer and the
resistivity is measured between the wires. Thes®iRt are totally immersed in the liquid

sample contained in the alumina crucible (L>10mnD=G0mm). As shown in Figure 2,
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measurements performed at different immersion depthithe electrodes underline that the
wetting effect on the measured electrical resigtaiscnegligible for an immersion >5mm

(similarly to Gaillard et al. 2008 for very condivet carbonate liquids with high wetting

properties). All 4-electrode measurements wereoperdd at an immersion depth of ~8mm.
The precision of the immersion depth of the ele#soin the melt is controlled by a
mechanical displacement system allowing the depthet determined with a good precision
(0.02mm, Malki and Echegut 2003).

Equivalent electrical circuits are presented inuréglb for both configurations. The
different components of the electrodes (condustieill parts + connecting metallic wires)
are associated in series with the effective complepedance of the sample (&pi-
Contrary to the 2-electrode system, the currenihén4-electrode setup is not delivered in the
loop of measurement of the potential. As a reshé, electrical impedance of the cell is not
involved in the measured impedance {&%sure) and:

Z* measured™ Z* samplet Zinduct (2)

where Ziquet (the imaginary part X of Ziecrode) represents the inductive effects of the
electrodes and was found to be negligible for fesges <0.1MHz (Simonnet 2004).
According to Figure 1b, the impedance measuredyusi?-electrode system can be written:
Z* measured™ Z*samplet Z* electrodes= [R+]X] samplet [Ret partst Z”inductt (Rool /1 Cool)lelectrodes — (3)
where Ry partslS the resistance of the Pt tube and Pt wires (Eida) and the associatio.R

Il Cyoi represents the polarization effects (ionic dodaier). The best method for estimating
the electrode contributions is to conduct a shiodddt experiment. Because Pt resistivity is
temperature-dependent, short-circuit measuremenist rhe done at temperature. This
experiment consists in connecting the two elecsod&h a small Pt wire (Figure la).

Electrical measurements are performed on an enghtyi®. without sample) and Zr-circuit

— 7%
=Z electrode
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Figure 1. 2-electrodes and 4-electrode configurations. ewing of the electrical cells
connected to the impedance spectrometer. U angrkesent the “voltage” and “current
electrodes”, respectively. The connection of theléttrodes for the short-circuit experiment
Is represented by the dashed line. Note that tbet-shrcuit experiment is performed on a
free-sample cell. b) Equivalent circuit of bothlseWith the 2-electrode setup, the resistance
of the electrodes is counted in the measured impeEdé&Z*measured). See text for details. c)
Electrical responses observed in the Nyquist pEn4”) for the Kilauea basalt at 1300°C.
The resistance of the sample R(ohm) is obtained’far O and represents the real part of the
complex impedance (Z’). The higher value of R ia thelectrode system is attributed to the
contribution of the resistance of the two electodéhe short-circuit measurements underline

the contribution of the cell in the 2-electrode fguration.
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2.4. Data reduction and calibration

An example of the electrical response of the sangpbescan in frequency is presented
in the complex plane (Z’, Z") Figure 1c. Graphigalthe value of the electrical resistance R
corresponds to the intersection of the electriegponse with the real axis (i.e. Z’=0). The
first part of the response (Z'<R and Z">0) reprdsehe induction effects whereas the second
part (Z>R and Z"<0) is attributed to the impedant¢he interface between the sample and
the electrode (Huebner and Dillenburg 1995).

The determination of the resistivity valyg requires the determination of the
geometric factor G (Eq. 1). For the 4-electrodefigomation, G was determined through the
calibration of the cell. Calibration was performeging three aqueous KCI solution (0.01, 0.1
and 1M) of known resistivity at room temperaturtarslard liquids are generally used for this
calibration (Wu and Koch, 1991). The geometricdaci the 4-electrode cell is calculated by
measuring the resistance R of the KCI solution asidg Eq. 1. Similar values of G were
obtained using the different KCI solutions and ¢fe@metric factor was found to be 0.039m.
For the 2-electrode configuration, the diffusiomnf@alism in a cylinder in which diffusion is
coaxial (Crank 1975) showed that G can be writeefollows:

G = 27
IN(deye/ i)

where L is the length of the cylindrical glass séamply is the outer diameter anghtthe

(4)

internal diameter. A constant value of the georadaictor during the experiment is assumed.
The uncertainty op due to error propagation of typical uncertainbesR, L, dyx and @ is
in the range of 7-12.5% for all melts. Eq. 4 yieldalues of G ranging from 0.015 to 0.019m.
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These values were confirmed by the calibration hef 2-electrode setup cell using KCI
solution (1M).

2.5. Chemical characterization of the samples

Most glass samples were analyzed after the expatinvith a Camebax SX-50
electron microprobe in order to check for interacs between the sample and the cell parts
(Pt and alumina). Analyses were conducted at 15 &\W1A, 10 s on peak and 5 s on
background. No significant variations in oxides temnis were measured in the samples after
2-electrode experiments, in agreement with the roasens of other studies using similar
electrical cells (Pommier et al. 2008; Gaillard 2D0ron was found to be present at very low
concentrations (<0.5wt%) in the Pt electrodes ftbm 2-electrode setup. Iron depletion was
thus too small to change significantly the FeO eonbf the melt. Therefore, we considered
that iron loss was of minor importance in this stuBlectron microprobe traverses were
performed in one sample from the 4-electrode erpamis in order to estimate the
contamination of the melt by the alumina crucil#&:03; enrichment was found to affect the
melt on a distance <1mm from the,@k crucible/melt interface. The melt volume occupied
by the immersed electrodes (see Figure 1a) is patiadly concerned by the contaminated
melt. A contamination of the whole volume of maliedo convection can be excluded, due to
the small value of the Rayleigh number (<200, Jeugrad Tait 1995).

3. RESULTS

The electrical resistivities of the three investegamelts measured using the 2 and 4
electrode configurations are presented Figure 3. Badh configurations, measurements
during heating and cooling cycles yielded similasistivity values, which demonstrates
reproducibility (in agreement with Pommier et ad08 and Malki and Echegut 2003). The
short-circuit experiment was performed with thel@tode system, from 800 to 1400°C. A
resistance from 1.5 to 2o0hm was measured in thienge, corresponding to the contributions
of the electrodes. The configuration adopted ferghort-circuit experiment (Figure 1a) does
not take into account the resistance of the comdtyctell (Pt tube and inner Pt wire). The
resistance of these two Pt parts was calculateth@mvestigated T range using the known
resistivity of Pt and Eq. 1. At 1200°C, the resista of the Pt tube and inner wire (external
and internal electrodes, respectively) represess lthan 1% of the resistance of the

conductivity cell, the 99% corresponding to theMites (cf Figure 1a). This result underlines
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the very low contribution of the Pt tube and inmere to the whole electrode resistance and
validates the configuration used for the shorttgircexperiment. For all 2-electrode
experiments, the resistance of the electrodes wdso#d from the measured resistance at
each T:
Rsample= Rmeasured— Relectrodes (5)

and Psample= Peorrected= G-Rsample (6)
These corrected resistivity values correspond ¢o“#electrode corrected” data in Figure 3.
The good agreement between 2-electrodes correat ahd 4-electrode data is clearly
shown.

The principal result shown in Figure 3 is that fhelectrode setup used in this study
implies a low correction on the measured resistiwalues of low-conductive melts
(phonolite and basalt), while electrical measuresien high-conductive melts (borosilicate)
require either to perform a short-circuit experitném order to quantify the electrodes
contributions or the use of a 4-electrode setupe Thrrection on 2-electrode data of
resistivity values of the basaltic liquid only repents between 2 and 10% of the 4-electrode
value and is thus negligible for our coaxial expenmtal setup. The correction of the 2-
electrode data was found to increase with tempexalthis can be easily understood since the
electrical resistivity of silicate melts decreaseth increasing T whereas the resistivity of Pt
wires has the opposite behaviour. As shown in E@Jithe influence of the electrodes affects
dramatically the resistivity of the less resistivelt (borosilicate). Indeed, at 1400°C, the
resistivity measured with the 2-electrode system@5@hm.m) is six times higher than the
resistivity value given by the 4-electrode systed0@8ohm.m). A slight but noticeable
difference was observed for the data of the phtdoatelt at the highest temperatures: at
1260°C, the resistivity value from the 2-electraggeriment is 0.1ohm.m greater than the
value measured in the 4-electrode experiment, sporeding to an error on the 4-electrode
value of 37% (=100.(-electrodeP4-electrodd/ Pa-electrodd= 100.(0.1/0.27)).
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Figure 3: Dependence of the electrical resistivity with perature for the three investigated
melts using 2-electrode (triangles) and 4-elecisodasterisks) configurations. Circles
correspond to the 2-electrode data without therdmriton of the resistivity of the electrodes
(“2-electrode corrected”). See text for detailssdhgraphs focus on the high temperatures

data. Error bars shown for the 2-electrode corcedtda.
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Measurements were performed at high temperaturesa olarge interval. The
temperature dependence of the electrical respohfieeanvestigated samples is shown in
Figure 3. All the data can be fitted by an Arrheni@armalism:

1. —Ea
o= ao.exp{ =T } (7)

with o the electrical conductivity (ohm.f)p the electrical resistivity (ohm.m, the pre-
exponential factor (ohm.rt) Ea the activation energy (J/mol), R the univegss constant
(J.moi*.K™ and T the temperature (K). Values of the Arrherparameters calculated from
4-electrode measurements are similar to those #afectrode corrected measurements and

are presented in Table 2.

Table 2: Values of the energetic parameters.

Sample Corrected* Uncorrected Corrected*  Uncorrectéd
Lnoo (ochm.m)'  Lnog (ohm.m)* Ea (kJ/mol)  Ea (kJ/mol)

Borosilicate 1@1.5; 0.1) 5(0.5; 0.1) 73(14;1) 31(5.5;2)
Phonolite 80.6; 0.1) 7(0.5; 0.2) 83(7; 2) 79(5; 2)
Kilauea basalt 141.5; 0) 13(1.5;0.1) 177(22; 1) 167(17; 2)

* Corresponds to results from 2-electrode measungsrarrected. Similar results with the 4-
electrode measurements. See text for details.

° Corresponds to results from 2-electrode measuremen

Relative errors and standard deviations in termsadt unit cited on Ea and gvalues are
shown in parenthesésrror; standard deviation)

Error propagation has been estimated using the enrhno and Eq. 7.

LnOI AR+ -1 LnOI Al +|——
R di 2/RI? di 27RI d 272RI d|

with AX the error on XAR=0.50hm, andde=Adi=Al=0.1mm.

ALng = (1/0).A0:

4. DISCUSSION
Experiments performed with our 2-electrode setapehunderlined the importance of
the contributions of the electrodes to the measuesistivities of very low resistivity
materials. Comparison was made with other 2-eldetreetups from other studies. Setups
characteristics are listed in Table 3 and resuésspmesented in Figure 4. The 2-electrode
setup used in this study is similar to the setugglus Pommier et al. (2008) (experiments on

dry and hydrous tephritic to phonolitic sampleskiltard and lacono Marziano (2005)
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(basalt) and Gaillard (2004) (dry and hydrous rhighl Only the sample dimensions slightly
changed, modifying the value of G (Eq. 4). The Issof the short-circuit experiment
performed in this study can be applied to correetresults from the studies mentioned above.
Our setup was compared with the techniques predemteRai and Manghnani (1977)
(basalts), Waff and Weill (1975) (trachyte and asii@g and Presnall et al. (1972) (synthetic
basalt). The electrical response of the electrodes estimated using indications given in the
different studies. For studies using the loop témpha (Rai and Manghnani 1977; Waff and
Weill 1975), the resistance of the electrodes apwads to the sum of the resistances of two
metallic wires, calculated as follows:
I

Riire = pwire'g (8)
with pyire the resistivity of the metal (ohm.m) (given in titerature), | the length of the wire
(m) and S the cross-section area of the wire (Régarding the study from Presnall et al.
(1972), the resistance of the Pt wires was estanasing Eq. 8 and the resistance of the
conductivity cell was calculated using Eq. 1 foe idopted cell geometry (consisting in two
Pt crucibles fitted into each other). The sum dhb@sistances (wires and conductivity cell)
corresponds to the resistance of the electrodeserdm of ~20% is assumed on calculations
of Reen, due to the lack of information regarding the bngf metallic wires or the geometry
cell.

The contributions of the electrodes to the meakuesistance were estimated using
the RneasurelRelectrodesfatio for this and previous 2-electrode studiasid are presented in
Figure 4. The coaxial setup used in our laboratsrgfficient for measuring the electrical
properties of dry natural silicate melts {BRsurelRelectrodes >5) and the correction of the
electrodes contributions will not significantly mfydthe measured resistance. In Gaillard
(2004) and Pommier et al. (2008), the lowest valokthe RheasurelRelectrodesratio were
obtained for the hydrous rhyolite and hydrous phiteiaespectively, i.e. the most conductive
investigated samples. For these samplesciBies represents 10 to 40% ofsfRpie the
contribution of the electrodes to the measuredstasce increasing with increasing T. The
low values of the ratio for the borosilicate fromststudy and carbonatites from Gaillard et al.
(2008) underline the need in conducting short-gir@xperiments prior to 2-electrode
measurements on very conductive melts. In Gaikdral. (2008), who performed 4-electrode
measurements, a comparison between 4-electrode @&nelectrode data on
(Na,K,Ca.25)2(C0O5), at 740°C has shown that electrodes are less coweuthan the

carbonatite melt. Using a 2-electrode setup sinbdahe one of the present study implies that
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the correction of the resistance of the electradasot needed for low conductivity values,

while it can be critical for high electrical condivity values.
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Figure 4. Ratio of the measured resistance and the resistainthe electrodes for this study
and other studies of the electrical conductivity sificate melts using 2-electrode
measurements. P et al. 08: Pommier et al. (2008}, &k 08 : Gaillard et al. (2008), GIM 05 :
Gaillard and lacono Marziano (2005), G 04 : Gaill§2004), RM 77 : Rai and Manghnani
(2977), WW 75 : Waff and Weill (1975), Pr et al. 7Presnall et al. (1972). The lower the
ratio, the higher the contribution of the electricall to the measured resistance.
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Chapitre 2

Table 3: Characteristics of the 2-electrode setups us@devious studies.
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The critical parameter controlling the electrodestribution is the dimensions of the
metallic wires. According to Eq. 8, the smaller thameter and the longer the length of a
metallic wire, the higher the resistance of theewamnd, thus, of the electrodes. This is
particularly critical for measurements using thegddechnique, since the cell components are
two long metallic wires of small diameter (~0.2 t6rfdm) (Rai and Manghnani 1977; Waff
and Weill 1975). The calculation of the sample getin factor as well as technical
considerations regarding these two previous studieketailed in Waff (1976). The adopted
configuration leads to an important contributiontloé electrodes to the measured resistance:
Relectrodes~>0hm at 1500°C for both studies, whilgeRurediS about 6 to 100hm at the same
temperature. An important effect of the electrodasthe electrical measurements was also
calculated for the setup used in Presnall et &7Z) at 1500°C, the contribution of the
electrodes to the measured resistivity represéits 3

Whatever the 2-electrode setup used, the elecdradatribution decreases with
temperature. As a consequence, the correctionedé@rode measurements is negligible for
low conductivity values, such as the conductivitiy glicate glasses and solids (e.qg.
Wanamaker and Duba, 1993; Behrens et al. 2002ePale 2008; Pommier et al. 2008).

Errors on resistivity values determined using eléttrode system can be importance
in the interpretation of magnetotelluric anomalieaboratory data are needed to interpret
high conductive zones detected in the Earth’s imteand, particularly, to put constraints on
the composition and storage conditions of the nizdfpending on the cell configuration and
the length of the connecting metallic wires, meaduesistance can be twice as great as the
effective resistance of the melt, because of ades contributions (Figure 4). A similar
change in the electrical response of a silicatet nelobserved when increasing the
temperature of several hundreds of °C or addingwavit% of water (Pommier et al. 2008;
Gaillard 2004; Tyburczy and Waff 1983, 1985). Thaentification of the electrodes
contributions (Figure 4) in the electrical measusais from other studies allowed the
correction of resistivity values. Based on thesgemed resistivities, we have determined
Arrhenian laws for each melt. The correspondinghAnian parameters, bp and Ea, are
presented in Table 4 and compared to the originblighed values. These corrected values
allow the determination of the electrical resigtivof natural melts on a wide range of
chemical composition. The improvement of the intetation of anomalies detected by
geophysical methods is also a matter of electnoahsurements in laboratory, including the

technical concern of the contributions of the elmb¢s.
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Table 4: Recommended values of the Arrhenian parametesdicdte melts after the

correction of 2-electrode measurements.
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5. CONCLUSION

Electrical impedance measurements using 2-electandie4-electrode systems have
been used to discriminate the electrodes contahstof the 2-electrode setup to the measured
resistance. The electrodes contributions are ddsdndy the electrical response of the
connecting metallic wires and are successfully ielated by performing a short-circuit
experiment. A correction of the electrodes contidouis possible only if the dimensions (in
particular, the length of the metallic wires) arelvconstrained. The 2-electrode setup used in
this study is particularly efficient for measuritige electrical resistivity of low-conductive
melts (like most natural silicate melts), wherdaes ¢lectrode contribution can be important
for very conductive melts (like carbonatites). Sfigant electrode effects, particularly for
low-resistive melts and at HT were observed foreptB-electrode setups from previous
studies. Errors on the corresponding resistivitjes of the melts can be non-negligible in
the interpretation of magnetotelluric anomaliescokrection of the database of the resistivity
of natural melts was performed and recommendedesabf Arrhenian parameters were

proposed.
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Obijectifs de ce chapitre

L'interprétation quantitative des anomalies magtedturiques (MT) en contexte
volcanique nécessite la réalisation de mesuresodductivité électrique en laboratoire sur des
compositions magmatiques naturelles. Les condtésivélectriques de trois laves du Vésuve
(Italie) ont été mesurées a l'aide d'un spectroenétiimpédance. Les expériences ont été
conduites sur des verres et des liquides entreetQ@00°C, a pression atmosphérique et a plus
hautes pressions (jusqu’'a 400MPa). Des échantiBioiasfois secs et hydratés ont été étudiés, la
teneur en eau allant jusqu'a 5.6%mCH Un changement dans le mécanisme de conduction
correspondant a la transition vitreuse (Tg) a éstématiquement observé. Les données de
conductivité ont été reproduites pour chaque édiantpar des lois d’Arrhénius, de part et
d’autre de Tg. La conductivité électrique augmexvec la température et augmente dans l'ordre
tephrite, phonotephrite a phonolite. Pour les tomimpositions étudiées, augmenter la pression
diminue la conductivité, bien que l'effet de la gg®n soit relativement faible. Des volumes
d’activation similaires ont été obtenus pour lesistrcompositions AV=16—24cni.mol™).
Augmenter la teneur en eau du liquide accroit ladoetivité. La comparaison des énergies
d’activation (Ea) issues de la conductivité et’datb-diffusion du sodium, ainsi que l'utilisation
de la loi de Nernst-Einstein ont permis d’'identifie sodium comme porteur de charges principal
dans nos liquides et probablement dans les veoresspondants. Nos données et celles d’études
antérieures mettent en évidence une corrélatiore ées parametres arrhéniens Ea apdUne
méthode semi-empirique permettant la déterminadieria conductivité électrique des liquides
magmatiques naturels est proposée, dans laquellesEaalculée sur la base du modeéle
d’Anderson-Stuartgy est obtenu a partir de la loi de compensatiaiveest déterminé a partir de
nos données expérimentales. Le modele permet delealla conductivité électrique pour
'ensemble des compositions des liquides du Véstiyeeédit également de maniére satisfaisante
la réponse électrique d’autres compositions desmiedts données de conductivité électrique pour
les melts et les magmas du Vésuve sont [égeremiénieiures a 'anomalie électrique révélée par
les études magnétotelluriques.

Un magma étant une suspension a trois phasesdg@igsolide, gaz), l'intégration de

I'effet des cristaux et des bulles sur la conduigi¢lectrique des magmas est considérée plus en
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détail a la fin de ce chapitre (Appendice 1), demaé&ue la notion de temps de relaxation des

échantillons étudiés (Appendice 2).
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Laboratory measurements of electrical conductivitzhydrous and dry Mt.

Vesuvius melts under pressure

Article publié dans le Journal of Geophysical Resel, VOL. 113, B05205,
doi:10.1029/2007JB005269, 2008.
Pommier A% Gaillard F.? Pichavant M*? Scaillet B.>?
'Université d’Orléans, Institut des Sciences de éard d’Orléans, UMR 6113, 45067, Orléans,
France
“CNRS/INSU, Institut des Sciences de la Terre d4Pdé UMR 6113, 45071 Orléans, France

Abstract

Quantitative interpretation of MT anomalies in \ai@ regions requires laboratory
measurements of electrical conductivities of natureagma compositions. The electrical
conductivities of three lava compositions from Mesuvius (Italy) have been measured using an
impedance spectrometer. Experiments were condwsieoth glasses and melts between 400
and 1300°C, and both at ambient pressure in airaaimigh pressures (up to 400MPa). Both dry
and hydrous (up to 5.6 wt% ,8) melt compositions were investigated. A changethef
conduction mechanism corresponding to the glassitran was systematically observed. The
conductivity data were fitted by sample-specificrtfamnius laws on either side of Tg. The
electrical conductivity increases with temperatumad is higher in the order tephrite,
phonotephrite to phonolite. For the three composgiinvestigated, increasing pressure decreases
the conductivity, although the effect of pressuserelatively small. The three compositions
investigated have similar activation volumés/€16-24 cni/mol). Increasing the water content
of the melt increases the conductivity. Comparigbactivation energies (Ea) from conductivity
and sodium diffusion, and use of the Nernst-Einstelation allow sodium to be identified as the
main charge carrier in our melts and presumably mighe corresponding glasses. Our data and
those of previous studies highlight the correlatietween the Arrhenius parameters Ea@nd\
semi-empirical method allowing the determination tbé electrical conductivity of natural
magmatic liquids is proposed, in which the actmatenergy is modelled on the basis of the
Anderson-Stuart modetyp, being obtained from the compensation law aMifitted from our

experimental data. The model enables the electcmadiuctivity to be calculated for the entire
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range of melt compositions at Mt. Vesuvius and alsalicts satisfactorily the electrical response
of other melt compositions. Electrical conductivitgta for Mt. Vesuvius melts and magmas are

slightly lower than the electrical anomaly reveabydVT studies.

1. Introduction

Electrical conductivity anomalies are revealed rhggnetotelluric surveys in volcanic
regions [Jones, 1999; Partzsch et al., 2000; HoffrRRothe et al.,, 2001; Brasse et al., 2002;
Scarlato et al., 2004]. Their interpretation regsiexperimental data and models of electrical
conductivity for natural magmas. Electrical conduity reveals the mobility of charge carriers in
the presence of a gradient in electrical potentibérefore, this property is extremely sensitive to
chemical composition, as well as to phase assemblagd texture [Roberts and Tyburczy,
1999]. As a first step, models of electrical cortduty of silicate melts as a function of
composition are needed. Gaillard [2004] presentectrical conductivity data for a silicic melt
composition at different temperatures and pressupe® 400 MPa. An increase in conductivity
associated with the addition of water was obsendillard and lacono-Marziano [2005]
demonstrated changes in electrical conductivityimdurcrystallization of an intermediate
composition magma and attributed the modificatiolnserved to variations in the composition of
the residual melt. Here, we use these approachpsotade the first measurements of electrical
conductivity for the potassic series of Mount Vassv(ltaly). The electrical conductivity is
essentially rate controlled by the mobility of dfparcarriers, the information sampled by
impedance spectra attracts attention because heased to express processes of mass transfer
within a silicate melt.

Eruptive products coming from the high-risk volmarsomplex Mount Vesuvius were
considered in this study. Several geophysical nreasents [Zollo et al., 1996, 1998; Di Maio et
al., 1998; Auger et al., 2001; Manzella et al., £0Runziata et al., 2006] detected anomalies
under Mount Vesuvius at a depth ranging approxilmdtem 6 to >20 km above sea level. In
particular, the magnetotelluric (MT) data show evide for a low-resistivity zone at a depth of
approximately 6—8 km. Seismic studies [Zollo ef 8096, 1998; Auger et al., 2001; Nunziata et
al., 2006] have identified a low-velocity layeramparable depths and characterize this zone as
being less resistive than its local environmentchSan anomalous layer, imaged both by the

electromagnetic and the seismic data, may be &g as a molten magma chamber (see
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references above). To test this hypothesis, dath@electrical conductivity of Mount Vesuvius
magmas are required. This study aims at proposioly data. A comparison between laboratory
and field measurements of electrical conductivity an essential tool for improving the
interpretation of geophysical data and for bettefining geostructural features [Roberts and
Tyburczy, 1999]. Previously, Scarlato et al. [200Bhve used electrical conductivity
measurements to assist the geophysical intergyegatin the internal structure of Mount Etna.
The use of laboratory measurements to interprit @ata presents an innovative aspect for any
region of Italy [Scarlato et al., 2004] and theenaist in studying Mount Vesuvius particularly
stands in its important and dangerous potentialigct

In this study, electrical conductivity measurersemtre presented for thephrite to
phonolite melt compositions. Because of the extigmade range of compositions of Earth
magmas, the current database on electrical comityaif silicate melts does not cover the whole
spectrum of composition [Gaillard and lacono-Mamnpia 2005]. By providing data on the
electrical response of tephritic to phonolitic magnflow SiO2 and alkali-rich melts), this study
will also contribute to enlarge the data set of ¢beductivity of terrestrial magmas. The main
experimental parameters include temperature, pressud the water content of the melt, the
conductivity measurements being obtained both fgrashd hydrous melts. A model fitting the
electrical conductivity data has been establishetia valid for the entire range of compositions
considered in this paper. We compare our laboratiata with field measurements at Mount

Vesuvius and then discuss the likelihood of a magtoege zone.

2. Basic concepts of electrical conductivity and gvious works

As with diffusivity and viscosity, the electricabeductivity of a material expresses the
aptitude of charge carriers to diffuse in this matevhen an electrical potential is applied. It is
function of several parameters such as T, P andesition [Tyburczy and Waff, 1983, 1985;
Roberts and Tyburczy, 1999]. The pressure and teaanhpe dependency of the electrical
conductivity is described by an Arrhenius law:

o= ao.exp{$j 1),

where o is the conductivity (Ohmim™), g the pre-exponential factor (OFm™), Ea the
activation energy (J), P the pressure (MPAY, the activation volume (cffmol), T the

temperature (K) and the universal gas constant.
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For silicate glasses and melts, two different eleit conductivity regimes can be
distinguished, respectively below and above Tg ¢llass transition temperatui2ingwell, 1995;
Angell 2001; Bagdassarov et al.2001). The Arrhenius law applies to silicate glasge.g.
Caillot et al.,1994). In contrast, above Tg, a non Arrhenian brinag sometimes observed,
which can be accounted for by various formalisns,tl@e empirical VTF [e.gHess and
Dingwell, 1996;Pfeiffer, 1998]:

o= A”F.ex;{%] 2
(where A, B and J are adjustable parameters) or the Cail@di[lot et al.,1994] laws. In this
study, an Arrhenian formalism was successfully i@opbhbove Tg for the three compositions
investigated.

The electrical conductivity in amorphous silicat@gasses and melts) is essentially
controlled by ionic mobility, electronic mobilityeing significant for specific conditions (low T)
and compositions (iron-rich glasseBarczynski and Murawskj2002]). The conductivity
measured in amorphous silicates reflects the niploli several charge carrier ions, the total
conductivity being the sum of the individual contivities [Gaillard, 2004]. In most cases, the
conductivity is dominated by only one or two iorspecies. lonic conductivity is related to
diffusive transport of charge carriers within thesltn as expressed by the Nernst-Einstein
equation:

i o
whereD;is the coefficient of diffusion of a ion i (m?#/s),its charge (C)N; the concentration of i
(m®), kg the Boltzmann constant (1.38:00/K), T the absolute temperature (K) and Hr the
Haven ratio. Hr expresses the mechanisms of magradf charge carriers within the melt. It
generally ranges between 0.2 and 1 for amorphdigates Heinemann and Frischal993] and
is usually taken equal to 1 for rhyolitic mel@dillard, 2004 and references therein].

The electrical conductivity of silicate melts haseh demonstrated to be pressure
dependentTyburczy and Waff,983, 1985Bagdassarov et al2004 Gaillard, 2004], although
in some studies performed on multiphase assemb&agkat high pressure (>1 GPa) no influence
of pressure was detecteSdarlato et al.2004; Maumus et al.2005]. Regarding the influence of

water, Gaillard [2004] observed an increase in conductivity andearease of the activation
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energy with increasing water content, consistenh witddium mobility under dry and hydrous
conditions. The strong decrease in the conductieityhydrous phonolitic melts found by
Satherley and Smedld$985] is probably the consequence of gOHoss, especially at high
temperaturesGaillard and lacono Marziangd2005] performed experiments on multiphase
(crystals+liquid) assemblages and showed the irapoé of residual melt composition on
conductivity measurements. This point stressesndg®d for systematic investigations of the

effect of melt composition on electrical condudiyvi

3. Experiments

3.1. Starting products

The starting materials were three natural sampten the Mt. Vesuvius eruptive activity:
a phonolite (VES19) from the AD 79 (Pompei) erupti€ioni et al.,1995], a phonotephrite
(vVS88-65B) from the AD 472 (Pollena) eruptioRdsi and Santacroce,983] and a tephrite
(VES9) from a 8 century eruptionCioni, unpublished data] (Figure 1).

18 T T I
\ VES%)

16 -

14 - phonolite |

12

VS88-65B,/ tephri- -
phonolite

10

Na,0+K,0 (Wt%)

2 - _

0 | | | | | | |
35 40 45 50 55 60 65 70 75

SiO, (Wi%)

Figure 1: Total alkali vs silica (TAS plot) showing theraposition of the starting rock samples :
tephrite (VES9), phonotephrite (VS88-65B) and phibadVES19). See text for provenance of
the samples and eruptions. The area delimited dyléshed line is the range of products erupted

by Mt. Vesuvius since 10 kyrs [Ayuso et al., 1998].
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Both dry and hydrous glass samples prepared framétural rocks were used for the
electrical conductivity measurements. Each rock viasly crushed in an agate mortar. The
powder was dried and then melted in air at 150Qifngd ~1h. Quenching was performed in air
and the resulting bubble-free glass was drilledylonders (either 5 or 8 mm OD, length between
4 and 8 mm). These dry glass cylinders were diyeuaied in the electrical conductivity
measurements. The composition of the dry glassgs/én in Table 1 and shown in Figure 1.
They cover the entire spectrum of differentiatidsserved at Mt.Vesuvius over the last 10 kyr
[Ayuso et al.1998]. With progressive differentiation, i.e. fraephrite to phonolite, Sif) Al>Os,
NaO and KO increase while FeOt, MgO and CaO decrease. Thgldsses have NBO/T ratios
(number of non-bridging oxygens divided by numbdr tetrahedral cations), calculated
considering all Fe as FeO and neglecting the poesehTi [Mysen and RicheR005], decreasing
from 0.73 (tephrite), 0.46 (phonotephrite) to O(fthonolite), i.e. become more polymerised with
progressive differentiation. Because of the preseappreciable halogen concentrations in the

phonolite (Table 3.1), the calculated NBO/T valbewdd be considered as a minimum.

Table 1: Compositions of starting glasses.

Sample VES9 VS88-65B ESA9
Eruption VII-VIIl century Pollena (472AD) Pompei (79AD)
Rock type Tephrite Phonotephrite Phdaeoli
SiO2 49.24 48.54 55.73
FeQotal 7.20 5.79 1.95
Na20 1.97 3.54 6.11
K20 5.98 7.70 10.14
Al203 15.14 17.95 21.94
MgO 6.26 3.26 0.19
CaO 11.46 9.09 2.87
P205 0.94 0.46 0.07

F 0.14 - 0.37
TiO2 0.96 0.69 0.16

Cl 0.12 - 0.30
SO3 0.05 - 0.02
Total 99.48 97.27 99.85
NBO/T 0.73 0.46 0.11
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The hydrous glasses were synthesised by hydrailrgders (either 5 or 10 mm OD) of
dry glasses at high pressure. The glass cylinden® Wwaded into either Pt or Au capsules
together with a known amount of water. The capswiere sealed by arc-welding. The hydration
experiments were performed at 1250°C and 200MPaSQM8E~1 wt%HO; VS88-65B+~3.5
wt%H,0) and at 1050°C and 300MPa (VES19+~6 wi@H For each concentration of water,
the duration of the hydration experiment was deieeoh from the diffusivity of waterWatson,
1994], and lasted from 3h to more than 20h, dependn the water content and the geometry of
our glass cylinderJrank,1975]. The hydration experiments yielded hydroasglsamples with
1.1 wt%HO (VES19), 3.5 wt%hkD (VS88-65B) and 5.6 wt%#® (VES19), as determined by
Karl Fischer Titration. No hydrous glass samplavailable for the tephrite (VES9). The hydrous
glass samples, which are all bubble-free at a mmeter scale, were drilled to cylinders (5 mm

OD, length between 4 and 8 mm), which were thedddanto the conductivity cell.

3.2. Experimental equipment and procedures

Conductivity measurements at ambient pressure warducted in a vertical furnace. All
experiments were performed in air. Temperature, itoed with aEurothermcontroller, was
measured by a type-S thermocouple, placed adjdoetfite conductivity cell, and is known to
within +/- 2°C. Both the conductivity cell and tieermocouple were located in the 3 cm hot spot
of the furnace.

Experiments at high pressures (both hydration aoddectivity experiments) were
performed in an internally heated pressure vesbi#t\(), working vertically with argon as the
pressure mediumDji Carlo et al.,2006]. Total pressure was measured by a transdubiis
known to within +/- 2 MPa. A double winding Mo fuace was used. Temperature was monitored
with a Eurothermcontroller and recorded by two thermocouples afjato the sample (thermal
gradient <5°C). Although the #On the IHPV experiments is not precisely knowrg tse of
pure argon (i.e. H-free atmosphere) as pressureaumenhaintained relatively oxidizing redox
conditions {aillard, 2004 Di Carlo et al., 2006], even if less oxidizing than in the ambient

pressure experiments performed in air.
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3.3. Analytical techniques

A SEM (JEOL WINSET JSM 6400, Polytech’Orléans-ISTWgs systematically used in
back-scattered mode (1) to investigate processdiseainterfaces between the sample and the
conductivity cell and (2) to detect the presencergétals in auxiliary experiments performed to
define the crystallisation interval of the threenpdes at 1 bar.

A Camebax SX-50 electron microprobe (BRGM-CNRS-@néité d’Orléans, Orléans)
was used to analyse (1) the starting glasseshégxperimental products (glasses and crystals)
after the conductivity measurements and (3) thepmmants of the conductivity cell (electrodes
and alumina ceramic parts, Figure 3) after the gotidty measurements. Analyses were
conducted at 15 kV, 6 nA, 10 s on peak and 5 sawkdround. A defocused beam (841®)
was used to analyse glasses whereas a focusedni){2eam was used to analyse crystals.

The water content of hydrous samples was measwrdéthtd Fischer Titration (KFT) at
ISTO, Orléans \Vestrich,1987 Behrens et al.1996]. Glass samples of at least 10mg were
analysed to ensure reproducibility and accuracy. liDafe analyses were performed and the
results averaged (Table ) check the homogeneity of water, the startingsga were analysed
by FTIR using a Nicolet Magna 760 instrument atéatko aNic-Plan microscopeGaillard et
al., 2001]. A Globar SiC source, a MTC/A detector and a £Claamsplitterwere used. Spectra
were collectecover the 2000-7400 cfnrange with a 4 or 8 ciresolution and accumulated
during 128 scans on double polished samples prédesen each glass. Water concentrations
calculated from various analytical spots were id=hti showing that water is distributed

homogeneously.

3.4. Conductivity measurements
3.4.1. Conductivity cell and electrical measurements

For all experiments, we adopted a two-electroddigoration [e.g.Bagdassarov et al.,
2001], with the electrical impedance being radiatigasured. The inner electrode (a 1 mm Pt
wire) was inserted in the centre of previouslylddlglass cylinders. A Pt tube surrounding the
sample (OD: 5 mm, thickness: 0.2 mm) served as ekiernal electrode. Two distinct
configurations were retained for the conductivigfi.cThe 0.1 MPa measurements used an open
cell with the inner electrode inserted from the {emure 3.2a) and the high pressure a closed

cell with the inner electrode inserted from thettat (Figure 2b). For the 0.1 MPa experiments,
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the conductivity cell is terminated at its bottom & drilled alumina plug, while the top is in
direct contact with air (Figure 2a). For the higlkegsure experiments, the Pt tube is circle-welded
at its basis on a Pt cap and separated from tres glample by an alumina disk. The other
extremity of the conductivity cell consists of ailldd alumina plug (Figure 2b). For both
configurations, the alumina plug is glued onto Btetube by using a low thermal expansion
inorganic cement (Ceramabond). The stability of ¢blk geometry is essentially ensured by the
Pt tube and the alumina plug. Examination of thé aféer the experiments confirmed that the
initial geometry was conserved. Some melt migrasitamg the walls of the Pt tube was observed
in the 0.1 MPa experiments but its influence onngewy is negligible Gaillard, 2004].
Sometimes the low-viscosity tephritic melt flowdddugh the drilled alumina plug, in which
case results were discarded and the experimeraitexpelhe experiment was also repeated when
a gas bubble grew in the glass cylinder, as obdefnen inspection of the conductivity cell.
Note that with the cell geometries described inuFeg3, alumina and the inorganic cement may
potentially contribute to the measured conductjvityaddition to the silicate sample. However,
0.1 MPa measurements of the conductivity of theganic cement showed that its influence is
negligible, andGaillard [2004] andGaillard and lacono Marziang2005] have shown that the
influence of alumina can also be neglected. Theeefthe silicate sample is the unique

conductive path of the used cell assembly.
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Figure 2 : Description of the conductivity cells : a) 1 awell ; b) high pressure cell ; c)
Exploded view of the high pressure conductivityl sblowing the glass sample, the Pt tube and
cap serving as external electrode, the Pt wireirsgras internal electrode and the alumina parts.

See text for explanations.
In this study, electrical conductivities were dedv from complex impedance

spectroscopyRoberts and Tyburcz§994]. Electrical impedances of samples were deteunat

variable frequencies using $olartron 1260 Impedance Gain Phase Analyser, (Sdhuger
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Co.), equipped withZview software packageHuebner and Dillenburg1995 Gaillard, 2004
Maumus et al.2005]. For each measurement, frequencies were edanom 1 Hz to 10Hz.
Perturbations on electric signals were reduced lwyinmizing the length of coaxial cables
between the impedance spectrometer and the saAtflel MPa, electrical measurements were
performed along heating cycles from ~400°C to ~280d.e. the electrical conductivities of
glass and liquid were measured sequentially. Al lpgessures, electrical conductivities of glass
were measured first by keeping temperatures belgw While pressure was varied. Then,
temperature was increased so as to reach the dimbie region and electrical conductivities
were recorded at different pressures. In orderemahstrate reproducibility, electrical results
obtained along heating cycles were checked agaiaasurements at selected temperatures along
cooling cycles. We also checked our experimentalpsky comparing the electrical conductivity
of a borosilicate with data obtained using the pchce ofMalki and Echegu{2003] (Malki,
personal communication, 2007), which uses geonsetfiiéerent from this study. No noticeable
differences in electrical conductivity values weraiced for this composition between 300 and
900°C, which lends confidence to the validity of onethod, particularly for the calculation of
the geometric factor.

Although this paper is aimed at the presentatioal@gtrical conductivity data for glasses
and liquids, partial crystallisation of the samplesms occasionally observed. Additional
guenching experiments were performed on each satoplelineate the crystallisation intervals
at 0.1 MPa, identified in the T range8P0°C-liquidus (depending on the composition, sekld
2)]; the crystallisation is heterogeneous, mairdguring on the walls of the Pt electrodes and is
essentially out of equilibrium. This process wasavilyg marked for the tephritic and
phonotephritic samples, whereas the phonolite VE8&&kly crystallised. The interpretation of
the conductivity values in terms of liquid and ¢ays contributions was not possible since the
amount of crystals in the conductivity cell couldtrbe characterised. Therefore, electrical
conductivity data acquired in the crystallisatiamge are neither presented (except for VES19 at
0.1 MPa, see 4.2.) nor considered in the interpogts below.
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Figure 3 : Electrical responses observed in the Nyquist i, Z”) for the dry phonotephrite
sample (VS88-65B) at 1 atm, 570°C (a) and 1 atm®03i@ (b). The first part of the response
(semi-circle, for Z’<R) represents the electricabponse of the sample while the second part,
(mostly linear, for Z’>R), represents the effect tbk interface between the sample and the
electrode. Impedance arcs were observed only atdoweratures (below ~750°C, a). At higher
temperatures, no impedance arcs were observedR(lfjesistance of the sample (ohm)) is
obtained for Z’=0 and represents the real part ef tbmplex impedance (Z', see text). The
electrical response of the sample correspondsetaghociation of a resistor connected in parallel
to a capacitor (R1//C) and a Constant Phase Elemiémtanother resistor (R2+CPE) [Huebner
and Dillenburg, 1995].
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Table 2 Description of experiments.

Sample Apparatus @ (wt%) HO (wt%) P (MPa) T range (*CPuration (h)
before exp. after exp.
VES19 1 atm furnace 0 0 0.1 407-1256 7
VES19 IHPV 0 0 50 045301 4
VES19 IHPV 0 0 100 450-1300 45
VES19 IHPV 0 0 200 450-1301 4.25
VES19 IHPV 0 0 400 449-1306 35
VES19 IHPV 11 0.9 200 352-1276 7
VES19 IHPV 26 3.P 300 450-1250 7.5
VS88-65B 1 atm furnace 0 0 0.1 451-1323 28
VS88-658 IHPV 0 0 o 399-1325 6
VS88-658 IHPV 0 0 oat 402-1300 9
VS88-65B IHPV 3?5 2.0 200 408-1275 6.5
VES9 1 atm furnace 0 0 10 460-717 8.5
VES9 1 atm furnace 0 0 0.1 1205-1302 1
VESYS IHPV 0 0 50 4480D 17.5
VESY IHPV 0 0 200 448-1300 3.25
VESY IHPV 0 0 400 446-1299 3.25

4 Same sample.

PWater contents determined by Karl Fischer Titration

¢ Includes the interval of crystallization : ~[8@B0°C] for VES19, ~[850; 1200°C] for VS88-
65B, ~[870; 1200°C] for VES9. Values within thesgervals are not considered.

3.4.2. Data reduction
The electrical response of the sample to a scdrequency is directly observed in the
Nyquist plan (Z’, Z"), since the complex impedarean be written as the sum of a real and an
imaginary parts, Z'+jZ”, with j2=-1 (Figure 3). Apreviously underlined, [e.dduebner and
Dillenburg, 1995], the first part of the response (semi-cirébe,Z'<R, where R is the electrical
resistance of the sample) represents the electresplonse of the sample, whereas the second
part, (mostly linear, for Z'>R), represents theeetfof the interface between the sample and the
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electrode. The whole measured response can be leddsl a RC-CPE circuitHuebner and
Dillenburg, 1995] (Figure 3).

The shape of impedance spectra changed with tetoperat low temperatures (below
~750°C) an impedance arc was observed in the mafuéncy part; at higher temperatures, no
impedance was recorded. However, the quasi-lineaiop in the low frequency range was
observed in both temperature domains and its etém with the real axis yielded the value of
the resistance of the sample (Figure 3).

For given T and P conditions, electrical measurém&ere repeated until a stable value
of R was reached (generally rapidly within a fewnates, Figure 4a). In the case of experiments
that partially crystallised during the heating &/chttainment of the stable liquid region required
dissolution of all pre-existing crystals. Crystadsblution is marked by a progressive increase in
electrical conductivity and, to be completed, nelederations of the order of a few hours (Figure
4b).
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The electrical conductivity is obtained from the electrical resistance R efsample by
using the relation [e.d>aillard, 2004]:

1
o= — 4
GR )
where G =2—FL (5)

In[de“}

diny

G is the geometric factor (from ~1.4 to 1.8%1), L the length of the sample (m), adg} anddin;

are respectively the external and internal diamsedéthe glass cylinder (m). In this study,dex:
and din; are assumed to be constant, since the geometttyeofonductivity cell is essentially
conserved during the experiments. Error propagaifdpical uncertainties on Ildex, dint and R
(at low temperatures, R is known to +/- 5 Ohm aidjigh temperatures, to +/- 0.5 Ohm) shows

that the uncertainty oag is in the range 3.6-8%, except for VES19 at hggmgeratures (1200-
1300°C): 8-10.3%.

4. Results

4.1. Interaction processes between conductivity ¢elnd sample

In order to characterize chemical interaction psses between components of the
conductivity cell and sample that could affect theasurements, the interfaces between glass and
Pt electrodes and glass and alumina have beenubbpré@ivestigated after most electrical
conductivity experiments.

Electron microprobe traverses performed acros®tleectrode — glass interfaces showed
no significant variations in oxide concentratiorgcept for FeO. Interface FeO concentrations
were depleted by ~10% in the high-pressure expeatinperformed on VES9, but showed
significant change neither in the case of the 1 extperiment on VES9 nor of the high-pressure
experiment on VS88-65B (Table 2). Iron was foundo& present at very low concentrations
(<0.5%) in Pt electrodes from the 0.1 MPa experimemdowever, in the high-pressure
experiments, iron concentrations at the wt% leveteassometimes detected in the outer rims of
the Pt electrodes, consistent with more reducingditmns than at 0.1 MPa. Therefore, we
conclude that iron loss to the electrodes was afiomimportance in this study. Electron

microprobe traverses across the@ plug — glass interface revealed the presence thear
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alumina plug of an Al-, K-, Na-enriched and Si--,Aglg-depleted glass zone. However, these
chemically anomalous zones are about 200-300 ek, trepresent only ~3% of the total height
of the sample, and their presence was neglectetimterpretation of the results.

At the interface between the glass sample andialyna nearly continuous 10-25 pm
thick layer of Al-Mg-Fe-spinel was observed for thleonotephritic and tephritic compositions.
For the phonolitic composition, no spinel was otedrand the interface is crystal-free. Because
the electrical conductivity of Fe-Al-Mg spinel iméwn [Nell et al.,1989], the contribution of the
spinel and melt to the measured conductivity canebaluated. Since the spinel and liquid
arrangement corresponds to a parallel model, thasumed electrical resistance (effective
resistance) of the circuit can be written as follafter Glover et al.2000]:

1 _ X, @ Xsp)
Ret Ry Rig

where Ry is the effective resistance (Ohny), the volume fraction of spinel,sRthe resistance

(6)

of the spinel (Ohm) and;Rthe resistance of the studied sample (Ohm). Thaulegions show

that, in the case of the phonotephritic melt, theasured conductivity corresponds to at least
99.998% of the conductivity of the melt and, in tase of the tephritic melt, to at least 99.500%.
Thus, because the volume of spinel is much lowan tine volume of the melt, the melt is the

dominant electrical contributor.

4.2. Effect of temperature and melt composition

For the three samples investigated, electrical gotidty data are available in two
distinct temperature domains, separated by anvaltevhere crystallisation was observed. In
both domains, increasing T increases the electasatuctivity (Figure 5). Good agreement is
observed between data obtained along heating cyrldsthe few data points obtained along
cooling cycles, which demonstrates reproducibilitie non-linearity between log and 16/T
over the whole interval of temperature indicateshange of the conduction mechanism. Such a
change in behavior, graphically represented byrk kn the conductivity data versus T plot
(Figure 5), is classically interpreted as corresjiog to the glass transition temperature (TQ)
[Dingwell, 1995 Angell, 2001, Bagdassarov et al.2001]. It marks the transition between an
activated (T<Tg) and an assisted (T>Tg) transp@thmanism [Péportes et al.1994]. On Figure
3.5, Tg is located at ~670°C (+/-15°C) for the thoempositions studied. For the three samples,
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the increase in electrical conductivity between 450 1300°C is of about 4.5 log units for the
tephrite and the phonotephrite, and 4 log unitstlier phonolite. At temperatures below Tg, the
conductivity displays a linear increase with reoigal temperature and the data can be fitted by
sample-specific Arrhenius laws (Table 3). Above &g, empirical VTF formalism was first
considered to fit the data. However, a low valugdgf{the VTF temperature) was obtained, and
the data in the liquid region were better fitteddaynple-specific Arrhenius laws (Table 3). The

use ofay/T instead ofoy in the Arrhenian formalism was also considereddidtnot improve the

fit. In both glass and melt regionSynonolite™ Ophonotephrite™ Otephrite SO that the more polymerised
the melt, the higher the conductivity. At 1200°Ce ttonductivity of the phonolite, the most
polymerised sample, is 0.6 log unit higher than domductivity of the tephrite, the less

polymerised sample.

TC°C)
1300 1000 800 700 600 500
10r—T—T—"T7 T T T T T
P=200MPa
& VES19

a V588-65B
o VES9

Logo (ohrn“I 'y

60 70 80 90 100 110 120 130 14.0
10,000/T(K)

Figure 5 : Dependence of the electrical conductivity wimperature for the three samples
studied. The electrical conductivity data are aldé in two distinct temperature domains,
broadly corresponding to the glass and liquid negioThe inset graph focuses on the high
temperature data. In the interval separating th@eeregions, no conductivity data for the liquid
can be obtained because of partial crystallizafidre kink in the electrical conductivity data is
interpreted as the glass transition (Tg), locategb&@0°C for the three samples. The straight lines
are polybaric regressions calculated with the Arihe laws (Table 3). For comparison, the

conductivity law for a dry obsidian is shown (dagliee, Gaillard, 2004).
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Table 3: Domains of validity and parameters of the Arinsriaws.

Sample KO P range T range Ea Lnog AV Number of
(Wt%) (MPa) (°C) (kJ/mol (ohm.m)* (cm¥mol) heating cycles
Below Tg
VES19 0 0.1-400 450-671 81 (1) 7 (0) 18 (1) 5
VES19 11 200 352-500 86 (1) 7(0) 18 (1§ 1
VES19 5.6 300 450-550 107 (6) (1P 18 (1F 1
VS88-65B 0 0.1-400 450-671 92 (4) 7(1) 20 (2) 3
VS88-65B 3.5 200 455-630 129 (8) 18 ( 20 (2% 1
VES9 0 0.1-400 448-675 80 (3) 4 (0) 22 (2) 4
Above Tg
VES19 0 0.1-400 700-130494 (1) 9 (0) 22 (2) 5
VES19 1.1 200 1050-1250 66 (1) 7 (0) 22 (3 1
VES19 5.6 300 1050-1250 61 (0) 7 (0) 22 (9 1
VS88-65B 0 0.1-400 675-1325 712) 10 (0) 24 (3) 3
VS88-65B 3.5 200 1050-1275 105 (1) 10 (1) 24 (3f 1
VES9 0 0.1-400 690-130142 (2) 12 (0) 16 (2) 4

'Lno=Ln g, - (Ea+RAV)/ OT.
2For hydrous sampleAV hydrous AV dry.

4.3. Effect of pressure

As shown on Figure 6, increasing P decreasesaheéuctivity. This effect was observed
for the three compositions, both in the glass andidi regions. The variation of electrical
conductivity with pressure is between 0.5 and dd&$ units in the glass and liquid regions,
respectively, between 0.1 and 400 MPa. For exanl&200°C, the electrical conductivity of
the tephrite at 400 MPa decreases by ~50% reltaditteat at 0.1 MPa. These variations are in the
same range than those observedplyurczy and Waffl983] for tholeiitic-andesitic melts. Thus,
our results confirm that the electrical conducyivis less dependent on pressure than on

temperatureTyburczy and Waff,983].
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Figure 6 : Effect of pressure on the electrical conductivitythe glass (a) and the liquid (b)
regions for the three samples. Only the data ferdity samples are shown. The straight lines are
polybaric regressions calculated with the Arrherawss (Table 3). The effect of pressure is to

decrease the electrical conductivity in both thesgland the liquid regions.

In detail, the decrease in conductivity with irasig pressure is more marked in the
liquid than in the glass region and appears to watly the nature of the starting sample (Fig 6b).
The pressure effect is the smallest for the tephs@mposition, whilst the phonotephrite and
phonolite samples exhibit similar pressure depeceenThis is consistent with the influence of
pressure being related to the degree of melt paigateon, the more polymerised the melt, the

greater the pressure dependency of the electricatluctivity [Tyburczy and Waff1983].
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Nevertheless, the compositional influence on tliecefof pressure remains small, as illustrated
by the similarAV values of the Arrhenius laws obtained for theethrcompositions (16-24

cm®/mol, Table 3).

4.4. Effect of water

Conductivity data for hydrous phonotephrite andralite melts under pressure show that
increasing the water content of the melt increasesconductivity (Figure 7). The influence of
H,O is more marked at low than at high temperaturéhé Logo vs 1/T plot, the slope of the
Arrhenius equation flattens with increasing melttevaconcentration. This corresponds to a
progressive decrease of Ea from 93 kJ/mol (dry)k&@nol (1.1 wt%HO) to 61 kJ/mol (5.6
wt%H,0) for the phonolite sample (Table 3). This lowgrof Ea due to water is consistent with
the results oiWatson[1994] for water diffusion and the results @Ghillard [2004] for electrical
conductivity in more polymerised melts (rhyoliteAt 1250°C, the increase in electrical
conductivity per wt% of dissolved @ is about 0.1-0.2 log units with little differenbetween

the two samples (Figure 7b).
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Analysis of the glasses after the conductivityam@ements shows that all
hydrous samples are partially crystallised and Hage water to different extents (Table 2).
Crystallisation in those samples is most probablgted to the slow quenches that were applied
after the completion of the electrical measuremenht® loss of water probably occurs near the
end of the experiment since (1) a regular and pssive increase of the electrical conductivity is
observed with increasing melt water content andh@)effect of water on conductivity is clearly
marked on the whole T range. For the two heatirgjesyperformed on hydrous phonolite liquids
(Figure 7a), an influence of water is apparentluhg highest temperatures investigated (1250
and 1276°C, Table 2), suggesting that the bulk ®fthter was still dissolved in the melts.

5. Discussion

5.1. Transport mechanisms

The evolution of the electrical conductivity witlenhiperature demonstrates a dual
behavior below and above the glass transition {€idy). For the three samples studied, two
different Arrhenius laws (Table 3) are necessaryniodel the temperature and pressure
dependence of the electrical conductivity, undertinthe existence of two different transport
mechanisms (conductivity regimes) within the stddsamples (i.e. one in the glass region, the
other in the liquid region)ingwell, 1995]. A similar value of Tg was observed for theee dry
studied compositions (~670°C (+/-15°C), in agreetméth the value obtained for a phonolite by
Giordano et al[2005]). Our conductivity measurements did not getondetermine a significant
effect of pressure on Tg values. Previous w&&ddassarov et al2004] has shown only a small
increase of Tg with pressure (a few °C/GPa).

Our determined values of activation volumes rangevben 16 and 24 c¢fmol. These
are comparable to those obtainedGmijllard [2004] on a rhyolite (20 cffmol) and byTyburczy
and Waff[1985] on an andesite (17.9 ¥mol) at similar pressures (<1 GPa). However, at
pressures >1 GPAV values are generally much lower (<6 *%mol) than at lower pressures
[Tyburczy and Waffl985]. This range of activation volumes is comsiswithAV=5.4 cnt/mol
for an albite melt between 2.6 and 5.3 GBaddassarov et gl.2004]. We conclude that our

determined\V are similar to those derived from other studiesekatively low pressures.
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Activation energies (Ea) from conductivity datai$tstudy,Presnall,1972; Tyburczy and
Waff, 1983, 1985;Park and Ducea2003; Scarlato et al.2004; Gaillard, 2004; Gaillard and
lacono Marziano,2005] can be compared with activation energiedifffision data on sodium
[Henderson et al.1985; Jambon 1982] in Figure 8a. The sodium was indeed ideatias the
main charge carrier in silicic to basaltic meliglpurczy and Waffl983, 1985Gaillard, 2004;
Galillard and lacono Marziana@?005]. Globally, Ea increases as NBO/T increasgsiri®from the
diffusion data for the Pitchstone rhyolite that wkcan anomalously high E&l¢nderson et al.,
1985], there is good agreement between Ea derreead Na-diffusion and electrical conductivity.
This allows us to interpret sodium as the domingrdrge carrier in the liquid region of our
studied samples.

On Figure 8b, pre-exponential factarsare plotted versus activation energies Ea for both
Na-diffusion and conductivity measured in compossiancluding basalt-andesite-phonolite-
rhyolite. All data consistently plot on a singledar trend, which enlightens the influence of
composition on Arrhenius parameters. The data aissumentioned above, for conductivity
measurements and for Na-diffusion measurementsplateed. The data point ¢fresnall et al.
[1972] suggests that the conductivity is also prdpalmminated by sodium in their synthetic
basaltic melt. The dataset can be successfulbdfitty a single trend, which is illustrated by the
straight line on Figure 8b:

Ea=125Lng, - 99 (7)

where Ea is the electrical activation energy (kJymamd o, is the pre-exponential factor
((Ohm.m)}). Such a correlation between Arrhenius parametersften mentioned in the
literature as the compensation effeéfy and Zheng2003]. Combination of Eq. 7 and Eq. 1
implies that all the conductivity data convergeatanique value at a given temperaturgy,l
called the characteristic temperature, according/toand Zheng2003]. We obtained a value of
Tenar of ~1290°C, corresponding to a conductivity of£63(Ohm.m)". An increase of the value
of Ea together wittop is observed along with a decrease of the degrgmlgfmerisation of the

melt: the right part of the diagram (Loy>9) is characterised by high values of Ea and

! Note that the mixed-alkali effect was not inveategl in this study. This effect is based on thettzat some
physiscal properties of silicate melts (among thira electrical conductivity) vary in a non-lineaanner when an
alkali oxide is gradually replaced by another. gorrous investigation of the mixed-alkali effectidbrequire to
perform experiments on identical synthetic compas#t, considering only the Ma/K,O ratio as a parameter.
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corresponds to tholeiitic, basaltic to tephriticltmewhereas in the left part (Lav<9) rhyolitic,

andesitic to phonolitic melts present low value&af
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Figure 8 : (a) Comparison at 1 atm between activation eesrda) for ion mobility determined

from electrical conductivity measurements (thisdgtuGaillard and lacono Marziano, 2005;

Scarlato et al., 2005 ; Gaillard, 2004; Park anad2, 2003 ; Tyburczy and Waff, 1983, 1985;
Presnall, 1972) and Na diffusion experiments (Hesmlg 1985; Jambon, 1982). Data for
rhyolitic (NBO/T<0.1) to basaltic (0.7<NBO/T<0.8playdrous melts. The straight line is the fit
corresponding to our data, the dashed line fitddta of Tyburczy and Waff. (b) Compensation
plot for the conductivity of silicate melts. Dat@m this work, dry and hydrous products and the

studies mentioned above. The straight line is itheofresponding to the whole data (see text).

The nature of the main charge carriers in the digegion, irrespective of the melt
composition and the water content of the melt,osficmed using the Nernst-Einstein equation
(3), which shows that the alkali, particularly sadiucontribute to more than 80% of the total
electrical conductivity. Calculation was performegdl300°C with diffusivity data fromlibert et
al., 1980 Henderson et al.,1985 Wendlandt, 1991, Kress et al.,,1993 The electrical
conductivity contribution of each potential chagerier @, i being the ion charge carrier : Na
K*, ca&*, Mg*, AI**, Si*" and also &) was calculated. The Haven ratio Hr was taken lequa
[Gaillard, 2004], which is equivalent to assume that the ahargrriers move independently
through a direct interstitial mechanisiginemann and Frischal993;Roling,1999]. Attempts

to calculate Hr directly from Eq.3 using measurkstteical conductivities and diffusivities from
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the literature yielded poorly constrained resubsduse there are no Na diffusion data available
for our studied compositions. Nevertheless, a vafuér of 0.38 is obtained for our tephritic melt
by using the diffusion coefficient for Nan basaltic melt from Henderson et al. [1985]. Wixte
that Gaillard and lacono Marziano [2005] calculatedHaven ratio of 0.4 for their basaltic
composition, which compares well with our estimatand suggests that depolymerised silicate
melts tend to yield lower Hr values than polymedinmes.

For all compositions shown in Figure 8, at Tsaf the more polymerised the melt, the
greater the conductivity, i.e. charge carriers atigrfaster in polymerised melts than in
depolymerised melts. This is in agreement withda& ofHenderson et al[1985] andMungall
[2002] who stressed out that the diffusion of dllkalsilicate melts increases with the degree of
polymerisation. In the same way, the more polyneerithe melt, the greater the viscosity. Thus,
both the electrical conductivity and the viscosiact in the same direction to changes in the
degree of polymerisation. Note that this is in appa contradiction with Eyring’s law, which
specifies that the diffusion coefficient (or theedatical conductivity) would be inversely
proportional to the viscosityReid et al, 2001]:

D= kT
nAa

where D is the diffusion coefficient (m?/s); khe Boltzmann constant, T the temperature (K),

(8)

the viscosity (Pa.s), and the translation distance of the diffusing ion (A)his apparent
contradiction can be explained since D in the Eysrlaw refers to the mobility of the S}O
framework and not to the mobility of the alkali.

The positive effect of water on the electrical coctiity was clearly observed in this
study. The magnitude of the effect of water is cample to the one observed Ggillard [2004]
on rhyolitic melts. The conductivity enhancementswattributed to the effect of water
incorporation in the rhyolitic melt on the mobiligf Na. We can therefore anticipate that the
increase in conductivity as water is incorporatecour melts reflects an enhancement of Na-
mobility as well. Protons are not expected to dbnote to the ionic conductivity in natural melts
because hydrogen has been shown to move as newtietules (either O or H,) in alumino-
silicate melts Zhang and Stolper1991; Gaillard et al.,2003;Behrens et a).2004].Behrens et
al. [2002] proposed that for hydrous Ba3§ glass, H could significantly contribute to the
measured conductivity, and attributed this findittg the strongly depolymerised character
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(NBO/T=1.5) of the studied glass. However, the @feeness of proton migration in silicate
melts and its possible contribution to electridadige transfer remain debated.

Because of the presence of iron in our samplestrehic conductivity can also occur,
particularly in the glass regiorCpoper et al., 1996]. For instanceBarczynski and Murawski
[2002] demonstrated that iron-rich glasses (fromt@®2 wt% of FeO) are good electronic
conductors at low T, and that small polaron hopjéng possible charge carrier transport process
in such glasses. However, the Fe content of owretlstudied samples is much lower than in
Barczynski and MurawsK002]. In addition, the mean interatomic distarafeiron in our
studied materials is greater than 1nm (using ch&ngiempositions from Table 1 and measured
densities of anhydrous glasses). At such long mist®, charge transfer between iron atoms are

not anticipated (H. Behrens, personal communication

5.2. Calculation of electrical conductivity of natwal melts

Calculation of the electrical conductivity of neaimelts requires three parameters to be
specified: Ea,op andAV (Eq. 1). Below, we propose a semi-empirical mdtladlowing the
determination of these three parameters, both Her \fesuvius and other natural magmatic
liquids.

As the activation energy Ea in our melts decreastsincreasing sodium content and is
probably function of the ionic characteristics oé ttharge carrier (ionic radius, valency, jump
distance), we have used the Anderson-Stuart madelompute Ea values for natural melts
[Anderson and Stuartl954; Nascimento and Watanab2007 and references therein]. This
model, initially based on ionic crystal and elasgi¢heories, predicts the activation energy of
ionic conduction in silicate glasses. The activatemergy, Ea, is expressed as the sum of two
energies: the electrostatic binding energy, Eb,thadtrain energy, Es, which are expressed as:

Ea=Eb+Es
Ep= B.z.2,€ )
y(r +15)
Es=47GA(r, —1,)?
wheref is the Madelung constant (taken equal to ONe&cimento and Watanalf2007]), z the
valence of the mobile ion, and z that of the fixedinterion (3), e the electronic charge (Cj,
the covalency parameter (taken equivalent to themit@vity (F/m), Anderson and Stuart

[1954]), r; the ionic radius of i (m)ro the ionic radius of the oxygen ion (n( the shear
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modulus (Pa))\ the jumping distance (m) ang the effective radius of the “doorway” through
which the sodium passes (taken equal to 973.f) Nascimento and Watanalf2007]). In our
case, i corresponds to the sodium, the main cheageer. Nascimento and Watanalj2007]
have proposed an empirical linear relation betwge® and composition for binary Sid,0
glasses. We have assumed that, for our three gtadimpositionsy and G vary linearly with the
sodium content. Regressions of our data yielddheviing two empirical equations fgr and G:

{ G =-2.107.10"wt%Na,O +1.297.10" (10)

y = 243910 wt%Na,0 +1.720107*°

Since our data clearly show a decrease in Ea witeasing water content (Table 3), a
water term has been added in the expression offEa.effect of the addition of water was
considered to be essentially mechanical, inducinipcal dilatation effect of the structure,
allowing N& ions to move more freely. Consequently, a modifice of the Es term was
introduced, since Es describes the mechanical $oapplied on the charge carridtgdscimento
and Watanabge?2007]. The strain energy Es of hydrous meltshmwritten as:

Es=47GA(r,, — I )2 +100Q(Wt%H ,0)>2 (11)
where wt%HO is the water content of the melt (wt%). Ea cated from the Anderson-Stuart
model (Eq. 9 to 11) are in good agreement with Egerdhined for the three Vesuvius melt
compositions (Table 3). Measured activation emargare reproduced with a correlation
coefficient of 0.999 and an average error of 3%tret.

The pre-exponential ternog) was calculated using the compensation law (Eapplied
to our compositions, with Ea calculated with Eqp4a.1.

The Arrhenius laws obtained for the different expents show groupedV values
(Table 3). Consequently, we have assumed thaf\th&erm is independent of composition and
water contentsAV was fitted from our experimental conductivity datith Ea being calculated
from Eq. 9 to 11 andy from the compensation law. This yields an actomtvolume of 2.18
m*mol (i.e. 20 cri¥mol), in the middle of the range &V values of the Arrhenian equations
(Table 3). The model (with Ea calculated using Arelerson-Stuart formalismgy from the
compensation law and\V=20 cnt/mol) reproduces measured conductivity values wath
correlation coefficient of 0.985 and an averagereof 11% relative. We have also tested the
model against conductivity data frofresnall [1972], Tyburczy and Waf{1983, 1985],
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Satherley and Smed|¢¥985, dry lava],Park and Duced2003], Gaillard [2004] andGaillard
and lacono Marziand2005]. We did not consider data from Na diffusibare. Indeed, the
calculation of conductivities from Na diffusion ogi the Nernst-Einstein equation did not
constrain sufficiently the value af, because of the lack of data about the value ®ftthven
ratio. The data of conductivity studies are repomdlwith a difference less than 0.5 log-unit
(except for the data about the tholeiite from Tylayrand Walff and for the data of Gaillard and
Giacono Marziano, which are reproduced with a dififee between 0.5 and 0.7 log-unit). We
conclude that the above model is able to calculaeslectrical conductivity of common natural
melts. Since Eqg. 7 and 11 have been establisheddtar contents ranging from 0 to 6 wt%, use
of the model above 6 wt% is not recommended, sancecrease of the water content of the melt
can have a dilution effect on Na which, thus, ndluence the conductivityGaillard, 2004]. In
the same way, extrapolation of the model at presssignificantly above 400 MPa is not

recommended, since experimental calibrating dadaaking above 400 MPa.

5.3. Volcanological implications for Mt. Vesuvius

As demonstrated biRoberts and Tyburczjd999], the Archie’s law conduction model
may be used to estimate the electrical conductfitpagmatic suspensiorSlover et al.[2000]
proposed the following equation to calculate thaduwtivity of a magma over the whole melt

fraction range, knowing the individual conductiggiof the crystals and the liquid:

log(1—(xiq)™)

T g™ acr-(xcr)[ o +03.(6)"  (12),

where diq is the conductivity of the liquidge is the conductivity of crystalsgmagmais the
conductivity of the corresponding magmg, andx are the proportions (volume fraction) of the
liquid and the crystals, respectivelyi{ =1- Xr) and m the Archie cementation exponent. We
used m=1.05Gaillard and lacono Marziano2005]. For the case of Mt. Vesuvius magmas,
crystals considered are mixtures of leucite andogyroxenes.Tyburczy and Fisle[1995]
provide data on the electrical conductivity of thesvo mineral phases as a function of
temperature. The electrical conductivity of the goliquid phase is calculated by using an
Arrhenian formalism, with Ea from Eq. 9-11 aag from the compensation law applied to our

melts.
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Using the modified Archie’s law, the electrical duowctivity of tephritic to phonolitic
magmas can be estimated during crystallization. iCBypphenocryst contents of Vesuvius
eruptions ranges between 10 and 20Rog and Santacrocel983; Cioni et al., 1995].
Phenocryst modes of 50%Cpx and 50%Lc are assumedhé& phonolitic magma erupted during
the Pompei eruption, the electrical conductiviticakations were carried out for a temperature of
815°C and a melt water concentration of 6 wigdHCioni et al.,1995; Scaillet et al. 2008]. At
a pressure of 200 MPa, conductivities calculateith Wie modified Archie’s law range between
0.60 to 0.80 (Ohm.n) For the tephriphonolitic magma erupted during Bredlena eruption, a
calculated conductivity range of 0.95-1.10 (Ohm‘mjas obtained for a temperature of 1050°C,
a pressure of 200 MPa and a melt water content®»W8% [Scaillet et al. 2008]. For the
tephritic magma, the calculated conductivity rangeswveen 0.40 and 0.60 (OhmhYor a
temperature of 1100°C, a pressure of 200 MPa andel water content of 3 wt%. For
comparison, the present models of electrical cotndtic below Mt. Vesuvius yield a maximal
value of ~1.30 (Ohm.rf]Di Maio, 1998:Petrillo, unpublished data]. Therefore, there is no strict
overlap between electrical conductivities measurelbw Mt. Vesuvius and values typical of
magmas involved in the past activity of the volcaktowever, this should not be taken to
indicate the present-day absence of magma beneatidduvius. The typical spatial resolution
of MT measurements does not rule out the possilafithe presence of a small magma reservoir.
In addition, the magma-wall rock interface may lbenplex, with the presence of hydrothermal
circulations and of a metasomatised thermal aurpote Fulignati et al., 2004; 2005 which
would hamper the identification of magma from theeirsion of the MT data. Yet, we note that
the magmatic conductivity value the closest tortteximum measured from MT studies concerns
the tephriphonolitic magma. Current models for Mesuvius favour a future eruption of
tephriphonolite magma similar to the Pollena e&#ntacroce et g1.1987; 2005]. Increasing
the crystal content of the magma above 20% or asing the Lc/Cpx proportion above 1 would
partially bridge the gap between magma and elettdonductivities measured by MT studies.
The MT results could thus be compatible with a kwperature crystal-rich magmatic system,
consistent with the interpretations of seismic tgraphy data4ollo et al, 1998;Auger et al.
2001].
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6. Conclusions

Electrical impedance measurements have been usedistoiminate the effects of
temperature, pressure, and chemical compositiacludmg water content, on the electrical
response of three magmas from Mt. Vesuvius. Datee wbétained in both the glass and melt
regions. The conductivity increases with increasgmgperature, melt water content and degree
of polymerisation of the melt and decreases witdsgure.

Electrical conductivity was identified to be essalht controlled by sodium migration in
both the glass and melt regions. Data were fitiedishenius laws, yielding activation energies
(Ea) and activation volumed\Y) ranging from 61 to 142 kJ/mol and 16 to 24 °3tmol,
respectively. Data from this and other studies wesed to formulate a general compensation
law, relating Ea andy, valid over a wide compositional range.

A semi-empirical method allowing the determinatioh Ea, oo and AV for natural
magmatic liquids was constructed on the basis okeaperimental data. The activation energy is
modelled successfully on the basis of the AndeSwmat model,oy is obtained from the
compensation law andlV is fitted from our experimental conductivity datethe model enables
the electrical conductivity to be calculated foe tentire range of melt compositions at Mt.
Vesuvius. It also predicts satisfactorily the eleal response of other melt compositions.

The laboratory-based electrical conductivity data ¥1t. Vesuvius melts and magmas
yield values slightly lower than the electrical arady revealed by MT studies performed at Mt.
Vesuvius. Future modelling of the deep structureMaf Vesuvius on the basis of electrical

measurements will have to integrate results frasgtudy for the Vesuvius magmas.
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Appendices (Appendixes)

Appendice 1 : Effet des cristaux et des bulles sls conductivité électrique

Les mesures expérimentales présentées ci-dessutéorffectuées dans des verres et
liquides magmatiques et l'effet des cristaux a #&téorporé en utilisant un formalisme
mathématique (loi d’Archie modifiée). Cependant, mmagma est composé de trois phases
(liquide, cristaux et gaz), chacune ayant une arfbe plus ou moins significative sur sa réponse

électrique.

A.1.1. Intégration de I'effet des cristaux par degsormalismes mathématiques

Comme il a été expliqué au Chapitre 2, les mesetestriques dans l'intervalle de
cristallisation ont été évitées, les cristaux seettippant principalement sur les parois de la
cellule de conductivité, engendrant une « pollutica niveau des électrodes et une perturbation
de la mesure. Par conséquent, I'incorporation etef des cristaux sur la conductivité a fait
appel a différents formalismes mathématiques, ahéenant compte de la conductivité et de la
teneur en cristaux ainsi que de la conductivitéqlude.

Les mesures de conductivité électrique des cristamx nombreuses dans la littérature et
I’évolution de leur réponse électrique en fonctdmla température est bien connue, comme le
souligne la revue de Tyburczy and Fisler (1995). danticulier, les échantillons du Vésuve
étudiés présentent des clinopyroxenes et de laitéeudont les comportements arrhéniens

respectifs sont (Hinze et al., 1981 ; Maury, 1968)

O =124 ex ﬂo ,
P RT

o, = 20.9.ex;{%$34} (13)

aveco la conductivité électrique (ohm.th) T la température (K) et R la constante des gaz
parfaits. On notera le caractére beaucoup plus umedr de la leucite par rapport au
clinopyroxéne.

Prendre en considération I'effet des cristaux aucdnductivité globaleb(lk) revient a
considérer un mélange a deux phases, une étaittdjdiautre solide. Différents formalismes ont

été développés (Glover et al., 2000 et référennekias), ce qui les différencie étant basé
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essentiellement sur des considérations geométrifeigsire Al). Notons que ces modeles

s’appliquent & des phases aussi bien liquideslesotjue gazeuses.

Cubes Spheres
" i "
i |
|
ﬁ/
|
A4
Os //
T(Tm
Tubes Archie’s
ﬂ - - P
| ~ [

( H 6 Cubes | Tubes

Tubes | Cubes L

Figure Al : Examples of melt distribution according to diffiet geometric models (after ten
Grotenhuis et al., 2005¢m: electrical conductivity of the melbs: electrical conductivity of the
the solid phase. We will note that models also weith another nature of grey phase (e.g.
gaseous). In the study of Pommier et al. (2008)adepted the Spheres geometry in order to
investigate the electrical response of a partiefjjstallized magma, using the modified Archie’s

law.

D’'un point de vue géométrique, la présence deaenstdans un liquide magmatique
s’apparente a un modéle de type « Spheéres ». bemlismes d’Hashin-Shtrikman (Hashin and
Shtrikman, 1962), de Waff (Waff, 1974), la loi dgkie modifiée (Glover et al., 2000) et d’autres
formalismes basés sur la théorie des milieux effedEffective Medium Theorypar ex.,
Gueguen et al., 1997) font partie de ce type deetesd Tableau Al). Nous avons adopté dans
I'étude précédente la loi d’Archie modifiee (Glover al., 2000), qui, contrairement a la loi
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d’Archie (Archie, 1942 ; Watanabe and Kurita, 19983simile les cristaux a des inclusions

sphériques peu conductrices et isolées, baignastwiae matrice liquide tres conductrice.

Tableau Al1: Summary of some commoner two-phase mixing mddelslectrical conductivity.

Model Equation References
2
Cube Oy = {1— - Xl)ﬁa1 Ten Grotenhuis et al., 2005
Tube Oy = % X0, + (- X,)o, Ten Grotenhuis et al., 2005 and referencegitine
Archie (Cubes+tubes) o4 =CX/0, Archie, 1942 ; Watanabe and Kurita, 1993

C: Archie constant, n: cementation exponent

Modified Archie’s (Sphere) O =0, (1- X,)(0etx2)/loalXe) 5 1 Glover et al., 2000
Hashin-Shtrikman (Sphere) H&ipper bound): Hashin and Shtrikman, 1962
1-X,
Ot =01 +

1/(o, -0,)+ X, /30,

HS (lower bound):
Xl
o, +
(o, -0,) + 1~ X,) /30,
_0,+(0, - 0)A- (2%, /3)
1+ (X, /3)(o,/0,-1)

Oett =

Waff (Sphere, equivalentto HS o,

Waff, 1974

Notes:Oer is the effective conductivity of the rock, consigtof 2 phases (1 and 2) with individual conduititéé o1 anda,, X, being the volume
fraction of phase 2 (¥1-X5).

Cette loi a été comparée a d’autres modeéles dedygphere » et les résultats montrent de
faibles différences de conductivité entre les diffés formalismes appliqués (Figure A2). Par
exemple, dans le cas d’'une phonolite hydratée a@B&b200MPa, quelle que soit la fraction de
liquide, les plus grandes différences n’excéders pa2(ohm.m} (0.1(chm.m) pour des
fractions de liquide >0.7).

L'utilisation d’'un formalisme mathématique resteeupremiéere approximation. La prise
en compte des propriétés de transport par les fammes basés sur la théorie des milieux
effectifs peut étre approfondie et de récents t&ffent contribué a améliorer le lien entre

propriétés physiques et structures polyphaséesdHand Tarits, 2002).
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Figure A2 : Modelisation of the electrical conductivity ofponolitic melt from the Pompei
eruption as a function of its crystal content (@pgroxenes) using different formalisms: the
modified Archie’s law, the Hashin and Strikman uppeund (HS) and the effective medium
theory exposed in Gueguen et al. 1997 (EMT). Thdifisal Archie’s law and the EMT present
conductivity values close to the interval definegdtbhe HS formalism. The experimental data

point comes from the study of Pommier et al. (2008)

A.1.2. Importance de I'effet des bulles sur la congttivité électrique

Nous avons considéré que la part de la conductidtbulles de gaz dans la conductivité
globale d’'un magma peut étre négligée en premigpeoaimation, en faisant I’hypothése que le
role des bulles de gaz sur la conductivité mesastgrobablement moins important que celui
des porteurs de charge dans le liquide ou que dekiicristaux. Afin de tester cette hypothese,
nous avons réalisé une expérience de décompressiame obsidienne (Gaillard, 2004) hydratée
a 3%m HO. Une investigation précise de I'effet des buhésessiterait notamment de réaliser
des expériences avec d’autres types de gaz,(CH SG...), mais le but est ici d’estimer,
gualitativement plus que quantitativement, I'effline phase gazeuse sur la conductivité d’'un

magma. La synthése s’est effectuée en autoclaliawfage interne, a 200MPa, 900°C, dans une
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capsule en or, pendant environ 15jours. L'échamtilde départ est un verre issu de cette
synthése, de forme cylindrique. La cellule de mesaoomparable a celle de la Figure 2b, ce
chapitre (OD=5, ID=1, L=6mm), a été placée dandaum a pression atmosphérique, a 640°C

(i.e. au-dessus de la transition vitreuse). Dasscoaditions de pression et de température, I'eau
dissoute dans I'échantillon s’extrait en formans deilles (de vapeur d’eau) dont la croissance
augmentera au cours du temps. L'évolution de I'étihan a été comparée a I'évolution de sa

réponse électrique enregistrée au cours du tenigsréFA3) :

sample relaxation (?)
[V

e
0,014 T | Hydrous obsidian - 1 bar, 640€C
0,012 {
wcrease in bubble size
E o001
IS
<
e
b
0,008 -
D=3,6.10™2for ry,ppe=0,5mm
D=1,5.10"*m?/s for ryppe=0,1mm
0,006 - teee,, .
! T V¥ e e 6 e o o o
0,004 T T T T
0 200 400 600 800 1000
Time (min)

Figure A3: Time-evolution of the electrical conductivity tife hydrous obsidian (synthetized at
200MPa) at atmospheric pressure, 640°C. The dexti@asonductivity can be correlated to the
growth of bubbles in the melt. The time-evolutiointiee conductivity decrease is successfully
reproduced by a diffusion formalism (Crank, 197&d rline). Calculated D values are in
agreement with water diffusivities in rhyolitic nelat 640°C (Zhang and Behrens, 2000;
Watson, 1994). The first minutes present an ineréasonductivity that can be explained by a
relaxation process of the sample due to the chahgeessure.

La réponse électrique de I'échantillon au courdetups se décompose en deux parties.

La premiére, montrant une Iégére augmentation dmhaluctivité lors des premieres minutes,
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peut étre interprétée comme la phase de relaxdédi@chantillon di au changement de pression,
AP~200MPa (synthése a 200MPa, mesures a 0.1MPaketande partie, présentant une
diminution progressive de la conductivité au cadustemps, peut étre reliée a la croissance des
bulles de vapeur d’eau dans I'échantillon. Cetterprétation est renforcée par trois constats
effectués apres l'expérience: 1) la présence déesbwa l'intérieur de I'échantillon 2)
I'augmentation de volume de I'échantillon dans ddude (Figure A4) et 3) I'identification d’'un
coefficient de diffusion dont la valeur, comme naalfons le voir, est en accord avec la

diffusivité de I'eau dans les mémes conditions.

Sample escaping from
the capsule because of
an increase in volume

Pt tube (external electrodeé

Bubbles
Melt

Alumina plug

Figure A4: Microphotograph (optical microscope) of the hydso obsidian after the
“decompression” experiment at 640°C and atmosplmessure. The nucleation and growth of
bubbles implied an increase in the sample volune tbd the melt to escape from the

conductivity cell.

En effet, la croissance des bulles, qui affecr@pamnse électriqgue au cours du temps, peut
étre reliée au phénoméne de diffusion de l'eauodiss dans le liquide. Nos données de

conductivité sont reproduites par le formalismeCdank (1975) (Figure A3) :

a(t)-g, :1—Ez_lexp(—Di27T2t/f) (14)
g, —0, i 12

Avec o (t) la conductivité (ohm.n)a un temps t (sjgo la conductivité & t=0 (correspondant ici &

tex,=13min), or la conductivité finale (plateau), r le rayon deblalle (m), D le coefficient de
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diffusion de I'espece mobile @@, en I'occurrence). Considérant, d’aprés les olagiems au
microscope, une taille moyenne des bulles de Q@@ de diametre, Eq. 14 fournit des valeurs
de D allant de 1.5.16m2's & 3.6.18’m2/s. Ces valeurs sont en accord avec celles oksepar
Watson (1994) et Zhang and Behrens (2000) surigesiés rhyolitiques a la méme température
(640°C), fournissant respectivement D=5.9-%?/s et 6.8.18°m?/s.

Cette expérience montre que la présence de bidhaps a diminuer la conductivité
électrique d’'un magma (en augmentant sa résist@éhmetrique). Le passage d'un liquide
rhyolitique sans bulle (t=0min) a un liquide exte&ment riche en gaz (t>~200min) a provoqué
une diminution de la conductivité de 60% (de 0.816006(chm.mJ). Une explication possible
concernant 'augmentation du caractere résistifidhagma riche en bulles est que la présence et
la croissance de ces bulles « entravent » progeseint la circulation des porteurs de charges
dans le liquide, le contournement des bulles remtést une plus grande distance a parcourir.

L’effet des gaz est donc un facteur non négligeatans la conductivité des magmas
riches en bulles. Toutefois, les bulles se formesdentiellement lors de la décompression, la
phase gazeuse des magmas est limitée dans lesi@aesndie notre étude. En effet, les magmas du
Vésuve ont été considérés dans des conditionsodkagte pré-éruptives (par ex., Scaillet et al.,
2008), i.e. avant leur remontée en surface. Pasémprent, dans ces conditions, I'effet des bulles
sur la conductivité du magma est limité. Cela iaypdi que le modele a deux phases (liquide et
cristaux) de la conductivité des magmas du Vésuésenmté ci-dessus peut étre directement

utilisé pour interpréter les anomalies de conditétirévélées sur le terrain par la magnétotellurie.

Appendice 2 : Temps de relaxation électrique

A.2.1. Définition et calcul du temps de relaxatiolectrique

Suite a une perturbation mécanique, thermique ectrégue, un melt silicaté présente un
temps d’équilibration de sa structure (Webb andgigll, 1995). Ce changement dans la
structure du melt (configuration) s’exprime partdenps de relaxation de I'échantillon (Wilding
et al., 1996). Raisonner en échelle de temps dxatbn a permis de définir des criteres de

distinction entre un comportement des melts siéigat I'équilibre et hors équilibre, permettant
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par conséquent de mieux comprendre leur structudeues propriétés (Dingwell, 1995). En

particulier, le temps de relaxation électrique &nit par:

D
r :%:ﬁ (15)

¢ o
avec T (ou simplementr), le temps de relaxation électrique (s9, l@ permittivité du vide
(A.s/V.m), € la constante diélectrique (adimensionnele)a conductivité électrique (ohm.ih)

D la densité de charge (C/m?2) et E le champ étpatr(V/m).

Les scans en fréquence effectués lors des medaresnductivité électrique permettent
de déterminer le temps de relaxation électriquen dachantillon dans les conditions de
température et de pression fixées (Moynihan, 19@&&ijlard, 2004). Au sommet de l'arc
d’'impédance (Chapitre 2, Figure 2.7A):

wrt=2nft =1 (16)
avecw la pulsation (3), T le temps de relaxation électrique (s) et f la tetpe (Hz). Cela
signifie que la fréquence de la tension sinusoidgipliquée est égale a la fréquence de la
relaxation électrique de I'échantillon.

En pratique, les temps de relaxation ont été déteésren utilisant I'Eq. 16, plutét que
I'EQ. 15. Deux raisons a ce choix : 1) Eq. 16 pdrdiebtenir une valeur de de maniere tres
simple, directement a partir du spectre d'impéda}ela valeur dee pour les compositions
étudiées est mal connue et la technique de speopiesd’'impédance n’est pas adaptée pour la
déterminer (les techniques de mesure du module lesnfpar ex., Grant et al., 1977) seraient en
revanche adaptées pour détermiaerToutefois, n‘ayant pas accés aux spectres diapée
dans le domaine liquide (cf Chapitre 2, paragraghé?), la détermination du temps de

relaxation se limitera au domaine vitreux.
A.2.2. Effet des différents parameétres sur le tempde relaxation électrique

Les effets de la température, de la pressionaderieur en eau et de la composition des
verres sur le temps de relaxation électriqhespnt présentés Figure A5. L’augmentation de la
température diminue significativement le tempsealaxation. Entre 450 et 830°C, a 400MPa, le
temps de relaxation de I'échantillon tephriphorniglie (VS88-65B) passe de 5@ 1.6.10s.
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La dépendance da a la température peut étre exprimée par un fosmai de type
arrhénien (Moynihan, 1995):

_ Ea,
r= ro.ex;{ﬁj (16)

avecTtp le terme pré-exponentiel (s), H&nergie d’'activation liée au processus de reiaxa
(kJ/mol), T la température (K) et R la constante ghz parfaits. Pour I'ensemble des
compositions étudiées, Pearie de 79.0 a 104kJ/mol atgtde -28.6 a -24.6s.

L'effet de la pression est moins significatif. Uaggmentation de pression contribue a
augmenter légérement le temps de relaxation : a&Q@our un verre phonolitique (VES19),
varie de 2.5.10a 6.3.10s entre 50 et 400MPa (Figure 5A.A).

Le temps de relaxation électrigue augmente aveeraur en eau (Figure 5A.B). Par
exemple, & 500°C et 200-300MPa, le temps de rétaxetun verre phonolitique croit de 1.6:10
4 2.5.10s lorsque la teneur en eau varie de ~0 & 5.6%nud’ea

L’effet de la composition sur est présenté Figure 5A.C. Le comportement gérériad
teneur en en alcalins (plus particulierement fete en sodium, principal porteur de charge) et
temps de relaxation est linéaire : plus I'échamtilest riche en sodium, plus il se relaxe vite.

Cette linéarité s'observe aussi entre compositi@orductivité (Figure 5, ce chapitre).
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Figure A5: Electrical relaxation
times in the glassy domain. A) Effect

of temperature (from 450 to 830°C)

and pressure (50 to 400MPa).
Examples of the tephriphonolite
(vS88-65B) and the phonolite

(VES19) from Mt. Vesuvius. Circles:
50MPA, diamonds: 100MPa, stars:
200MPa and triangles: 400MPa.
Increasing T decreasest and
increasing P increasas B) Effect of

the water content for the phonolite

VES19, between 0 (dry) and
5.6wt%H0. Increasing the water
content increases; C) Chemical

composition effect. Relaxation times

of Mt. Vesuvius glasses (tephritic to

phonolitic), Kilauea basalt and a
borosilicate. The alkali tend to
decreaset. Figures into brackets

corresponds to N® content in wt%.
In each case, lines correspond to

Arrhenian formalisms.
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A.2.3. Comparaison avec le temps de relaxation olste par des mesures de viscosité

Les temps de relaxation obtenus a I'aide de meslgesscosité et de mesures électriques
est présenté Figure A6 pour trois échantillons deposition NaO-3SiQ (Dingwell, 1995),
Ca0-ALOs-SiO, (Gruener et al., 2001) et phonolitique (cette étudVilding et al., 1996).
Comparer des valeurs de temps de relaxation implgpur les échantillons d’avoir subi des
traitements thermiques comparables. En effet,léxadion de la structure d’un verre est fonction
de la vitesse a laquelle I'échantillon a été chaufu refroidi au cours de son histoire.
Considérons, par exemple, un liquide silicaté trérmps rapidement, et qui, par conséquent, n'a
pas eu le temps de se relaxer. Lorsque le verrenobest réchauffé, deux cas de figure sont
envisageables:

- la vitesse a laquelle I'échantillon est réchaw$ suffisamment lente pour permettre a
I'échantillon de se relaxer dés le début de la ®emn température. Les valeurstd@t de la
transition vitreuse, Tg) ne seront pas affectéesndeiére significative par la trempe rapide
initiale du liquide. C’est le cas des mesures dangrre présentées dans ce manuscrit.

- la vitesse a laquelle I'échantillon est réchauffgét trop rapide pour permettre a
I’échantillon de se relaxer. Les mesured dgans le verre ainsi que la détermination de Tgrde
affectées car le liquide n'aura pas pu adapteoséiguration suite au refroidissement.

A une méme température, un méme verre initialementrelaxé (car refroidi trop rapidement)
peut donc présenter des temps de relaxation ditf@rdersqu’il est réchauffé. Casdifférents
seront fonction de la vitesse a laquelle le vestaéchauffé. Dans la Figure A6, nos valeurs de
(électrique) mesurées pour la phonolite VES19 peluge comparées a celles déviscosite)
mesurées pour une phonolite de Teide (TF36.1 e6.PF-3Vilding et al., 1996) car dans les deux
cas, le protocole adopté a laissé le temps auanéiibns phonolitiques de se relaxer. La vitesse

de chauffage des verres est en effet lente dankelesétudes (quelques °C/min).
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\ Phonolite (Teide) *Tg
\ (Wilding et al., 1996)

Viscosity B
measurements

| Na,0-3SiO,
10% - (Dingwell, 1995)

Electrical
10° Lmeasurements

Relaxation time (s)
|_\
=

Cad4.12 m
(Gruener et al., 2001) 7

Ca36.27
(Gruener et al., 2001) _|

® 5

Phonolite
VES19

22Na trace
11 diffusion

iy Prenehge

0 400 800 1200 1600 2000 2400
T (K)

Figure A6: Relaxation map for a natural silicate melt (pHday synthetic silicate melts: Na-
3Si0O, and CaO-AI03-Si0,. Data come from viscometric (Dingwell, 1995, Wildiet al., 1996,
Gruener et al., 2001) and electric (this study,gwiell, 1995, Gruener et al., 2001) property

determinations. The diagram shows that electriekxation times in silicate glasses are much
smaller than those from viscosity measurementseninthg different relaxation modes in the

silicate melts structure.

Il apparait clairement Figure A6 que, pour une méoraposition, le temps de relaxation
T est beaucoup plus long par les mesures de viéapsé par les mesures électriques. Puisque le
temps de relaxation exprime un changement dansuletsre de I'échantillon (par ex., Wilding et
al., 1996), on en déduit que les modes de relax@tiadiés par les deux méthodes sont différents.
La viscosité d'un melt silicaté concernant en paiier les liaisons Si-O (Webb and Dingwell,
1990), elle est essentiellement contrélée parégaddres de silice qui forment la « charpente »

(silica framework du melt. Le phénoméne de relaxation étudié paimesures de viscosité est
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donc directement lié a I'adaptation de la charpente nouvelles conditions. La conductivité
électrique étant mesurée suite a I'application daarant électrique a I'échantillon (Roberts and
Tyburczy, 1999), le temps de relaxation électrigsilié a la mobilité des ions porteurs de charge
(le sodium, dans notre cas) et dépendra peu delarpente ». Les faibles valeurstdgcriquepar
rapport a celles deiscosite peuvent donc s’expliquer par la plus grande répitBt capacité) des
ions a migrer dans I'échantillon comparé a ceéle & un réagencement des tétraédres de silice.
A haute température, les données de la littératemeblent indiquer une convergence des
temps de relaxatiomyiscosit €t Telectrique C€la indiquerait que la mobilité des porteursctiarge

serait, & haute température, aussi couplée awifsagaeux (Gruener et al., 2001).
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Objectifs de ce chapitre

Un modele direct de la conductivité (ou résistivéectrique du Vésuve a été élaboré
pour étudier la structure actuelle de cet édifiokeanique. Le modeéle est basé sur I'analyse
conjointe des mesures électriques en laboratoies, idformations géophysiques et des
contraintes pétrologiques et géochimiques. Deslations 1-D et 3-D ont exploré I'effet de
la profondeur, du volume et de la résistivité daindeux réservoirs situés dans la structure.
Pour chaque configuration testée, les fonctionsatesfert modélisées ont été comparées aux
fonctions de transfert du terrain issues des étodamétotelluriques antérieures. Les données
du terrain sont reproduites par la seule présehgeedouche trés conductrice superficielle
(~0.5km de profondeur, 1.2km d’épaisseur, 5ohm.m régistivit€) qui correspond
probablement a la saumure observée sous le valmamnrésultats sont également consistants
avec le refroidissement de petits volumes de magniaibkde profondeur (<3-4km). La
présence d’'un corps conducteur plus profond, a s&gsnhen accord avec les fonctions de
transfert du terrain si il posséde une résistivitdtlO00ohm.m et avec des dimensions qui
n'excedent probablement pas celles du céne. D’'dpréasdéle de la conductivité électrique
de Pommier et al. [JGR, 2008], une telle valeuréséstivité est compatible avec une chambre
magmatique de basse température et riche en coristatavec une plus petite quantité de
magma plus chaud interconnecté dans I'encaissahbmaté plus résistif. La comparaison
avec les valeurs des ondes sismiques en utilisssintbdeles sismiques tend a favoriser la
seconde hypothése. Nos résultats sont en accood uamee anomalie profonde (8-10km de
profondeur) correspondant a un magma tephriphagqadita 1000C, contenant 3.5%mio®,
30vol.% cristaux, et interconnecté dans les cartesngelon les proportions ~45% de magma -

55% carbonates.
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Abstract

A model of the electrical resistivity of Mount Vasus has been elaborated to
investigate the present structure of the volcanlifice. The model is based on electrical
conductivity measurements in the laboratory, onpbgsical information, in particular,
magnetotelluric (MT) data, and on petrological @edchemical constraints. Both 1-D and 3-
D simulations explored the effect of depth, voluared resistivity of either one or two
reservoirs in the structure. For each configuratiested, modelled MT transfer functions
were compared to field transfer functions from dighagnetotelluric studies. The field
electrical data are reproduced with a shallow amg gonductive layer (~0.5km depth, 1.2km
thick, 50hm.m resistive) that most likely corresgsrno the saline brine present beneath the
volcano. Our results are also compatible with thesence of cooling magma batches at
shallow depths (<3-4km depth). The presence ofep@ebody at ~8km depth, as suggested
by seismic studies, is consistent with the obsefiedd transfer functions if such a body has a
resistivity >~100ohm.m. According to a petro-phgsiconductivity model, such a resistivity
value is in agreement either with a low-temperatargstal-rich magma chamber or with a
small quantity of hotter magma interconnected ie tiesistive surrounding carbonates.
Comparison with seismic velocity values tends fopsut the second hypothesis. Our findings
are consistent with a deep structure (8-10km depiijle of a tephriphonolitic magma at
100C0C, containing 3.5wt%bk0D, 30vol.% crystals, and interconnected in carbeman

proportions ~45% melt - 55% carbonates.
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1. Introduction

Mount Somma-Vesuvius is characterized by a higlkcaroc risk because of its
dangerous past activity in a densely populated. dre@ruptive history has been marked by
an alternation of effusive and explosive activitienthe last 20kyrs. Since 1944, however,
Mt. Vesuvius volcano has entered a dormant pebedig nowadays characterized only by a
widespread but cold fumarolic activity in the inrsdopes and bottom of the crater [Chiodini
et al., 2001] and a moderate micro-earthquake iactiibeNatale et al., 2006]. Yet, Mt.
Vesuvius is still considered as a very dangerodsavo, its volcanic history suggesting that
the longer the quiescent period, the more violbeet ienewal of activity [Santacroce et al.,
1994].

The determination of plausible eruptive scenaniosase of volcanic re-awakening has
an obvious direct impact on hazard assessment plaihe Neapolitan area. However, large
uncertainties remain with respect to the existeri@present magma reservoir and its storage
conditions, in particular size and depth. Pasttaop have been widely investigated and their
pre-eruptive conditions are well constrained [é&gntacroce, 1983; Rosi and Santacroce,
1983; Rolandi et al., 1993; Cioni et al., 1995;iBsiaet al., 2008]. Proposed future scenarios
range from a sub-plinian eruption, similar to 4421631 AD eruptions [Scandone et al.,
1993; Santacroce et al., 2005] up to devastatingABompei-type events associated to a
larger magma storage zone that would extend wetbid the size of Mt Vesuvius cone [e.g.
Auger et al., 2001; Nunziata et al., 2006].

Numerous geophysical studies aimed at investigatiteg present inner structure
beneath Mt. Vesuvius have detected various seigmagnetotelluric (MT) and gravimetric
anomalies. In particular, a conversion of P toiSrse waves has been evidenced at ~8-10km
depth and interpreted as the top of a large magjiM@allo et al., 1996, 1998; Auger et al.,
2001; Nunziata et al., 2006]. Such an anomaly les lzeen detected by the MT study of
DiMaio et al. [1998]. However, based on combinedhetidomain electromagnetic and
magnetotelluric soundings (TDEM-MT investigatioanzella et al. [2004] argue that the
conductive anomaly detected below Mt. Vesuvius esponds to a superficial brine layer
rather than to the presence of a deep conductivggmadody. This is consistent with the
gravimetric observations from Berrino and Camac®k@0B] that could not detect the deep
anomalous layer interpreted by seismic tomographyara extended sill but attributed the

different deep anomalies to solidified magma badies
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In the present paper, we propose a new approacnfanproved characterization of
the present day plumbing system of Mt Vesuvius.a&lorated a model (both 1-D and 3-D)
of the electrical resistivity of the upper crustemeath Mount Vesuvius. This model is based
on laboratory measurements of electrical resistiggégrformed on natural Vesuvius samples
[Pommier et al., 2008], on petrological informatian particular, the phase equilibrium
relationships of Mt. Vesuvius magmas, and on previgeophysical and geochemical studies.
The aim of this paper is three-fold: 1) to defihe structure of the volcanic complex that best
reproduce the field MT data and that matches pmjichl constraints, 2) to establish the most
reliable hypotheses regarding the storage conditodra potential magma reservoir, and 3) to
underline the need for the acquisition of new MTaswements across Mt Vesuvius cone,

particularly for deeper investigations with longipd data (>100s).

2. Volcanological background and petrological consints

Mt. Somma-Vesuvius volcanic complex probably oraged from the regional tensile
Quaternary tectonics that dissected the Apenniits and deepened the carbonate basement
in the Campanian Plain [Bruno et al., 1998; Biamtoal., 1998]. Mt. Vesuvius area is
intersected by two regional sets of faults trenditMy-SE and NE-SW [Santacroce, 1987] and
its present seismic activity has been attributedbdoh regional and local stress fields
[Marzocchi et al., 1993; Bianco et al., 1998 arfénences therein; DeNatale et al., 2000].

The volcanic activity of Mt. Somma-Vesuvius starteetween 18 and 37 ka B.P.
[Principe et al., 1999], although the earliest magmevents in the Vesuvian area go back to
ca 400 ka [Brocchini et al., 2001; Di Renzo et 2007]. It alternated frequent open-conduit
activity (effusive eruptions and Strombolian evgntgh closed conduit conditions, the latter
giving rise to Plinian or sub-Plinian eruptionsldaling periods of dormancy lasting several
centuries or millenia [Arno et al., 1987; Santaerat al., 2008]. The volcano underwent
several caldera collapses, produced by at leastRbuian eruptions [Cioni et al., 1999], and
the present cone (Mt Vesuvius) was formed sinceféingous Pompei eruption in 79 AD.
Small batches of primitive magmas were dischargethd Strombolian events (<0.001&m
while larger reservoirs of more evolved magmas virelved in Plinian eruptions (from 0.1
to a few knj) [Rosi et al., 1987].
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The variety of rocks forming the volcanic complex presented in Table 1.
Geophysical investigations, constrained by one di#iphg (Trecase well), allowed to define
the shallow structure of the volcanic edifice. Thbsurface of the volcano is made of
volcanic deposits (thickness<3km), consisting ofhly fracturated interbedded lava,
pyroclastic materials and volcanoclastic, maring #vial sedimentary rocks of Pleistocene
ages [Santacroce et al., 1983; Zollo et al., 12082; DeMatteis et al., 2000]. The presence
of a shallow brine, included within the volcaniadsrentary deposits and extending vertically
down to the top of the underlying carbonates, fsnbnferred from various geochemical and
geophysical lines of evidence [Chiodini et al., 20€aliro et al., 2005; Manzella et al.,
2004]. The nature of the present-day fluids cirtatain this hydrothermal system is a saline
liquid phase coexisting with a G@ich vapour phase [Chiodini et al., 2001; Calitoaé,
2005], Vesuvian magmas being characterized by biggh chlorine and C®©contents [Cioni
et al., 1998; Marianelli et al., 2005; Balcone-Baigl et al., 2008], associated to elevated CO
diffuse emissions [Chiodini et al., 2001; laconofkiano et al., 2009 and references therein].
Seismic and gravimetric surveys indicate that thdewlying Mesozoic carbonates have a
thickness of ~8km, the top being at 2-3km deptMin Vesuvius area, deepening westward
from the adjacent Apenninic belt [Bruno et al. 19D8Natale et al., 2004; Cella et al., 2007].
This carbonate thick layer is dissected by norraalt§ at a regional scale, causing a horst and
graben-like structure. The metamorphic Campaniasernant is encountered at a depth
greater than 11km, being characterized by a higisite(2,800kg/r) [Berrino et al., 1998].
The presence of a deep (mantellic) magma soungeody constrained but is inferred to lie at
60km depth below Mt. Vesuvius [Joron et al., 198vould be located in the mantle wedge
consistent with the presence of a subducted lithersp slab [Panza et al., 2007]. The Moho
discontinuity beneath Mt. Vesuvius is located adki8 depth [e.g. Ferrucci et al., 1989].

Mt. Vesuvius magmas are generally highly potassanging from slightly silica
undersaturated (K-basalt to trachyte) to highlyicailundersaturated (K-tephrite to K-
phonolite) [Joron et al., 1987; Ayuso et al., 19%8;0no-Marziano et al., 2009]. Several
petrological and geochemical studies contributedefine the pre-eruptive conditions for the
past eruptions [e.g. Rosi and Santacroce, 198%taiand Santacroce, 1992; Villemant et al.,
1993; Cioni et al., 1995; Marianelli et al., 19%alignati et al., 2004a; Scaillet et al., 2008].
Pressure, temperature and crystal content of thgmas that were involved in the main
volcanic events of Mt. Vesuvius, like the PompeinR@h eruption (79AD), the Pollena
subplinian eruption (472 AD) and the last erupewvent from 1944, are presented in Table 1.

Petrological and geochemical (isotopic) studiegyesgthe presence of a “shallow” magmatic

131



Chapitre 4 Modéle direct de la conductivité du Wes

system (<~4km) periodically recharged with the\alriof K-rich magma batches from a
“deep” reservoir (>10km depth) [Marianelli et al995; Cioni et al., 1999; Civetta et al.,
2004]. Major differences regard both the depth #rel size of the magma chamber [e.g.
Santacroce, 1983; Marianelli et al., 1999]. The sghaquilibria obtained on various Mt
Vesuvius magmas led Scalillet et al. [2008] to codelthat the reservoirs that fed the past
eruptions migrated from 7-8km to 2-3km depth betwA®79 and 1944 events [Cioni et al.,
1995; Marianelli et al., 1999; Scandone et al.,80Given that such a shift goes along with
an eruptive style, from Plinian to Strombolian [Beaet al., 2008], a correct location of the
current reservoir depth is central for a properrdgbn of future eruptive scenarios. The
reservoir depth is an important parameter in tmevdod modelling. The occurrence of high P
wave velocities above 3km depth and of local vadetattonic earthquakes shallower than
6km depth [Bianco et al., 1998; Lomax et al., 208ggest that superficial magma reservoirs

of significant size are unlikely.

3. Laboratory and field electrical studies appliedo Mount Vesuvius

The electrical properties of rocks and melts cannvestigated both in laboratory,
using impedance measurements obtained during ex@ets under pressure and temperature
[Pommier et al., 2008 and references therein], ianthe field from magnetotelluric (MT)
investigation. Several studies [e.g. Wannamakeal et2008] have shown that laboratory
measurements allow to interpret the MT responsasicplarly in terms of storage conditions
of a partially molten material.

The electrical resistivity of the main parts of thecanic edifice is shown in Table 2.
The electrical response of various representatite Wésuvius melts (from tephritic to
phonolitic compositions) has been studied at higlsgure and temperature by Pommier et al.
[2008], from which a model to calculate the eleztticonductivity of Mt Vesuvius magmas
as a function of temperature, pressure, chemicalposition, including water content and
crystal load has been established (Figure 1). Moidel allows us to estimate the resistivity of
the magma stored in the volcanic complex undeditherent configurations considered in the
forward modelling. The aim of the forward modellirgyto define the possible range of the

different parameters (resistivity, volume, and tegtthe reservoir).
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Figure 1: Electrical resistivity of Mount Vesuvius magmas pre-eruptive conditions for
several past volcanic events, using the model ohrRier et al. [2008] and phase relation
works from [Scaillet et al., 2008]. Magmatic compiosis correspond to the Pompei, the
zoned Pollena and 1631 eruptions and the last M»eanic event. Calculations were
performed assuming crystals as clinopyroxenes. Bpiesent the phenocryst contents of the

eruptive products.

A few magnetotelluric studies have been conductedld Vesuvius [DiMaio et al.,
1998; Mdller et al., 1999; Manzella et al., 2004¢0i&no et al., 2008]. These investigations
have provided MT transfer functions at a seriesitafs on the volcano (Figure 2) presented in
form of apparent resistivity and MT impedance phase function of the frequency, or the
period. These data express the electromagneticcéaaduesponse of the Earth to the
fluctuations of the natural electromagnetic fielhich is a function of the distribution of
electrical resistivity in the substratum [Simpsomd Bahr, 2005]. Apparent resistivities are
shown in the studies from DiMaio et al. [1998] avidnzella et al. [2004]. Only Manzella et
al. [2004] show phase data. The position of théosta is presented Figure 2. The apparent
resistivities from Manzella et al and DiMaio et show comparable patterns as a function of
frequency at all sites on the volcano (see Figure BiMaio et al. [1998] and Figure 2 in
Manzella et al. [2004]). This observation sugg#éists 1) the horizontal structure at the scale

of the volcanic edifice may be considered homogesdo a first approximation, and 2)
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small-scale heterogeneities at depth affect onlglyrthe MT transfer functions. The values
of the apparent resistivity between the two MT sadire however shifted one with respect to
the other (Figure 3). Apparent resistivity valuesni DiMaio et al. [1998] are ~2 log unit
higher than the values from Manzella et al. [20@4.stressed out by Manzella et al. [2004],
the data from DiMaio et al. [1998] are probablytaited by static shift effects, which, in
contrast, have been taken into account by Maneel&. [2004]. According to Troiano et al.
[2008], the phases obtained by Di Maio et al. (uwimately not published) show no
significant differences with the phases of Manzadtaal. [2004]. This observation is in
agreement with a static shift in the data from CaiMet al., since static shift corresponds by
definition to a frequency-independent offset of thagnitudes of MT transfer functions that
leaves impedance phases unchanged [Simpson and B¥%]. The interpretation of the
transfer functions by Di Maio et al [1998] and Maha et al. [2004] are also very different.
Di Maio et al. interpret the change in apparenistasty by the presence of a magma
reservoir located at ~8km depth, in agreement satime seismic studies (Zollo et al., 1998;
Auger et al., 2001), while Manzella et al. attrithe observed apparent resistivity changes to
a shallow conductive brine layer. In the latterdstudata inversion focused on depths less

than 4km and with no deep reservoir.

Figure 2: Location map of the Somma-Mount Vesuvius volcarea (after Manzella et al.
[2004]) and location of MT soundings. Boxes witte wumbers and profiles AA’ and BB’
from Manzella et al. [2004]. Ellipses with site noens and profile CC’ from DiMaio et al.
[1998]. Sites 8 and 9 from Manzella et al. are pr@sented since no transfer functions are
available for these stations and site 6 was digchtibcause transfer functions were only
partially recorded for this stationy ey and e indicate the x, y and z directions, respectively,

used for the 3-D forward model presented in thegmestudy. TC: Trecase well.
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Figure 3: Comparison between apparent resistivity curvemfDiMaio et al. [1998] (DM)
and Manzella et al. [2004] (M) for two close obsdion sites (see Figure 4.2) on Mt
Vesuvius. A systematic shift of about 2log-unit®served between the curves from the two
studies (underlined by the double narrow), whatetier position of the volcano. The data
from DiMaio et al. are probably affected by stahuft (see text for details). The rectangle

serves to locate the position of the systematiagmum in the curves (between 0.4 and 7s).

4. Petro-physical resistivity model

The data set by Manzella et al. 2004 are suitabieviestigate whether a possible deep
reservoir suggested by several authors is resobxetVT. Both apparent resistivity and phase
are available. They are corrected for static shifid the MT penetration depth (e.g. Simpson
and Bahr, 2005) is probably large enough to alleaaiinfer possible structures at depths

greater than 4 km. One the other hand, the numbsites is too small for a thorough 3-D
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inversion. A different approach is used here. Windd a resistivity model of the volcano

edifice based on our knowledge of the lithology,tlud resistivity of the main parts of the

volcano, and of a petro-physical model of theteles resistivity of Vesuvius magmas. With

this model, we simulated the MT response functiand compared them to the data from
Manzella et al. (2004). The aim of these simulaimto define the possible range of the
different parameters of shallow and deep resermsstivity, volume, and depth).

The electrical resistivity of the main parts of th@canic edifice is shown in Table 2.
The characteristics (depth, thickness and volurhé)eovolcanic deposits, the brine layer, the
underlying carbonates and basement as well as #genia reservoir came from geophysical
and petrological previous studies (see referengefable 1). The resistivity values of the
volcanic deposits, the carbonates and the basemeatobtained after the studies of Di Maio
et al. [1998] and Manzella et al. [2004], while tresistivity values of the brine and the
magma were determined using electrical measurenmemaboratory (respectively Quist and
Marshall [1968] and Pommier et al. [2008]). The ctieal properties of various
representative Mt. Vesuvius melts (from tephrite phonolitic compositions) has been
studied at high pressure and temperature by Pomehiat. [2008] from which a model to
calculate the electrical resistivity of Vesuviusgnaas as a function of temperature, pressure,
chemical composition, including water content, angstal load has been established (Figure
1). This petro-physical model allows us to estintageresistivity of the magma stored in the
volcanic complex under the different configurati@esisidered in the MT simulation.

Our modelling strategy consisted in calculatin® tesistivity models at each station
of Manzella et al. [2004], using the MTInv prograhthe University of Oulu [Pirttijarvi,
2004]. The initial three-layer model represented tholcanic deposits, the carbonates-
basement and the deep magma source (the half-spddeknesses and resistivity values
come from the literature (see references in Tapkentl the characteristics of these layers are
presented in Table 2. We merged the carbonateshendbasement into one single layer,
because of their similar resistivity values (Tak)e We added a conductive layer, figuring
either the brine layer suggested by Manzella e2@04 or a large magma reservoir (DiMaio
et al. 1998, Zollo et al. 1998), We also considarases with tthe two conductive bodies .

In order to obtain a resistivity value for the lajnve considered a two-phase material,
composed by volcanic deposits and a NaCl aquedusaounder the conditions of Chiodini
et al., [2001] (Table 1). We assumed that the eftdcthe CQ vapour phase on brine
resistivity is negligible compared to the effeéttioe dissolved NaCl. The resistivity of the

NaCl solution was determined using data from ttexdiure [Quist and Marshall, 1968]. The
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resistivity of magmatic liquids was determined gsthe model of Pommier et al. [2008], as
explained above. Two hypotheses were considereithéocalculation of the bulk resistivity of

the corresponding magma reservoir, either the vegewas a mixture of magma and a solid
matrix (carbonates or volcanic deposits) or it veasiomogeneous “chamber” filled with

partially crystallized magma.

The Hashin-Shtrikman upper bound, denoted’ ,H@as used to calculate the bulk
resistivity of the two-phase mixture (either brmemagma reservoir) [Hashin and Shtrikman,
1962]. This model considers a high-conductivityuldyphase (in our case, NaCl solution or
magma) surrounding a less conductive material (caates or volcanic deposits) [ten

Grotenhuis et al., 2005]. The effective conducyivdr resistivity) is given by:
1 1-X;
OEﬁ_p—eﬁ_al+ 1/(o,—0,)+X,/30, (1)

whereader andpess are respectively the effective conductivity anslisgvity of the two-phase
material,o; is the conductivity of phase &; is the conductivity of phase 2;X4nd X are the
proportions (volume fraction) of the two phases=XX,). Resistivity values calculated
using the Hashin-Shtrikman formalism were foundni@tch the resistivity range provided by
the modified Archie’s law [Glover et al. 2000; Pomemet al., 2008], suggesting that both
models can be used to estimate the resistivityhefttvo-phase mixtures considered in this
study.

The 1-D simulations were extended to 3-D in otdesccount for the finite size of the
magma chamber and to test the impact of major fesiton the data, such as the coast effect,
the topography, the graben-like structure anccttitbonates deepening (see section 2). The 3-
D forward problem is solved with the finite difeerce algorithm proposed by Mackie et al.
[1993]. An example of 3-D model is presented igufé 4. The grid used for 3-D modelling
covers the entire Vesuvius area and is centerethenvolcano. A higher resolution was
adopted in the central area. The model is parapeetrby 50 blocks in the x direction, 50
blocks in the y direction (see spatial orientatiorFigure 2) and 37 layers in the vertical, z
direction. We used a set of 17 periods from 0.0080for the modelling. This period range
matches those from Di Maio et al.[1998] and Marazeti al.[2004].
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Before using the 3-D model to investigate the ¢ftdca magma chamber, notably its
volume, we tested the influence of the main knoesistivity constrasts. The 3-D structures
were embedded into a mean 1-D model derived fraamvtiues in Table 1-2 (Figure 4). At
first, we included in the model the limits of théoseline. The value of the electrical
resistivity of the sea water was taken to 0.3ohnWma.found this effect negligible at the sites
on the volcano in the period range of interests(tbésin 200 s). Some structural characteristics
like the graben-like structure and the carbonagzpedning were also included in the first 3-D
simulations. Their influence on the MT transferdtions was also found negligible, owing to
1) a too low contrast in resistivity between thécaaic deposits and the carbonates and 2) the

small dimensions of both the graben and the westdaepening.

Figure 4: Example of 3-D model of
the electrical resistivity distribution
under Mount Vesuvius volcano.
The figures on the cube edges are in
km. A) External view of the model.
Layers characteristics presented in
Table 2. B) Cut in the middle of the
structure, showing the presence of a

magma chamber (8kinat 7.5km

depth, with a resistivity of

Vesuvius 20ohm.m). The sea was taken into
¥
account in the boundary conditions.

200 Qm_—* S50m
el

0 am | Note that a homogeneous half space
ot (200hm.m) is placed at a depth
>60km.
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The inclusion of topography turned out to be nuosly challenging. Edge points
represented the main problem for modelling the gogohy when topographic steps were
beside a site. We observed that the topographygteffas essentially responsible for static
shifts at the observation sites. We concludedttietorrections carried out by Manzella et al.
(2004) were taking care of this problem. While tisiprobably a severe approximation, we
did not find in the modelling any self induction thfe static shift that could have biased the
corrected response function of Manzella et al. 420Uhese corrections have probably taken
care of other superficial local static shift efleciVe trust that the resulting corrected data are
representative of the main induction processekansblcano that may be modelled with a flat

model. This hypothesis has to be tested furthdr aitnore complete set of data.

5. Results

The petro-physical 1-D model described in the mesisection comprised volcanic
deposits, the association carbonate-basement arde#p magma source (as half-space), their
thickness and resistivity being listed in Tableant 2. The electrical response of this initial
model is presented in Figures 5a and 5b. This matledrly did not reproduce the
observation. The data require a conductive layesugigested by Manzella et al. [2004]. With
the addition of such a layer, the parameters (depibkness and resistivity) of the model
were varied in order to fit the observed MT trandienctions. We introduced a shallow
conductive layer and subsequently a 1-D and a $Mlective structure at a greater depth.
The main parameters considered in the 3-D modeiliege the depth, the volume and the

resistivity value (i.e. the composition) of the demnductive 3-D body.

5.1. Effect of a superficial conductor

The shallow conductive layer introduced in the Irbbdel was set at depths ranging
from a few hundreds m to a few km. The presence @onductive layer resulted in a
minimum in the apparent resistivity curve as wellaadecrease in the impedance phase. The
effect of the resistivity of this layer is presahti@ Figure 5a. This trend is observed in the
data of both DiMaio [1998] et al and Manzella et{2004] at periods ~1-5s. For each site, the
field data from Manzella et al. [2004] were suctabsfitted when the top of the conductive
layer is at 0.2 to 0.6km depth, with a resistivitly ~4-50hm.m and a thickness ranging
between 1 and 1.7km, depending on the site posfiayure 5b). These parameters did not

change much from one site to the other. Hence,dbasehe layer models obtained for each
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site, a general 1-D model of the electrical registibelow Mt. Vesuvius was defined and is
shown on Figure 5c. The superficial conductive faypresents the main conductive body
below the volcano, since the field data are repceduby its only presence. Note that the

resistivity here is the effective resistivity dabed in the previous section.

A) Superficial conductor - effect of resistivity B) Superficial conductor - best fit
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Figure 5: Effect of a superficial conductor on the transfemctions (1-D model) and
comparison with the data from Manzella et al. [A004 et al. 04). A) Effect of the resistivity
of a 1km-thick layer placed at a depth of 0.6krsite 3 in M et al. 04 (see Figure 2). Full line
corresponds to the absence of a conductive laydreirmodel (initial model). B) Best fit to
field data in Site 3 and Site 4, obtained with awthl.1km-thick layer, at 0.6km depth and
with a resistivity of 4.7 and 4ohm.m, respectiveB). Resistivity vs depths profiles (dashed

lines) for each site in M et al. (04). The gendr&) model is represented by the full line.
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5.2. Effect of a deep conductive body

Several 1-D simulations were performed to investighe effect of a deep additional
layer on the MT transfer functions. The shallow dactive layer was not included. The
parameters were varied as follow: depth from 3 &kni, thickness from 0.1 to 2km,
resistivity from 0.3 to 20000hm.m. These wide rangé values allow to test numerous
configurations of the deep structure below the aotc The main results of these simulations
are presented in Figure 6. In particular, sevemalkations were performed with a 200hm.m-
resistive layer placed at 8km depth, since thedaesaare in agreement with the anomaly
detected by DiMaio et al. [1998] as well with thalue proposed for magma storage by
seismic studies [Zollo et al., 1996; Auger et 2001].

As shown in Figure 6, the effect of the resistiwiifue of the layer is visible at periods
>0.1s. The shape of the transfer functions is sgteonly for aconductive layec~1000hm.m. For
high resistivity values, the curves are similaithie one obtained with the initial model (i.e.
with no additional layer, Figure 6a and b).

Increasing the depth of the conductive layer (20ommincreases the apparent
resistivity and the phase (Figure 6b). The curdgsined when placing a conductive body at
great depths do not fit well the data, whateverdsstivity and thickness.

Increasing the thickness of the layer jointly deses the apparent resistivity and
increases the phase (Figure 6¢). Increasing tbkrtess from 1 to 2km decreases the apparent
resistivity from around 200ohm.m at T>2s and insesathe phase of ~10° until 20s. Figure 6
underlines that a good fit to the field data is achieved when a deep conductive layer alone
is imposed in the initial model. Whatever the valoéthe parameters of the conductive layer,

the presence of this single deep conductor doeallwot to reproduce the MT data.

5.3. Joint effect of shallow and deep conductivaidm

Simulations with two conductive bodies placed refipely at shallow and large
depths were performed using 1-D and 3-D simulatidie conditions on the shallow layer
have been fixed according to the 1-D model presemeFigure 5c. The 3-D simulations
serve principally to investigate the effect of tt@ume of the conductive deep reservoir on
the transfer functions.

As shown on Figure 7, the effect of a deep condeadayer on the transfer functions,
when a shallow conductive body is present in thelehois visible for periods > 1s. For
example, a lkm-thick conductive layer placed at Stepth with a very low resistivity

(4ohm.m) has an effect at long periods on the ampaesistivity values < 60ohm.m and on
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the phase values < 30A highly conductive deep body is therefore detbld in this period

range on both the apparent resistivity and phakesa
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Figure 6: Effect of a(L:jL:Oe)S!Ng?r;gﬁdé\;or on the transfert fundi(1-D model) (Site 5, M et al.

04). A) Resistivity effect of a deep 1km-thick cctor placed at 8km depth. Comparison
with field response (xy (open circles) and yx cur\(@lled squares)) from Manzella et al.
[2004] shows that the only presence of a deep adnddoes not allow to reproduce the field
response. B) Depth effect of a 1km-thick conduetih a resistivity of 200hm.m, from 3 to

12km. C) Effect of the thickness of a 20ohm.m cantide body placed at 8km depth. In the

three cases, the effect on the transfert funci®ngsible for periods >0.1s.
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Figure 7: Joint effect of a shallow and a deep conductorhenttansfert functions (1-D

simulations). Both conductors have a 4ohm.m redigti A) Effect on the transfert

functions and comparison with the field data froraridella et al. [2004] (M et al., 04, Site

3). The field data are reproduced by the only preseof a shallow conductor. The

addition of a deep conductive body has a smaltcefia the apparent resistivity and phase

curves. B) Resistivity profiles vs depth for theei configurations tested in A) (shallow

conductor, deep conductor and shallow and deepuotoig), pointing out the resistivity,

thickness and depth of the conductors.

The effect of the depth of this deep conductorgfsrhm.m) is presented in Figure 8

for periods larger than 1s. A significant effecttbe MT transfer functions is observed when

changing the depth from 4 to 15km. In summary,piesence of an extended thin conductive

layer simulating an infinite magma chamber impdaesMT transfer functions significantly at
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the longest periods available and increases thit inésween the model response and the data

in this period range.
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Figure 8: Effect of the depth of a
deeper conductor in presence of a
shallow conductive body (Site 3,
Manzella et al. [2004])).
Conditions of the shallow
conductor correspond to the best
fit in Figure 5 for Site 3
(resistivity of ~5ohm.m, 1km
thick, 0.6km depth). Decreasing
the depth decreases the apparent
resistivity (narrow). Increasing
the depth fits better the field data.
For comparison, results with only
a shallow conductor (no deep

conductor) are presented.

Using a 3-D simulation, we tested the effect of Woume of a 200hm.m conductor

(in agreement with the resistivity value proposedd Maio et al. [1998]) of finite size

located at 8km depth (as suggested by Auger €R@01]) on the MT transfer functions

(Figure 9a). The highest differences in apparesistieity and phase between a model with no

deep reservoir and a model with a very extendedh20m-resistive body (equivalent to a 1-D

layer) reach a few tens of ohm.m and a few degnespectively, as noticed in Figure 8.

When the body is of smaller size, a clear eviddmesveen the two perpendicular response

functions (xy and yx) is observed. The overall @d&im the apparent resistivity and phase is

smaller than for the infinite case, neverthelesstantial. Figure 9b proposes another way to

visualize and to explore the volume effect on thpagient resistivity. We present the apparent

reistivity as a function of the deep reservoir votufor different periods. For all period, the
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misfit is the smallest for small volume, exceptddla period at which no effect of the
conductive body is visible (Figure 9a). Hence, tiie&d obtained suggests that a large magma

chamber does not reproduce the field data well.
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Figure 9: Effect of the volume of a deeper conductor inspreee of a shallow conductive
body (1-D and 3-D simulations). Same conditionstloa shallow body as in Figure 8. A)
Field and modelled transfert functions for Site rB Manzella et al. [2004]. The deep
conductive body has a bulk resistivity of 20ohmisnplaced at 8km depth and is 1km thick.
Volumes were varied by changing in the x and y disnens (see Figure 2 for spatial
orientation). The curves are slightly affected myngicant changes in volume reservoir (no
visible differences between simulations with 4 8kth®). B) Apparent resistivity values from

A) as a function of the volume of the reservoir fdifferent periods. This kind of

representation clearly suggests that a voluminbasnber do not provide the best fit to field

data. Regression lines are just a guide for the eye
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Figure 10 presents the effect on the MT transfactions of the electrical resistivity
of an infinite (1-D) 2km thick deep conductor, mdcat 8km depth (in agreement with Auger
et al. [2001]). The misfit between the data andriwel response increases significantly at
long periods when the deep layer has a bulk regissmaller than ~1000hm.m). In Figure
9a, this was the 1-D infinite magma chamber thaximized the misfit. Here, for this end
member case, the misfit is minimzed — or equiviyahie best fit to the field data is obtained

- with a resistive deep reservoir, with a bulk s@sity >~1000hm.m.
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Figure 10: Effect of the resistivity of a deeper conductopnesence of a shallow conductive
body (1-D simulations). Same conditions on the lslhabody as in Figure 8. A) Field and
modelled transfert functions for Site 3 in Manzetal. [2004]. Deep conductive body placed
at 8km depth and is 2km thick. No chamber simuhatiorresponds to a reservoir as resistive
as the surrounding carbonat@s=20000hm.m). A significant effect is observed oa fleld
response for very conductive deep body. B) Apparesistivity values from A) as a function
of the bulk resistivity of the reservoir for fouifférent periods. For periods >10s, the trend
obtained suggest that high conductive deep bodstlgraffects apparent resistivities and thus
does not reproduce the field response. Regregsies dre just a guide for the eye.
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6. Discussion

MT response functions provided by the 1-D and 3dDwéations reproduced
successfully the field data. The presence of dm@haonductive structure at a depth <~2km
proposed by Manzella et al. [2004] was confirmekisTconductor was observed beneath all
sites and could indicate a highly conductive briManzella et al., 2004]. While such a
conductor should filter out appreciably the effetthe deep structures, our modelling based
on geological and petro-physical constraints suggethat a large magma chamber at depths
proposed by other geophysical investigations [@&gnziata et al., 2006] should have
produced a detectable signature at the longesigseavailable in the data set (1-200s). While
data are limited in number and somewhat noisyjqdarly for the MT phase, the effect of a
large magma chamber is significantly above the endével, especially on the apparent
resistivity. At the proposed depth of ~8km [Zollb &., 1998; Auger et al., 2001], the
modelling provided a lower bound for the bulk (dfeetive) resistivity value of the magma
chamber (~1000hm.m).

6.1. Shallow brine

The presence of gas-steam escaping at the sumnhilt &fesuvius suggests that a
large amount of hot saline water is present athd@phiodini et al., 2001]. The gas-steam is
probably of meteoric origin, as observed on othelcanic systems [e.g. Zimmer and
Erzinger, 1998]. As suggested by Manzella et aDOfd, hot saline water would be
responsible for the observed low resistivity degddby MT data. Our results are consistent
with this result, since the MT field data are reproed by the only presence of a shallow
conductor with a resistivity of about ~4-50hm.mg{iie 5) located at a depth <2km. The
conductor depth is in agreement with the obsermatimade by Chiodini et al., [2001] and
Manzella et al. [2004]. Using a modified Archieaw [Glover et al., 2000], ~4-50hm.m
corresponds to a mixture of 98% volcanic depositsl 2% NaCl solution (2-3m in
concentration, 45, Table 1 and 2). The salinity of this hot shallaguifer provides a
sufficient amount of conducting material to explaihe modelled bulk conductivity.
Hydrothermal brine is likely to cause the high coctivity detected in the transfer functions,
thus representing the main present-day conductidg below Mt. Vesuvius.

The large thickness of the brine determined infthheard layer model (~1.2km thick,
Figure 5c) is consistent with what has been deteateother volcanic edifices. For instance,

1km-thick brines with resistivities <10ohm.m haveeh also inferred at Mount Unzen
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[Kagiyama et al., 1999], Merapi [Muller and Haal)02], and Mount Fuji [Aizawa et al.,
2005] volcanoes. The presence of such a thick bmiag be explained by the fact that
meteoric and hydrothermal fluids probably circuldtging several tens of thousand years in

the shallow depths of the volcanic structure.

6.2. A magma chamber at shallow depth (<3-4km) ?
6.2.1. The case for a shallow magma chamber

The hypothesis of a shallow magma reservoir origmafrom the documented
decrease of the magma chamber depth with time |[&cat al., 2008] and by the fact that
small shallow reservoirs located at ~2-4km deptinewavolved in the last eruptive events
(1906 and 1944 eruptions), [Santacroce et al., 1PRBianelli et al., 1999; Scandone et al.,
2008]. It has been underlined that the shallowerrdservoir, the hotter the erupted magma
[Scaillet et al., 2008]: pre-eruptive magma temperafor the eruptions of 1906 and 1944
(reservoir depth at about 2km) is estimated at 1C€(J@.g. Fulignati et al., 2004b], while for
the Pompei eruption (reservoir depth at about 6)8kinis at 818C (Cioni et al., 1995;
Scalillet et al., 2008]. The resistivity of a shallonagma can be very low and would thus fit
well into the ~4-50hm.m-resistive structure presarghallow depths (Figure 5¢). Pommier et
al. [2008] have shown that Mount Vesuvius magmas loa as conductive as a brine. For
example, the resistivity of tephritic to phonolitisagmas under specific conditions ranges
between ~1 and 5ohm.m at 1000°C, for typical magnatstal contents at Mt Vesuvius
(Figure 1).

The volumes of the shallow magma chambers at MsuViels have been estimated to
be a few tenths of kin[e.g. Santacroce, 1987], corresponding to a cubeller than
~3.10m°. Seismic studies also have suggested that pdtshti#low reservoirs of significant
size are unlikely [Bianco et al., 1998; Lomax et aD01]. Such a small conductive body
could explain the minimum in apparent resistivitydathe decrease in phase curves for
observation sites close to the center of the valchlowever, it would be unable to reproduce
the similar transfer functions obtained at sitedri@am the crater, like Sites 3 and 4 in DiMaio
et al. [1998] (see Figure 2). Therefore, we sugtiesta brine of large lateral extension is the
main conductive shallow body below Mt. VesuviusisTtioes not rule out the possibility that
a cold magma body is present at shallow depthsabttle volcano. However, any such body
should be sufficiently resistive so as not to dffggnificantly the transfer functions obtained

at sites close to the crater.
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6.2.2. Unerupted magmas from the 1631-1944 period

Several studies have suggested that no input shfreagma at shallow depths
occurred after the end of the last eruptive ev€hiddini et al., 2001; DeNatale et al., 2004].
The 1631-1944 period probably left unerupted magshasiow in the volcanic edifice, which
are probably the thermal source of the hydrotheroniales. As suggested by Chiodini et al.
[2001], the observed decrease in the temperatutieeofrater fumaroles (from ~700 to°@5
between 1944 and the present time) is best expldigethe progressive cooling of shallow
magma bodies. These residual batches could comdgpothe shallow bodies evidenced in
the gravity study of Berrino et al. [1998] sinceythave a lower density than the density of
the surrounding volcanic deposits (2100 and 24Gf6kgtespectively). With progressive
cooling, the resistivity of the magma increasesnaslelled by Pommier et al. [2008] and as
observed on other volcanoes [e.g. Matsushima e2@01]. The bulk resistivity of cooling
magma batches at Mt. Vesuvius would thus be highan ~4-50hm.m. For example, a
hydrous tephriphonolitic magma (3.5wt%P) containing 80vol.% crystals (leucite and
clinopyroxene) at 70@C has a resistivity of ~200ohm.m, which is withimetrange of
resistivity of the volcanic deposits (~100-300ohm.frhese cooling magma batches would be

hardly detectable by the MT soundings (irrespedtiom their size).

6.3. Possible deep (>3-4km) magma chamber beneatiniWesuvius

As underlined in Figure 7, the presence at shatlepths of the high conductive brine
is probably responsible for a screen effect thakewaletection of deeper conductive bodies
difficult. Deep anomalies below a superficial coative layer are detectable by the MT
method in volcanic contexts [e.g. Whaler and Hau2606; Umeda et al., 2006]. However,
their detectability requires a large volume (sel&gas of kni) of very conductive magma
(p<10ohm.m). A crystal-rich magma body would be difft to detect at Mt. Vesuvius
because of a low resistivity contrast with the sunding carbonates. As suggested by Figure
9a, it would also be difficult to detect a small gnaa chamber below the conductive
superficial brine even if the magma resistivitylasy. The volume of the magma chambers
located at depths3-4km that fed the Pollena and Pompei eruptionsestimated to be a few
km?® [Rosi et al., 1987]. More generally, the maximuniwne of magma chambers for the
past eruptions during the last 20kyrs is a few Jemy. Santacroce, 1983]. Considering a mean
alimentation rate at Mt Vesuvius of 1.63@®n%yr, in agreement with the estimation made by

Rosi et al. [1987], a volume of fresh magma cowdstored since 1944 eruption of 0.104km
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Since a conductive body below the brine is hardiiedtable (Figure 7), these small volumes
of magma will only slightly affect the transfer fttions. Therefore, even considering the
hypothesis of an input of fresh magma, the MT raspofunctions would not significantly
change because the volume of hot magma would lyesvesll.

From the forward model simulations, we inferredtthavery large and hot magma
chamber, of an extension much larger than the &izdt Vesuvius cone, is not likely. As
shown in Figure 9b, such a reservoir does not gmthe best fit to the data. This conclusion
contrasts with the interpretation of several seisexperiments [Zollo et al., 1996, 1998;
Auger et al., 2001; Nunziata et al., 2006] thatgesy the presence of an extended (>4G0km
and 1-2km thick, according to Auger et al. [200Qyv-velocity layer at 8-10km depth.
However, both lateral and vertical extensions & deep anomaly are difficult to constrain
from seismic data, as stressed by Zollo et al. $1.99ur simulation results are consistent with
the gravimetric observations from Berrino et aB9&] and Berrino and Camacho [2008] that
did not detect a potentially extended magma resebatow Mt Vesuvius. It is likely that a
large deep anomaly would affect gravimetric prafilsince the density of molten magma
(<2,480kg/m, Cassano and LaTorre, 1987) is significantly lothan that of the surrounding
carbonates (2,600-2,800kg/mBerrino et al., 1998). The deep anomalies defedig
gravimetric studies were interpreted as solidifredgma bodies [De Natale et al., 2004;
Berrino and Camacho, 2008]. More generally, we rtbeg the unlikely presence of an
extended hot magma reservoir also represents aagasest a potential interconnection of Mt
Vesuvius and Phlegrean Fields feeding systems.

Our forward model has shown that field data areodyced by the sole presence of
the superficial brine and that the presence ofep d®nductor does not significantly improve
the fit to the field data (Figure 7). However, thedel is also compatible with the presence of
a deep level of magma storage. The field respansaleed still reproduced when a resistive
reservoir is placed at depth, as long as the bldktrecal resistivity of the magma storage
zone is >100o0hm.m (Figure 10). Using the modifiedh#e’s law (Eq. 1) and the Hashin-
Shtrikman formalism [Glover et al., 2000; Hashird &htrikman, 1962], a resistive anomaly
>100o0hm.m allows two hypotheses to be envisagegl(€ill). A first hypothesis considers
the presence of a waning chamber. According tontleelel of Pommier et al., [2008], a
magma resistivity >100ohm.m would correspond tonaliic or tephriphonolitic melts at
80C°C, with 6 or 4wt%HO respectively, and with a crystal content (clinapgne) >80%uvol.

It would thus be consistent with a low-temperatarystal-rich magma chamber. This deep

reservoir could be in the final stage of solidifioa, i.e. hardly or not eruptable. A second
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hypothesis considers the presence of a deep gromiagma chamber. In this case, the
magmatic system would be composed of a magma wdtystal content that matches pre-
eruptive conditions (i.e. 20-30% crystals, Figune ihterconnected in the more resistive
carbonates. The quantity of magma requested tohnaatwlk resistivity value of 1000hm.m
corresponds for example to ~30% of a tephriphagolinagma (808C, 4wt%HO,
25vol.%crystals) interconnected in 70% carbonatas 6-2% of the same magma at 1800

(fully liquid) interconnected in 98% carbonates¢@r et al., 2000; Pommier et al., 2008].

Hyp.2: Crystal-poor deep magma

Hyp.1: Low-T, crystal-rich deep magma interconnected within carbonates

Volcanic

Volcanic

Depth (km)

Depth

Brine 0

: p~50hm.m, 450C
- 2%NacCl, 98%yvolc.dep.

34

Residual magma batches
T (brine heat source)

T
||||||||||||||||||||

Magma reservoir e e

8 £ p > 100chm.m
.......................................... Vs = 0.6-1km/s
S Vp < 3km/s

I I
: Basement : Basement
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Figure 11 Possible scenarios concerning the presence eep thagma chamber below Mt.
Vesuvius based on the results from the forward rtiadeof the resistivity and petrological
and geophysical constraints. A first hypothesis gHYy considers a low-temperature and
crystal-rich magma. The second hypothesis (HypxJains the deep geophysical anomaly
by the presence of a hot (crystal-poor) magma doterected within the surrounding
carbonates. Models relating the seismic wave vedscio magma structure and properties
[Mainprice, 1997] support Hyp.2. See text for detai
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6.4. Comparison with seismic studies

As mentioned above, the results from our simutetiare compatible with a low-
conductive reservoir whose depth is in agreemetit thie depth of the anomaly detected by
seismic studies (8-10km) [Zollo et al., 1996, 1988ger et al., 2001]. However, our study
would tend to suggest that the reservoir size abagoly smaller than the size proposed by
seismic interpretations. Still, P and S waves \aldepend on the material properties and can
thus be compared to the two hypotheses regardimgg@aatorage conditions formulated on
the basis of our model (Figure 11). The low-velpabne, interpreted as a partially molten
layer [Zollo et al., 1996, 1998; Auger et al., 20Blunziata et al., 2006], is characterized by
Vs values of about 0.6-1km/s and Vp values <3kmitsce the seismic properties depend on
the composition and microstructure of melt and taigs models have been proposed to relate
seismic waves to properties of partially moltenkyqrincipally based on the effective media
theory [Mainprice, 1997; Taylor and Singh, 2002]e \Wave considered the two hypotheses
presented in Figure 11. According to the modelmfMainprice [1997] and Taylor and Singh
[2002], a reservoir filled with a liquid matrix arsblid inclusions (crystals) (hypothesis #1,
Figure 11) would have Vp values well above 3km/kicl is not in agreement with the Vp
values measured in seismic studies.

We considered the model of Mainprice [1997] td tegothesis #2. Based on Vs and
Vp values, this model provides an estimation of fitaetion of a low-polymerized melt at
1200 C connected in a denser rock matrix at 6-8km déthvever, petrological studies have
shown that Mt Vesuvius magmas stored at these sigpthbably have lower temperatures,
(80*C-1100°C) (Table 1). Laboratory seismic studiesehanderlined that decreasing the
melt temperature increases Vs and Vp values [agcé€hi et al., 2008]. Seismic models also
suggest that S and P-waves values will be uncharfgélte fraction of a colder melt
decreases. According to the study of Caricchi etff2008] and the model of Mainprice
[1997], the Vs and Vp values recorded below Mt \ass appear to be in agreement with
>50% of melt stored at 1200 interconnected in <50% of carbonates (rock mpat®nce
such an anomaly has a minimum bulk electrical tiegis of 1000hm.m, a minimum
resistivity of the melt of about 50ohm.m is calcathusing the modified Archie’s law. This
resistivity range is in agreement with a primitikebasaltic magma near liquidus containing
3wt%H,O [Pommier et al., 2008]. For melt temperaturesdothhan ~110%C, the field value
of Vs is in agreement with a greater melt fractjand, thus, a smaller carbonate proportions),

while the field value of Vp is too low to be repramtd by the seismic model of Mainprice
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[1997]. For instance, the Vs value (0.6-1km/s)rnisagreement with >60% of melt stored
800°C and <40% carbonates but the Vp value (<3km/gesponding to these conditions is
estimated to be >4km/s. Hence, when consideredthege the results from both
magnetotelluric and seismic studies suggestedthieatieep geophysical anomaly is due to a

hot magma interconnected in the surrounding cariesna

7. Conclusions

A model of the electrical resistivity of Mt. Vesung has been elaborated using the
available electrical measurements in laboratorgpbgsical data and petrological constraints.
This model reproduces successfully the field dadenfmagnetotellurics studies. The shallow
brine is identified as the main conductive bodydah the volcano since its only presence
allows to reproduce the field transfer functionsegRrding the occurrence of a shallow
magma reservoir, the presence of cooling magmausid to be possible, whereas the
hypothesis of a hot magma appears unlikely, althaugan not be totally excluded. Both 1-D
and 3-D simulations show that the resistivity o€t@nductive reservoir located at 8-10km
depth should be >100ohm.m. The model would alsd tensuggest that the volume of the
reservoir is unlikely to extend spatially well begbthe cone dimensions. Our findings
suggest that the deep anomaly detected by geophyialies corresponds to either a low-
temperature and crystal-rich magma or a hotter naaigberconnected within the surrounding
carbonates. A comparison with seismic wave veloei#yues, using seismic models to
interpret wave velocities in terms of magma streettends to favour the second hypothesis.
The quantity and the quality of MT data at Mt Veisisvare nevertheless the main limit to the
forward modelling, underlining the need for the @isgion of new MT measurements on Mt
Vesuvius, particularly at periods >100s and withigher resolution. The acquisition of data

at these periods would allow to place constraintthe deep magma feeding system.
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Objectifs de ce chapitre

La fugacité en oxygéne (#p est un parametre clé dans le contréle des irttersc
physico-chimiques entre réservoirs au sein du naand@ entre le manteau et la crodte, avec, par
exemple, le contrble de la spéciation des fluidetes melts. L’état redox du manteau a donc une
importance non négligeable sur la genese des ma@gmndsur dégazage. La conductivité
électrique a été mesurée sur des liquides basadtiqn temps réel, suite a des changements de
fO,, dans le but d’étudier les cinétiques redox. bgggences ont été menées a latm dans un
four vertical, entre 1200°C et 1400°C, en utilisdatl'air, du CQ pur ou un mélange CO/GQO
la fugacité en oxygéne variant de®1@ 0.2 bars. Les ratios fer ferrique/fer ferreux été
déterminés par des dosages colorimétriques. Un @k¢it, mais détectable, de laJf@ur la
conductivité électrique est observé. Plus le m&itréduit, plus la conductivité est grande. Une
loi d’Arrhénius modifiée prend en compte a la figis effets de la température et de ladar la
conductivité électrigue. Nous montrons que les gbarents en fonction du temps de la
conductivité, suite & des changements dg éontrélent la vitesse des changements d&me".

Le changement de conductivité en fonction du teogsespond a un processus limité par la
diffusion dans le cas des réductions sous CQ-€QOdes oxydations a l'air. Cependant, une
réaction a linterface gaz-melt limite probablemdioixydation du melt sous COpur. Les
vitesses de réduction et d’oxydation sont simikieg augmentent avec la température. Ces
vitesses varient de £t 10¥m2/s sur l'intervalle de température 1200-1400°@résentent une
énergie d’activation >200kJ/mol. Le mécanisme reelgxiquant le mieux nos résultats implique
un mouvement coopératif des cations et de l'oxygémemettant de reproduire les vitesses

élevées d’oxydation-réduction.
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Time-dependent changes of the electrical condutyiwf basaltic melts

with redox state

Article accepté a Geochimica et Cosmochimica Aaalldécembre 2009.
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! CNRS/INSU, Université d’Orléans, Université Frarsc8labelais-Tours, Institut des Sciences
de la Terre d’Orléans, UMR 6113, 45067, Orléansrkre

Abstract

The electrical conductivity of basaltic melts haeib measured in real-time after,&Pep-
changes in order to investigate redox kinetics.dexpental investigations were performed at 1
atm in a vertical furnace between 1200°C and 1400S8{bg air, pure C®or CO/CQ gas
mixtures to buffer oxygen fugacity in the range®1® 0.2 bars. Ferric/ferrous ratios were
determined by wet chemical titrations. A small loigtectable effect of fOon the electrical
conductivity is observed. The more reduced the ,ntleé higher the conductivity. A modified
Arrhenian equation accounts for both T and &ffects on the electrical conductivity. We show
that time-dependent changes in electrical condiigtiellowing fO, step-changes monitor the
rate of F&'/Fe’* changes. The conductivity change with time comwesls to a diffusion-limited
process in the case of reduction in CO.(§as mixtures and oxidation in air. However, a
reaction at the gas-melt interface probably rat@té oxidation of the melt under pure €O
Reduction and oxidation rates are similar and lnothease with temperature. Those rates range
from 10° to 108m2/s for the temperature interval 1200-1400°C dmuxsactivation energy of
about 200kJ/mol. The redox mechanism that bestagxplour results involves a cooperative

motion of cations and oxygen, allowing such fastlatton-reduction rates.

1. INTRODUCTION

Several studies have revealed the important cantroledox potential, usually quantified
as oxygen fugacity (f¢), on metal/silicate melt, crystal/melt and gastreguilibria (Carmichael
and Ghiorso, 1990; Righter and Drake, 1996; Momattl Papale, 2004; Gaillard and Scalillet,
2009). This makes redox condition of basaltic meltee of the most critical parameter

influencing many planetary processes, involving ecdiormation, mantle melting and
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metasomatism, crystallization of magmas and magegassing (Righter and Drake, 1996; Herd,
2008; Frost and McCammon, 2008). Several multivaddements determine the fOf basaltic
melts (Fe, C, H, O, S), but the ferric/ferrousaaif the melt is commonly used to monitor redox
changes in magmatic processes (Kress and Carmid88d; Behrens and Gaillard, 2006). The
oxygen fugacity of a basalt is generally defineldtreely to the one of a solid buffer, such as,
from the more reducing to the more oxidizing, Iustite (IW), Quartz-Fayalite-Magnetite
(QFM), Nickel-Nickel Oxide (NNO) (Herd, 2008).

Present-day basaltic lavas on Earth display a ramgxygen fugacity from 3 log-units
below NNO to 4 log-units above NNO, correspondimdetrric/total iron ratios ranging from less
than 10 to ~70% (Botcharnikov et al., 2005; Cahaal, 1991). Martian basalts record more
reduced oxygen fugacities, ranging from 0.5 logsuto 3.5 log-units below NNO (Herd et al.,
2002). Such variations in planetary basalts oxydagacity might reflect fundamental
heterogeneities in the redox state of their soueggon but fQ can be also modified during
melting, crystallization and degassing processasxeSsuch modifications can be kinetically
controlled, a correct interpretation of fOrariabilities requires the understanding of the
mechanisms and rate of changes in the redox pakémtbasalts. In this paper, we use electrical
conductivity measurements to further document mashas and kinetics of redox changes in
basaltic melts.

2. PREVIOUS WORKS

Mechanisms of oxidation/reduction of silicate méitare been actively investigated (e.qg.
Schreiber et al., 1986 and references therein)Hibearing and H-free basaltic systems,
reduction/oxidation reactions are commonly assediatith the development of redox reaction
fronts and are diffusion-limited (Wendlandt, 19@€hoper et al., 1996a, b; Everman and Cooper,
2003; Gaillard et al., 2003a). For H-bearing syste@aillard et al. (2003b) calculated that H
mobility should rate-limit redox changes in basalts H-free systems, different rate-limiting
species have been proposed. Oxidation-reductiactioea have been initially associated to the
diffusion of oxygen (self-diffusion of oxygen; Wdaddt, 1991). However, self-diffusion
experiments do not involve gain or loss of oxygE®{°0 substitutions are involved) whereas
redox experiments implicitly require a change ia txygen/cations ratio. Variable-valence ions
have been found to enhance oxygen fluxes (Beerdrdsde Waal, 1990). Redox experiments
are usually related to oxygen fCchemical diffusion experiments (Schreiber et #086). For
glasses or melts of similar composition, oxygercdradiffusivity (D*) is commonly several

orders of magnitude slower than oxygen chemicadlisifity (D, Schreiber et al., 1986; Cook et
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al., 1990; Wendlandt, 1991) (Appendix 1). Such ipancies between O diffusion coefficients
have been interpreted in terms of different transpe@chanisms, oxygen self- or tracer diffusion
involving mobility of discrete cation-oxygen spexiwithin the melt while oxygen chemical
diffusion is dominated by the migration of cationépecies. Cooper et al. (1996b) have
demonstrated that the diffusion of an oxygen spersenot required during redox reactions in
melts and that the change in the oxygen/catioms imbest accommodated by cations rather than
oxygen diffusivity due to their greater mobility.

Oxygen self and chemical diffusion studies perfano® synthetic (Sasabe and Goto,
1974; Dunn, 1982; Schreiber et al., 1986; CooK.efl890; Cook and Cooper, 2000; Reid et al.,
2001) and natural silicate melts (Dunn, 1983; Cand Muehlenbachs, 1990; Wendlandt, 1991;
Cooper et al., 1996a) have demonstrated the depead# both kind of diffusion mechanisms
on the melt structure. This was also confirmed byep studies of iron redox reactions (e.qg.
Magnien et al., 2008). All that tends to underlthat the Network Formers (Si, Al) lower the
oxygen diffusivity (D) whereas the Network Modifse(divalent cations and alkali) have the
opposite effect. In basaltic melts, oxygen selfttifon data were found to be comparable to
divalent cations diffusivities. For example, in ashltic melt at 1300°C, Muehlenbachs and
Kushiro (1974) and Lesher et al. (1996) measuradiex diffusivities (D*) of ~4.18% m#s and
6.10% m2/s, respectively. This result questions the agsiam of Cooper et al. (1996a, b) that
Co2Do2- (and @2Do2) < Grodifier cation®modifier cations & D€ING the concentration of x.

The electrical conductivityg, reveals the mobility of the charge carriers iagence of a
gradient in electrical potential and is an effitcipnobe of mass transfer processes within silicate
melts and magmas. Previous studies have shown itthigt extremely sensitive to many
parameters, including temperature (T), pressure ifi&lt composition (Tyburczy and Waff,
1983, 1985; Gaillard, 2004; Gaillard and lacono atamo, 2005; Pommier et al., 2008).
However, the dependence of electrical conductiweitysilicate melts to redox conditions has
remained poorly documented. The only study on thgest (Waff and Weill, 1975) found no
significant variation iro with fO, and suggested to neglect the influence gfd®the electrical
properties of silicate melts.

We have undertaken a systematic investigation e@fitluence of fQ on the electrical
response of two different basaltic melts at 0.1\Ad different temperatures. The study was
motivated by (1) the need to reexamine the conmhssof Waff and Weill (1975) in the light of
recent methodological advances in the field of teleml measurements and (2) the need to
understand redox kinetics and mechanisms in nasilfeate melts, the electrical conductivity

being here used as a probe for investigating massfer properties. Modern techniques of
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measurements of electrical conductivity such as emlapce spectroscopy (Huebner and
Dillenburg, 1995) allows the electrical responsé¢oseparated in terms of an imaginary and a
real part, the latter corresponding unambiguouslithé electrical resistance of the sample. In the
case of oxidation/reduction reactions, the realetiatectrical response of the melts was not
monitored in previous studies (Waff and Weill, 1p@hd is therefore unknown. In our study, the
electrical conductivity was continuously measunexhf step changes in fQintil the attainment

of redox equilibrium. In turn, this allows condwaty changes to be interpreted in terms of
kinetics and mechanisms of redox changes in the Beuilibrium conductivities were extracted
from the evolution ofo-time plots and used to establish the dependenctheofelectrical
conductivity with fQ for the two basaltic melts and different tempemeduinvestigated. The
conductivity measurements were complemented by maejement and FeO analyses of
experimental glasses in order to relate the etadtand redox state of the studied melts. For most
experiments, the kinetics of the electrical respooan be satisfactorily fitted by a diffusion
formalism, suggesting that both oxidation and réiducreactions are kinetically limited by
diffusion. The high values of the calculated diftuscoefficients (~18m?s for our investigated

T range) can be explained by redox mechanismsvimgboth oxygen and cations fluxes.
3. EXPERIMENTS
3.1. Starting products

The starting materials are two different basaltse @ollected from the active vent of
Pu'u’ ‘O’o volcano (Kilauea, Hawaii) in 2007 andtephrite (VES9) coming from a"&entury
eruption of Mt. Vesuvius (Italy). Chemical analysd#she starting glasses are given in Table 1.
Each rock was finely crushed in an agate mortae. @dwder was dried and then melted in air at
1400°C during ~1h. Therefore, all starting glasaglas were prepared under strongly oxidizing
conditions (log fG=-0.69). Quenching resulted in bubble-free glasdes were drilled to
cylinders (6 mm OD, 6.5-10 mm length), and diredtigded in the electrical conductivity cell.
NBO/T ratios (humber of non-bridging oxygens diddey number of tetrahedral cations) of the
two glasses, calculated considering Fe as bothdfeOFgO3; and neglecting the presence of Ti
(Mysen and Richet, 2005), are 0.56 for the Kilabasalt and 0.55 for the Mt. Vesuvius tephrite.

This underlines a similar polymerization of thehgfe and the basalt.
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Table 1: Composition of the starting glasses (in wt %yuFes into brackets correspond to the
concentrations of major oxides in mol %.

Sample VES9 Kilauea
SiO, 49.2 (54.6) 50.0 (55.2)
TiO, 0.96 (0.80) 2.41 (2.00)
Al,04 15.1 (9.90) 13.2 (8.62)
FeO 1.73 (1.61) 3.16 (2.92)
Fe0s 6.08 (2.54) 8.58 (3.57)
MnO 0.20 (0.19) 0.13 (0.12)
MgO 6.26 (10.3) 7.50 (12.3)
CaO 11.5 (13.6) 10.6 (12.5)
NaO 1.97 (2.12) 2.29 (2.45)
K20 598 (4.23) 0.38 (0.27)
F 0.14 -

Cl 0.12 -

S 0.05 -

Total 99.7 (100) 97.89 (100)
NBO/T 0.73 0.80

3.2. Experimental setup

All experiments were performed in a one atmosphaical furnace. Experimental
temperatures ranged from 1200 to 1400°C. Temperatoonitored with &urothermcontroller,
was measured by a type-S thermocouple, placededjae the conductivity cell, and is known
to within +/- 2°C. The sample and the thermocowpdee both located in the 3 cm hot spot of the
furnace. Experimental redox conditions were cofdtbby the gaseous atmosphere present in the
furnace. Three types of gaseous atmospheres weptoysd: air, pure C® and CO-CQ
mixtures. Note that experiments using only ,C®e never performed under pure £8nce a
small quantity of CO is always present in the gatsld This small amount of CO (in general < a
few tens of ppm) allows the gas atmosphere tosatlauffer.

For air, the tube furnace was left open to the amtbatmosphere. In contrast, for both
CO, and CO-CQ mixtures, gases were flown through the furnacei¢pl flow rates were
200cc/min). For CO-C@mixtures, three different gas proportions (39.7@p/T.6% CO; 38.8%
CO,/5.9% CO; 36.5% C@17.5% CO) were imposed using electronic flowmetdredox
conditions (fQ) were calculated from Deines et al. (1974) andaliy measured using a zirconia
electrolyte cell. These are referenced againsiNigiO equilibrium at 0.1MPa (Pownceby and

O’Neill, 1994). For pure C®gas,ANNO values range from 3.45 to 4.00 (Table 2 andf@);
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CO-CQ gas mixturesANNO values divide into three groups (0.75-1.403500.45; -1, Table 2
and 3), depending on the specific gas mixture irapos

Conductivity measurements were performed using e-el@ctrode configuration on
cylindrical samples (Gaillard, 2004; Pommier ef 2008, Figure 1a). Glass samples of 6mm OD
and 8-9mm length were typically used. The innectebele of the conductivity cell is a 1Imm Pt
wire inserted in the center of the glass samplethadxternal electrode is a Pt tube surrounding
the sample. The drilled alumina ceramic part lataae the bottom of the conductivity cell
prevents the two electrodes from being in cont&ajure 1la). This configuration ensures the
stability of the cell during the experiment. Wewasg that no convection occurs in the samples
since the Rayleigh number is very small (<200, daupnd Tait, 1995), due to the small
dimensions of the samples. Thermodiffusion (Soffce requires the presence of a thermal
gradient, which is not the case in our experimétitsrmal gradient <1<Z). At the end of the
experiment, the conductivity cell and the sampleewremoved from the furnace and allowed to
cool down under room conditions. Quenched glass®a telected conductivity charges were
collected and prepared for FeO titration and etgctnicroprobe analyses.

3.3. Experimental strategy

For each experiment at a given temperature, twost®ps were performed. Electrical
measurements were recorded continuously until tiagnenent of the different equilibrium redox
states. Reduction experiments consisted in aralim@giatively oxidizing step followed by a final
step under more reducing conditions. Oxidation erpents were the reverse of reduction
experiments: an initial relatively reducing stepswiallowed by a more oxidizing step. In
practice, fQ changes were obtained by switching either fromaairpure CQ to CO-CQ
mixtures (reductions), or from CO-G@ixtures to air or pure Coxidations). On the basis of
voltage measurements using the zirconia probe,gih@rfO, from CO-CQ to pure CQ or air
and reciprocally takes approximately a few minutBsectrical measurements during this
transition period were discarded. For oxidationsaiim the conductivity cell was taken out of the
furnace during the evacuation of the CO-Gfas mixture and then replaced in the furnace at T.
Durations for each f@steps ranged between 90 and 1900min (Table 2).

In parallel to electrical conductivity experimengésperiments were performed in order to
determine F&/Fe’* and other chemical changes associated with tHetimea evolution of the
oxygen fugacity. These experiments (designatedwbal® analytical experiments, Table 3) used

the same sample configuration and dimensions asdhductivity experiments (Figure 1b).
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Similarly, only one end of the glass cylinder wasontact with the furnace atmosphere. T and
fO, conditions were selected to match those in comdtyctexperiments. Samples have been
rapidly quenched before redox equilibriuag, monitored from the electrical measurements, was

attained. Experimental glasses were analyzed fOrtEeation and electron microprobe analyses.

Atmosphere (CO, CO2, air)

OD=6mm

< NG
< >

Pt wire (connection t

()
the sample-holder) J I 4—— Surface exposed tothe 4
exchange with gas

Sample Ly < \ Pt electrodes L=8-9mm
:i Electron microprobe
; traverses
Y
Cement —— Alumina
Atmosphere (CO, CO2, air)
B ) OD=6mm
Pt wire (connection to | | iizzaacr?geex\?v?::gz:g e
the sample-holder) A
|J J I ! A
i Pt capsule welded
. atone end
1
. L=8-9
Sample La : mm
. o :
Electron microprobe ——<4 39|
traverse 0
A4

Figure 1: Description of (A) the conductivity cell and (B)e sample configuration for analytical
experiments. The arrows represent the exchange tiwéhgaseous atmosphere at the unique
interface sample/gas. The straight lines represeat three types of microprobe traverses

performed after the redox experiments (see text).
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Table 3: Conditions and results of the analytical experitaen
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3.4. Acquisition and reduction of the electrical d&a

In this study, electrical conductivities were dedv from complex impedance
spectroscopy (Roberts and Tyburczy, 1994). Eledtimopedances of samples were determined
at variable frequencies using a Solartron 1260 tlapee Gain Phase Analyzer, (Schlumberger
Co.), equipped with Zview software package (Huebsmd Dillenburg, 1995; Gaillard, 2004;
Maumus et al., 2005). Each measurement consistadsaan in frequency from 1 Hz to®19z,
lasting typically about 1min. For each frequendy tomplex impedance was recorded. The
experimental procedure, including details on thécation process, is detailed in Pommier et al.
(2009, in press). The reproducibility of the dases lbheen demonstrated in Pommier et al. (2008).

The complex impedance, Z, can be written as the 2ujz”, with Z’ the real part and
Z” the imaginary part of Z (and j?2=-1). The elecal response of the sample to a scan in
frequency is directly observed in the Nyquist pléde Z”) (Figure 2), from which the value of
the electrical resistance R is deduced (e.g. Huetame Dillenburg, 1995). The non semi-circle
shape of the impedance spectra is due to the Hatttlhe samples are very conductive on the
investigated T range, implying their electricalisésnce to be smaller than the inductive effects
(Z27<0). The corresponding electrical conductivitglwe o is then deduced using the geometric
factor G (Gaillard, 2004; Pommier et al., 2008):

o= (G.R)* (1)

The geometric factor varies from 0.022 to 0.037Tine uncertainty orw due to error
propagation of typical uncertainties on R (R iswndo +/- 0.5 ohm in the investigated T range),
L, dext and @i (uncertainties on the length and the two diametees0.1mm) is in the range of

4.7-9% for both our Kilauea and Mt.Vesuvius samples

Figure 2: Electrical response observed in the
_0_: | R Nyquist plan (Z', Z”) for the Kilauea basalt at
Vo | l wee*? 1300°C, during oxidation in air. The first part of
05 g the response (Z'<R) represents the electrical
E o1 5 response of the sample while the second part
::T 15 : (Z>R), represents the effect of the interface
2 . between the sample and the electrode. R
25 (resistance of the sample (ohm)) is obtained for Z”
31108 0.1Hz = 0 and represents the real part of the complex
35— ‘ ‘ ‘ impedance (here, R~18.50hm).
18,2 184 18,6 188 19 19,2
Z (ohm)
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For fixed T and fQ@ conditions and for each starting glass compositione series
measurements were conducted. They consisted insticeessive acquisition of electrical
measurements (each comprising a scan in frequeocy ¥ Hz to 10 Hz) until a stable value of
R (and, thus, ofo) was reached (plateau values). The time internedlvéen two electrical
measurements ranged from 30 s to 1 hr dependitigeogvolution of the electrical response with
time: at the beginning of the experiment, smalletimtervals were required since the electrical
response changed rapidly; on the contrary, at tideoé the experiment, the small changes in the

electrical response (plateau values) allowed tleeofifonger time spans.
3.5. Analytical techniques

Experimental glasses were observed optically uadericroscope, in order to check for
the presence of crystals and bubbles. Crystals Wmred to be present in some oxidation
experiments performed at 1200°C in air for the #d&la basalt. Results from these experiments
were discarded and are not presented.

A Camebax SX-50 electron microprobe (BRGM-CNRS-@nsité d’Orléans) was used
to analyze both the starting and the experimentdsgs. Analyses were conducted at 15kV,
6nA, 10s on peak and 5s on background. Both spalyses and traverses were performed.
Traverses served to evaluate the degree of iranftosn the melt to the Pt electrodes and the
extent of AP incorporation and diffusion from the ceramic pairthe conductivity cell into the
melt (Figure 1b). In the analytical charges, EMP#vérses at the gas/melt interface were used to
determine the type and importance of major elemfiuntes to redox changes (see Figure 1).

The FeO concentration of the starting and experiateglasses was determined by
colorimetric redox titration (Gaillard et al., 208)3 With this method, the sample is dissolved in
HF+H,SO, solution and the titration is then performed usigotassium dichromate solution.
The equivalence volume provides the value of thecentration of FeO. At least 25mg of
sample powder were used for the titration in odeensure accuracy and reproducibility. The
Fe,Os; concentration is then calculated from:

Fe03;=1.1113.(Fe@-FeO), (2)
where FgOs is the concentration in ferric iron (wt%), Fg@s the total iron concentration (wt%)
measured by electron microprobe and FeO is theecdration of ferrous iron (wt%) determined

as above. FeO and J& concentrations are then used to calculate tHeedtFe®* ratio.
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4. RESULTS

4.1. Melt-conductivity cell interactions

Spot electron microprobe analyses performed ircémger of the glass cylinders in most
cases showed no significant changes in major elemeades in comparison with starting glass
compositions. Exceptions were experiments perforatetthe lowest temperatures (1200°C) for
the Kilauea glass and at log£© -3.74 and -0.69 (fPin bar) (see Table 2). For those samples,
the variations in major elements concentration loarexplained by the crystallization of Fe-Ti-
Mg oxides observed in the experimental glassessd lobservations indicate that no noticeable
alkali volatilization occurred during these redoyperiments.

The glass-Pt interface shows no significant vastatiin oxide concentrations, except for
FeO, as already observed by Pommier et al. (2@8&)average, iron depletions range between 2
and 7% relative. A maximum depletion of 15% FeCatieé affecting the melt on a distance
<500microns was found only for the longest expentsefor which the experimental duration
exceeded the average run duration by several hbaranstance, in experiment #5 (one of the
longest experiments (Table 2), thus particularlpesed to Fe losses), the iron content close to
the electrode is ~4.3% mol oxide against 4.6% malein the starting glass, corresponding to a
decrease of 6.5% compared to the FeO content. depietions affect a distance in the Pt
electrode <100microns (Figure 3a), thus insigniftsamodifying the iron content in the glass
(Figure 3b). As a result, the bulk data (electricahductivity and wet chemistry) will not be
significantly affected by Fe losses to Pt electsode

The glass-alumina interface presents on most sanaphearly continuous 10-30n thick
layer comprising Al-Mg-Fe spinel and some scattesladjioclase crystals. The contribution of
these crystals to the measured electrical condtictivas evaluated according to the method
exposed in Pommier et al. (2008). Calculations stiwat the contribution of the crystals is less

than 1% of the measured conductivity.
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Figure 3: Iron losses, example of the redox experimed280°C (run #5). A: Molar fraction of
metallic iron in the Pt electrode after. The EMPwfpe shows that iron contamination affects
the electrode on a distance <100microns. B: Conagon of total iron in mol of oxide
normalized to 100. No noticeable iron depletiométected in the sample, even at the interface

glass/Pt electrode. Error estimation is presemtede box.
4.2. Effect of oxygen fugacity and temperature orhie electrical conductivity

Electrical conductivities of the Kilauea sample sw@ad at temperatures ranging from

1200 to 1400°C and covering a range of oxygen fitigaof 10" to 0.2 bar are shown in Figure
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4. These are steady-state values of electricalumivity associated with chemical equilibrium at
the set fQ. A small but clearly detectable effect of oxygegduity on the electrical conductivity
is demonstrated for each isotherm. The more redubedmelt, the higher the electrical
conductivity. For comparison, no effect of,fOn the electrical conductivity was observed in the
study of Waff and Weill (1975). For both Kilaueadaviesuvius samples, the change in electrical
resistance following a change in redox conditiaalout a few ohms, largely exceeding the
sensitivity of our measurements (better than 0.H¥)given T and f@ A small effect of
composition is observed, the VES9 sample being ¢essluctive than the Kilauea sample at
1200 and 1300°Cogq values in Table 2).

1,2
1 | X
" 0,8 ]
S
E. O 6 ] & 1200C
c ! X 1230€
=) ¢---8 ¢ A1300C
o 0441 el ® 1400C
o i ¢ x WW75
S 02 A
y SEEEERN, i
_ e ..
° Bl : '
-0,2 ] ] ] ] ] ] I

8 7 6 5 4 -3 -2 -1 O
Log fO , (bar)

Figure 4: Electrical conductivity at the chemical equiliom of the Kilauea sample as a function
of oxygen fugacity, for T ranging from 1200°C to0D4C. The conductivity slightly increases
with decreasing the O The electrical conductivity is more strongly degent on T than f@
Experimental conditions are indicated in Table asBed lines correspond to Eq.4. The electrical
conductivity of the PG-16 basaltic melt at 140096ni Waff and Weill (1975) (WW75) is

shown for comparison.

At 1300°C, for the Kilauea sample, a change ia ¢08 log-units modifies the electrical
conductivity of ~0.2 log-unit (Figure 4). A similaffect is observed at the other investigated

temperatures. For a given fQhe electrical conductivity increases with tengpere (Figure 4).
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The influence of temperature (increase of ~1.2uags from 1200 to 1400°C) appears to be
similar at low and high f@ This temperature dependency of the conductiaty lze fitted by an

Arrhenius equation:

-Ea
o= ao.ex;{ RTU} 3)
with o the electrical conductivity (ohm.f) o, the pre-exponential factor (ohm.m)Ea; the
activation energy (J/mol), R the universal gas tmts(J.K-.mol") and T the temperature (K).
Depending on the gas atmosphere, linear leastasjuagression analysis of electrical data
yields different activation energies that are pnése in Table 4. Since a small effect ohf@h o
was detected in our experiments, we have introdunethe Arrhenian formalism the {O
parameter. Depending on both T and the redox dondit the electrical conductivity of both
Kilauea and Mt. Vesuvius melts can be expressed as

-11707

— 4 —-0.03
a—(9.4.103).ex;{ — }.(foz) 4)

Eq.4 reproduces measured conductivity values forthe@ experiments with a correlation

coefficient of 0.93 and an average error of 11.6%tive.

Table 4: Arrhenius parameters for the investigated samples.

Gas Log fJ ANNO Fé'/Fe¥*(%at) Lroo (ohm.m)* Ea, (kd/mol)
Mt. Vesuvius sample (T range [1200-1250°C])

CO-CG mixture 1 [-6.30; -5.80] ~1.40 [1.24)0] 7.57 98
Kilauea sample (T range [1200-1400°C])

Air 0.68 ~7 [0.32;0.92] 7.21 90

CO, [-3.74; -3.24] [3.45; 4.00] [1.22;1.58] 9.16 114
CO-CQ mixture 1 [-6.30; -4.98] [0.75; 1.40] ¢8,2.24] 9.20 113
CO-CQ, mixture 2 [-7.25; -6.12] [-0.35; 0.45] 2.55* 9.16 112
{0, in bar.

*one wet chemical analysis (run #7 in Table 2).

181



Chapitre 5 Etude cinétique de I'étatox de basaltes en utilisant les mesures élaesiq

4.3. Time-dependent changes in electrical conductiy during redox reaction

At a given temperature, the time necessary to raastable value of the conductivityft
following a change in redox state is approximatbly same for a reduction under CO-Cand
an oxidation in air, while longer time spans aredez for oxidations under G@Table 2). At
1200°C, for both reduction and oxidation experirsgna stable (plateau) value of the
conductivity is reached in more than 15hours, wieitss than 2hours are needed at 1400°C.

Results of typical reduction and oxidation (in arperiments are presented in Figure 5a
and 5b (experiments #6 and #15, respectively, Taple=or both types of experiments, the
exponential shape of the electrical response viitle tunderlines similar reaction mechanisms
and kinetics. For the experiment with pure Bigure 5c), the electrical response is more linea
with time, which contrasts with the curves obtaiegtier for oxidation in air or for reductions in
CO-CQO. Changing the Coflow rate in the furnace does not significantlyange the shape of
the electrical response with time (Figure 5c). Tegligible effect of the gas flow rate on the
kinetics of oxidation is in agreement with the alvagions made by Schreiber et al. (1986) using

different air flow rates.
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Figure 5: Experimental measurements showing changes inrieedotonductivity in function of

elapsed time. A: Reduction example (run #6); B:dakon example (run #15). The solid lines
correspond to the calculated conductivity with thusion equation of Crank (see text). C:
Advancement of oxidation reaction in air and &3 a function of time. The diffusion profile
obtained in air contrasts with the more linear drebtained under CO Triangles and diamonds
underline that the non diffusion kinetics under, G®©not function of the gas flow in the furnace.

Straight line is just a guide for the eyes.
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4.4. Variations in major element chemical concentrigons

Electron microprobe traverses were performed imghed samples from the analytical
experiments to detect possible variations in majements concentrations (Si, Al, Fe, Mg, Ca,
Na, K) associated with redox changes. Traverseg werformed in the longitudinal section of
the samples, from the interface with gas to attléasn inside the glass sample (Figure 1b). The
spatial resolution of the probe analyses is +/-6rams.

Examples of microprobe traverses are presentedignrd- 6 (traverses A and B:
reductions; traverse C: oxidation). For clarity, state here the presence of three parts in our
samples (these parts will be interpreted Part &iims of redox fronts): (1) The interface zone
between gas and glass (<1mm depth), from the gaplsanterface td&’, is characterized by
important variations in the concentration of netviorming and network modifying cations in
the quenched glass samplésis defined graphically and corresponds to thenpat which the
concentration of major elements presents an irdlexiFor example, in experiment #6-QR
(traverse A), this zone presents a relative in@eds5-8% in Si@ and NaO and 30% in KO
and a decrease of 5-8% in MgO and CaO to 22% in E2QAn inner zone begins at a depth
>1mm ') and extends as far as > 5 mm depending on exgetal duration. It presents slight
fluctuations in alkali and Mg and Ca concentratioimsexperiment #14-QO (traverse C), this
zone presents an increase of 4% relative in CaOMg@ and a decrease of 8.8% relative in
NaO. (3) A third zone, located near the bottom of¢bpsule, can be detected on some profiles
(traverse B). This part of the sample is identifeedthe unreacted melt, the compositions in this
zone corresponding to the starting glass compaositidraverses performed on samples from
conductivity experiments with duration exceedigghave flat profiles for all major elements

(traverse D).
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Figure 6: Microprobe traverses from the gas/sample interfiac&ilauea samples quenched
during redox experiments and after conductivity eekpent. A) 1300°C, log fex-5.31, t
guench=45min (run #6-QR); B) 1200°C, log,#36.30, t quench=300min (run #4-QR); C)
1300°C, log fG@=-0.68, t quench=300min (run #14-Q0O); D) 1230°Q) f®,=-0.69 (run#12).
Traverse D stresses that chemical compositionsadirsy glass and glass after the conductivity
experiment are similar. Oxides concentrationsgiren in mol normalized to 100. Variations in
oxides concentrations allow to distinguish an iiateg zone, from the interface with gaséto
(dashed line, approximative localisation). The secmternal frontg”, delimiting the unreacted

melt, is calculated using D values from Eq.7.
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4.5. FeO concentrations and evolution of glass £&e**

Wet chemistry was used to determine the bulk valuEe€*/Fe** in glasses before and
after most experiments (Tables 2 and 3). AnalyBegved that the range of oxygen fugacities we
investigated results in a range of at'Hee*" of approximately 0.32 to 2.55 (Figure 7a).

The rate of change of Fé& e with time was documented in both reduction and
oxidation experiments. F&éFe®* were measured at different time intervals follogvieither a
reduction (experiment #4, values at t=0, 300 antOfin; #5, values at t=0, 45 and 1860min;
#6, values at t=0, 45 and 430min) or an oxidatierpériment #12, values at t=0, 330 and
1380min; #14, values at t=0, 200 and 1300min) (@a® and 3). For both reduction and
oxidation, the rate of change of##&€*" is clearly nonlinear with time (Figure 7b). For axae,
oxidation in air of the Kilauea sample (experiméfi) shows a decrease in at>'fee’* from
1.64 (t=0) to 0.52 at equilibriume1300min, Figure 7b). The intermediate value aDBin
(0.83, Table 3) represents a change of ~80% tothaequilibrium value.

5. DISCUSSION
5.1. Ferrous / ferric ratio and electrical conductvity

5.1.1. Why does the ferrous/ferric ratio changedleetrical conductivity ?

Sodium has been identified in several studiesedtatal conductivity of natural melts as
the main charge carrier (Tyburczy and Waff, 19885 Gaillard, 2004; Pommier et al., 2008).
The contribution of the different ionic species {NK*, C&*, Mg?*, Si**, AI**, O*) can be
discriminated using the Nernst-Einstein equatidrG@illard, 2004, Pommier et al., 2008):

2
Oi :% Jmeasured:iza i

whereD; is the coefficient of diffusion of an ion i (m#/g),its charge (C)N; the concentration of

i (m™), kg is the Boltzmann constant, T is the absolute teaipee (K) and Hr the Haven ratio.
D; values are taken from Chakraborty (1995), caledlat 1300°C. For the Kilauea basalt, at
1300°C, this equation underlines that the contrdoubf sodium to the bulk conductivity is
~80%, and the contribution of potassium is only 1IPhis is coherent with the fact that the
potassium cation is larger than Na and, thus,ppased to diffuse in the melt with a slower rate
than sodium. (usually, §3~10.D¢, Chakraborty, 1995). The contributions of calciund @xygen

are 3% and 4% respectively. The contributions of Mgand Al are <1%. These calculations
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underline, in particular, that the contributiondifalent cations to the measured conductivity is
negligible in an alkali-rich melt. The identificati of sodium as the main charge carrier in our
melts implies that the changes observed in thdaredatresponse of the samples during a redox
reaction (i.e. an increase amduring a reduction, a decreaseadrduring an oxidation) can be
related to the modifications affecting the mobilifysodium.

Other mobile species that do not control the mesasetectrical conductivity of the melt
(such as electrons or electron holes) are not sgupto significantly affect the shape of the
impedance spectra. Thus, their possible contributo the redox mechanisms can not be
observed directly using the interpretation of sggect

Structural studies have well established that alkhlrge-compensate tetrahedrally
coordinated cations such as ferric iron (e.g. Therret al., 1980; Dickenson and Hess, 1981,
Mysen, 1983; Kress and Carmichael, 1988; 1991; eangl Carmichael, 1989; Tangeman et al.,
2001; Mysen and Richet, 2005). The charge-compemsegaction can be written in a structural

way (Mysen and Richet, 2005) as follows:
SiQ, + NaFe" 0, - %Nazo +Fe" 0+ Sio,, (5)

where ferric iron is charge-compensated by sodimnthe left hand-side of the equation. This
equilibrium enlightens the double role of sodiurainy either a charge compensator (left hand-
side of the equation) or a network modifier (NMigft hand-side). During an oxidation, the
observed decrease in electrical conductivity miasty reflects a restricted mobility of sodium,
since it is structurally associated to tetrahegralbordinated units with ferric iron. On the
contrary, under more reduced conditions, less oh anits are present within the melt. Thus,
sodium mobility is enhanced, consistent with theesbed increase in electrical conductivity. It
is important to note that Eg. 5 considers only pérferric iron as NF and part of ferrous iron as
NM in the melt. Previous studies have shown that phesence of sodium in silicate melts

promotes the formation of ferric iron (e.g. Kressl&armichael, 1988).
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5.1.2. Time evolution of the electrical conducyivand ferrous/ferric ratio

In our experiments, the temporal changes of both dlectrical conductivity and the
ferrous/ferric ratio have been monitored. To analyrese temporal evolutions, it is convenient to
use the progress varialdelefined as (Crank, 1975; Wendlandt, 1991):

e(X)= (X(t)-Xo)/(XeqXo) (6)

with X being eithero or FE/Fe*, X(t) the value of X at t, Xits initial value and ¥ its
equilibrium value (plateau value). Bo#{o) and e(F€*/Fe’") are compared in Figure 8 for
experiments #4 (values at t=0, 300 and 1410min)(t#8, 45 and 1860min), #6 (t=0, 45 and
430min) and #14 (t=0, 200 and 1300min) (Tables@ 3&n The data fall on the straight line 1:1.
This single trend underlines that, during a redeaction, the electrical conductivity and the
ferric/ferrous ratio increase or decrease withshme rate. Thus, the evolution of the electrical

conductivity with time is identical to that of tledox ratio of the melt. It follows that the time-
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dependence of the electrical response of the sanglebe directly related to redox changes

within the melt.
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Figure 8: Comparison between the evolution of the electriegponse of the sample and the
evolution of the ferrous-ferric ratio (in %). Dapmints fall on the straight line 1:1, indicating

similar kinetics of the evolution of the conductyvand of the redox ratio in the melt.
5.2. Determination of a bulk diffusion coefficientand transport properties

The experimental arrangement used in this studgu(Ei 1) is compatible with the
mathematical model of the diffusion process appleed plane sheet (Schreiber et al., 1986). In
this model, diffusion occurs in a medium boundedvhy parallel planes, with a constant flux on
the upper boundary. Uniform initial distributiondensidered. If diffusion-limited, the evolution
of the electrical conductivity in response to argf@in oxygen fugacity can be described by the
following solution to the equation of one-dimensbdiffusion:

d(t) ~ Ginia —1- i -D(@n+ 1)27721

o ™
~ Oiniial rmo (2n +1) 7T 4L

g,

equilibrium
with o(t) the electrical conductivity (ohm.m)at time t (S),0iniar the electrical conductivity
(ohm.m)" at t=0, Oequibium the electrical conductivity (ohm.iat t=t, D the bulk diffusion
coefficient (m?/s), and L the length of the samfi® (Crank, 1975, p.48). Eq.7 assumes a
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constant D as a function of time at a given tenmpeea The corresponding bulk redox front
delimits the unreacted melt and is representegl’ loy Figure 6.

Experimental data on the changes of conductivitih iime (Figures 5a; b) were fitted
using Eqg. 7 and bulk diffusivity values (D) werdetenined. This approach proved successful for
the reduction experiments performed with CO,G0d the oxidation experiments in air (Figure
5a; b), suggesting that both redox reactions dfesiton-limited processes. Calculated values of
D are similar within uncertainties when determirsdthe same temperature, underlining that
reduction and oxidation kinetics operate at the esamtes (Figure 9a). In contrast, oxidation
performed under CQOs not compatible with Eq.7 and, therefore, irstt@se the redox evolution
is not rate-limited by diffusion (Figure 5c). In rgral, redox studies have been performed
assuming that the processes studied are diffuginitet. Our approach, consisting in following
redox processes in real-time and with high accyraoggests that the nature of the gaseous
oxygen carrier influences the redox kinetics arad,tthe redox processes under,@@ probably
not diffusion-limited. A linear evolution of the eddtrical conductivity with time is clearly
observed, independently of the gas flux. A few pres studies have reported non-diffusion-
limited processes during redox experiments undee @G (Goldman, 1983; Goldman and
Gupta, 1983; Schreiber et al., 1986; Roskosz £2@08). Most likely, the linear changes shown
in Figure 5c reveal a specific rate-limiting progeat the gas/melt interface (e.g. surface
diffusion, chemical reaction).

The temperature dependence of the calculated eydbllows an Arrhenian dependence

(Figure 9a):

_ ~Ea,
D= Do.exr{ =T } (8)

with E&, the activation energy (kJ/mol) an@ e pre-exponential factor (m2/s). Our diffusivity
values range from 10to 10®°m2/s for the T range 1200-1400°C. These diffusiates are
comparable to typical alkali self-diffusion coeféots in basaltic melts from literature
(Henderson, 1985; Chakraborty, 1995). Comparalifasiity values are also calculated using
the Nernst-Einstein equation (Eg. 5) and assuntiaggodium is the unique charge carrier in the
melt (i.e.0equilibriun=Ona+). These two points underline the importance ofrthe of sodium in the
investigated redox processes. However, the highegabf activation energy (Ea200kJ/mol,
Figure 9a, b) calculated from EQ.8 are similar tbivation energy for alkali-Earth elements
(LaTourrette et al., 1996; Chakraborty, 1995) amgigen self-diffusion (Lesher et al., 1996;
Tinker et al., 2003) in silicate melts and is higtiean the one expected for alkali self-diffusion
(~100kJ/mol, Chakraborty, 1995) (see also Appendlix 2
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Figure 9: Calculated bulk diffusivity values.
A) Diffusion coefficients calculated using the
equation of diffusion (Eq. 7, cf Crank, 1975,
p.48) vs temperature. Data are presented for
both reduction (open diamonds: VES sample;
filled diamonds: Kil sample) and oxidation
(stars, Kil sample). Experimental conditions
are detailed in Table 2. The general
regression (straight line) yields a correlation
factor of 0.81, underlining similar kinetics
for both reduction and oxidation. The similar
D values for the two basaltic samples can be
explained by the small differences in the
(Table 1). B)

the diffusion

chemical compositions

Compensation plot for

coefficients from this study (triangles,
calculated using Eq. 7) and from other
studies, attributed to either the diffusion of
oxygen or of divalent cations (D: Dunn,
1983; W: Wendlandt, 1991; C et al. 96:
Cooper et al, 1996; EC: Everman and
Cooper, 2003; Do: Doremus, 1960; LW:
Lawless and Wedding, 1970; SG: Sasabe and
Goto, 1974; SH: Semkow and Haskin, 1985;
S et al.: Schreiber et al., 1986; CC: Cook and
Cooper, 2000; C et al. 90: Cook et al., 1990).
Data for natural and synthetic silicate melts.
The dashed line represents the compensation
law for natural melts (Eq.9). C) Calculated
diffusing rates as a function of oxygen
fugacity variations (proportional to the
driving potential). Data at 1200°C (Kilauea
and Mt Vesuvius samples), 1300°C and

1400°C (Kilauea sample).
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Activation energy and pre-exponential term for pedmetics in melts obtained in this
study and previous ones (Lawless and Wedding, 19@8abe and Goto, 1974; Doremus, 1960;
Dunn, 1983; Semkow and Haskin, 1985; Schreibet.efi@86; Cook et al., 1990; Wendlandt,
1991; Cooper et al., 1996; Cook and Cooper, 200@rrgan and Cooper, 2003) are plotted in a
compensation plot (Figure 9b). The compensationftawmatural melts (r2>0.91) is:

Ea = 11.84.LnR+293.5 (9)
The single trend stresses that the kinetics ofxexh@nges in our study is essentially similar to
that found in other studies.

Figure 9c presents the calculated oxidation-rednctates as a function of oxygen
fugacity variations. Variations of #Jinitial fO, — final fO,) are directly correlated to variations
of the driving potential (or driving forc&) of the redox reaction occurring in the melt:

Ap=A (R.T.Ln fO,) (10)
No clear evidence of such a dependence of D vatuebserved for our experiments, even for
the experiments at 1300°C that involve the lar¢sig fO,| (from 2 to 7). Figure 9c suggests
that a possible dependence of D to variations efi§@oo weak to be discriminated and that the
high D values calculated in our redox experimerss not be explained by variations of the

driving potential.

5.3. Redox dynamics

Redox mechanisms are proposed on the basis of cowvitlu measurements, chemical
titrations, mass balance calculations, EMPA prefé@d previous redox studies. EMPA profiles
(Figure 6) show complex pattern of chemical zomgtighich are however difficult to interpret in
terms of cation fluxes, since a change in catiomext can be caused by the dilution effect of
other mobile species. Microprobe traverses werentlegless used to detect an internal reaction

front, £’, whose location is presented in Figure&. corresponds to an inflexion point in the
chemical profiles.

¢’ is different from the bulk reaction froét’ provided by bulk diffusion coefficients
(Eq.7). The identification of these two fronts sses out two different steps of one reaction or
two different reactions that are all part of thdae mechanisms. Position §T at t corresponds
to diffusivities in the melt of ~I8'm2/s for both reductions and oxidations, usingfti®wing
equation:

D=L2/t (11)
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D the diffusion coefficient (m?/s), L defining tlistance betweed’ and the gas/melt interface

(m), t the time of quenching (s). These valuesmueh lower than bulk diffusivities deduced
from conductivity measurements using Eq.7 Y®® m%s). The progression rate of’
compares well with self-diffusivities of O and 3i basaltic liquid (Canil and Muehlenbachs,
1990; Lesher et al., 1996) and with the rate laarsvdd by Cooper and coworkers using similar
methodologies (identification of a migration frooit cations). Another argument for O and Si
mobility in the interface zone is that our J=@alues are comparable with Ea values from
viscosity measurements (Giordano et al., 2008)¢clwhre based on the Si-O bounds (and oxygen
mobility). The mobility of Si as Si-O has been poasly suggested by Terai and Oishi, 1977.

This suggests that Si-O mobility defines the pregi@n of {’, which is not considered in the

model of Cooper et al. (1996b). Si-O species ass lmobile than sodium and they are not
charged species. Thus, they do not directly infbeethe observed changes in conductivity.
However, their migration could influence the chaogerier mobility. The effect of Si-O oa
would thus be indirect and part of the cations rityttan be interpreted as a consequence of Si-
O migrations.

The progression rate &', graphically deduced from EMPA profiles, is slawhan the
progression rate of ”, determined using electrical measurements amdesponding to the rate

of the evolution of the redox ratio. This implidsat apparent divalent cation migration and
Fe'/Fe*" changes are kinetically decoupled. This was natenfed in previous studies that
proposed redox mechanisms controlled by divalembrts mobility, since the time-evolution of

the Fé'/Fe’* ratio was not monitored in these studies (e.ggp@o et al., 1996b). The rate laws

of the evolution of£” observed in our study are comparable to the tkiseof iron redox

reactions in silicate melts (e.g. Magnien et 08).

A schematic drawing of reduction and oxidation dyies at the scale of the sample are
proposed in Figure 10. The model considers the rihaes of mobile species and, in particular,
the rate-limiting ionic fluxes that probably hid#her minor processes occurring at the same time.
This implies that metastable structures that aobaisly formed during the initial stages of the
redox reaction are not represented. We assumettibainfluence of these structures on the
calculations of diffusion coefficients of mobile expes during the redox reaction can be
neglected. The model used to represent the evolatica redox reaction is based on a Fickian
formalism. This simple approach can be used as&dpproximation which allows us to explain

the D values in terms of major cation fluxes. Thexds of cations {j between the free surface
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(€ o) and the bulk reaction froit have been analyzed using the Fick-Einstein eqoadpplied

to ionic materials (Cooper et al., 1996a):

£=0
j, =—%D, .In[ fog,, ] (11)
A VmAE fso

with x; the molar fraction of the cation i (Na&K*, C&*, Mg**, F€"), D; its diffusion coefficient
(m?3/s), A; the stoechiometric coefficient, Vm the molar vokuwf the reduced or oxidized melt
(m%mol), AZ the distance between the free surface and therkalition front (m), andof the
oxygen fugacity (Pa) (with the superscript indiogtilocation). The d, ratio expresses the
difference in oxygen chemical potential betweertted and unreacted melt (i.e. betwegnand
¢"). D values for cations come from the literatuk¢geqiderson et al., 1985; Chakraborty, 1995;
Lesher et al., 1996) and are assumed to be condtaiig the redox reactiorh; values
correspond to the number of mol of cation in thelmed form (molecular form) that is produced
when one mole of ©reacts with cation i. Details on the calculatiafsA; are presented in
Appendix 3.A¢ is calculated using Eq. 10 with Dgl (from Eq.7) and tgtench(Table3).

In the case of redox mechanisms driven by a sikigle of ionic species (e.g. divalents
cations, Cooper et al., 1996), the motion of tlaoxefront into the melt with time can be written

as follows:

X ,..D ,. %
AL ) Vm= T .|n(f°;j (13)
dt A foe

M?* being a divalent cation. These mechanisms wererobd for experimental timescales of a
few seconds or minutes (Cooper et al., 1996b; Earrand Cooper, 2003) or in the glass region
(Cooper et al.,, 1996a; Cook and Cooper, 2000). idsudsed before, at the timescale of our
experiments (i.e. several hours), redox dynamid¢herbasaltic melts probably not come down to
the only divalent cation fluxes. Our study suggesiat oxygen, and alkalis also probably
contribute significantly to the advancement of bk redox front”. The time-evolution of the

redox front becomes:

dAs . | | .
F_(’\;/]MZ“JMZ* +;/]A+.JA+ + Ao o +/1h,.jh,].\/m (14)
with M?*= C&*, Mg?*, Fé*, A'= Na’, K* and h the electron holed\y+=Ap:=2, A02=2, An=4
(Appendix 3).

Si** and AP* ions are not considered in the present redox mottekvidence of free &i
ions has been found in previous studies (Bockrial.et1952; Semkow and Haskin, 1985). The

very high bond energy of Si-O (~373kJ/mol, Bocktisle 1952) strengthens the low probability
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for Si** ions to exist in a free state capable of migratidthin the melt. A significant role of
aluminium in redox mechanisms has never been obdeto our knowledge.
The fluxes of considered cations are calculatedguBig.12 and the flux of oxygen can be

expressed by:

. X oD, fi0
jor =22 .In[ - ] (15)
2VmAE f3,
n
wherex_,. =—="=". Nuygen COrresponds to the total oxygen content of thet.mglk; corresponds

total
to the amount of oxygen and cations. Bothya,and nwa are determined by mass balance
calculations. As in Cooper et al. (1996a), the fidixelectron holes () was calculated using the

charge neutrality condition:

Z Zi J| = ( Z antions'jcationsj - 2j02- + jh' =0 (16)

cations
where Zaiions COrresponds to the valence of the cations. Cdlonlaf &/dt using Eq. 14 for the
guenched experiments yields similar values for atxach and reduction at the same temperature.
For instance, &dt =2.2.10m/s and 8.18m/s for experiments #12-QO and #4-QR, respectively
(Table 3).

As shown in Figure 10, the incorporation (oxidajiam release (reduction) of oxygen
leads to competitive mechanisms between the diftei@ic species. At the internal froft,
variations of Na mobility are related to the reduction or oxidatiof ferric or ferrous iron,
respectively. In oxidation and reduction experirsetiie reacted melt (delimited by frogi) is
characterized by opposite fluxes of oxygen andooati The smaller amounts of network-
modifier cations compared to oxygen anions impécebn holes to charge-balanc® fixes.

According to Eq. 12 and 14, the evolution of theavefront as a function of time can be

written as follows:

$o
AEAAE =" Aidt with  Ai=x.D, .In( :O; ] =.j,vm (17)
i 02

Integration of Eq. 17 leads to the following parabkinetic law:
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3 t 1
[pcdng=3 Ai [dt = ‘OT =23 Al (18)

&=0 i tp=0

&2

The termT (in m2/s) corresponds to a bulk diffusion coe#iti associated to the redox

reaction and, thus, should be compared to the satithe redox front diffusion coefficient,[)

&2

calculated using Eq. 7. Numerical calculationsd/ielues OfT similar to the measuredy[x

(Eq.7 and Figure 9a): between ~1.8%8/s at 1200°C and ~4.5.1%?/s at 1300°C. This implies
that the evolution of the redox front with time da@& explained by a mechanism involving co-
operative fluxes of cations, oxygen and electrole$iolrhe contribution of cations and oxygen to
the redox mechanisms are in agreement with the &itjliation energy values calculated using
EqQ.8 (>200kJ/mol). The calculated fluxes of cat{&gy. 12) needed to match the global redox
kinetics are however small (1810*% mol.m?s%. This is consistent with the absence of
noticeable cations variations in the inner parth# quenched samples using EMPA profiles
(distance®’, see Figure 6). Highest values of fluxes correspto oxygen and sodium (~1b
mol.m?2.s*, whereas fluxes of potassium and divalent catiars ~10*10" mol.m?%s%),
implying that these two species are the main coutors to the redox dynamics.

The mechanism that occurs to finally provide darm chemistry (e.g. from profile C to
D in Figure 6) probably consists in a reequilitvatiof electrochemical potential. This
reequilibration would correspond, in the case af samples, to a coupled exchange of moving
back alkali and divalent cations.
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Figure 10: Redox dynamics in the Kilauea basalt in the T eah800-1400°C. Both reduction
and oxidation involve chemical reactions at the sarface of the sampl&y) and at two internal
fronts € and ¢”). At &o, oxygen is released or incorporated in the melt) Wi being consumed

or absorbed, respectively. At the internal frafi},(Fe** is reduced to P& (reduction) or F& is
oxidized to F& (oxidation), implying variations on Namobility, and thus on the electrical
response of the melt (see text for details). Thasueed bulk diffusion coefficient corresponds to
the second internal fron). Competitive mechanisms occur between oxygen eatibns
diffusion. The smaller amounts of network-modifeations compared to oxygen anions imply
electron holes to charge-balanc fluxes. The high diffusivities of fprobably enhance oxygen
and cations diffusion, since the D values are deddmm electrical measurements and are thus
related to charged mobile species. Oxygen probafdyes in the melt as both ionic
species, as underlined by several studies (e.gin@ol and Gupta, 1983; Dunn, 1983; Schreiber
et al., 1986; Wendlandt, 1991) and as oxide spesiese spectroscopic studies showed that
most bridging oxygens have cations in their firebrination shell, forming Q species (e.g.
Stebbins, 1995).
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6. CONCLUSION AND REDOX EXCHANGES IN NATURE

Electrical measurements have been used to investigareal-time redox kinetics in
basaltic liquids after f@step changes. Data were recorded between 12004004C, on the f@
range 10-0.2 bars. Electrical conductivity was found torease slightly with decreasing OA
modified Arrhenius law expressing the dependenddetlectrical conductivity to both $@nd
T has been proposed. The evolution of electricaldootivity, based on sodium mobility,
reproduces the evolution of the ferric/ferrousaatf the melt. Reduction under CO-g@nd
oxidation in air are diffusion-limited processediareas a gas-melt interface reaction probably
rate-limit oxidation under pure GOThe high diffusion rates (f810%m2/s) and activation
energies (>200 kJ/mol) calculated on the investig)dt range in basaltic melts can be explained
by redox mechanisms involving co-operative alldilralent cations and oxygen fluxes.

According to Galillard et al. (2003a), attainment@&dox equilibrium in hydrogen-bearing
melts was found to be rate-controlled by fllixes in the melt at a reaction front correspondi
to:

H, + 2 FeQs=2 FeO + HO (18)

This statement was particularly supported by that faat B migration in the melt is
much faster than divalent cations migration cat®dafter Cooper and coworkers. For example,
at 1300°C, atf,=1 and 100bar, Gaillard et al. (2003a) calculagattion rates of iron redox
changes in hydrous magmas of ~2.548nd 10 m?/s, respectively, while extrapolation of D
values of Cooper et al. (1996a) at the same T $allia melts provides a reaction rate of ~2-310
m?2/s. Our results, however, indicate reaction rafes0°-10°m?/s at 1300°C, which exceed well
the rates extrapolated from Cooper et al (1996k¢. Aydrogen-dominated mechanisms exposed
in Gaillard et al. (2003a) will therefore not nesasly operate in basaltic systems because
cooperative motions of oxygen and cations revealeour study can be faster than exchanges
rate-limited by H fluxes. Only for fB values exceeding 50 bars, reaction rates areynearl
equivalent, implying that the mechanisms of Gaillat al. might affect basalts under specific
conditions such as in moderately oxidized mantldgee(water-rich at NNO). However, in most
conditions experienced by basaltic liquids (i.e derately hydrated), the mechanism we revealed
in our study should dominate the kinetics of regoiential re-equilibration.
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Appendix 1: On the difference between oxygen selfftusion (D*) and chemical diffusion

(D) coefficients

As underlined by Cooper et al. (1996a), two kintiexperiments are commonly used to
study diffusion-limited oxidation/reduction kinesic oxygen self-diffusion and chemical
diffusion (redox) experiment8y “chemical diffusion experiments”, we considerpeximents
that let the sample equilibrate with a change & dhseous atmosphere. The diffusing species,
depending on the authors, are oxygen or catiormtr (this study). By “oxygen self-diffusion
experiments”, we consider experiments (mainly ipmp that study the tracer (or network)
diffusion of oxygen. As shown in the following FiguA, several orders of magnitude separate
values of chemical diffusion coefficients and oxygself-diffusion coefficients for similar
silicate melts compositions (D>D*). For example,airbasaltic melt at 1300°C, in air, the self-
diffusion coefficient of oxygen is estimated at 5:60"°m?/s (Canil and Muehlenbachs, 1990)
while we calculated from our study a bulk chemitiéfusion coefficient of ~3.5.18m2's.
Differences have been interpreted in terms of dift mechanisms, chemical diffusion
involving the diffusion of molecular oxygen, vac#aor cations and tracer diffusion involving

the migration of ionic species (Schreiber et &88; Wendlandt, 1991; Cooper et al., 1996a).
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Figure A: Comparison between chemical diffusion experimemtsl oxygen self-diffusion
experiments. Diffusion coefficients as a functidrntemperature. Data from this study (bold full
lines and filled circles) and other chemical difeus studies (full lines and crosses) and tracer
diffusion studies (dashed lines and empty circlBs)ta are taken from this study and from May
et al. (1974) and references therein; Schreibeaal.e{1986) and references therein; Canil and
Muehlenbachs (1990); Cook et al. (1990); Wendlga801); Cooper et al. (1996); Cook and
Cooper (2000); Smith and Cooper (2000); Reid et(2001); Everman and Cooper (2003);
Magnien et al. (2008). 1: Tinker et al. (2003) dresher et al. (1996); 2: Dunn (1982); 3:
Shimizu and Kushiro (1984); 4: Canil and Muehleritsa{d 990); 5: Reid et al. (2001).

Appendix 2: Estimation of a normalized driving force

Another way to interpret the temperature-dependehdéfusivity values is to consider a
normalized driving forcéAG/RT. Over the investigated T range, this normdlideiving force
ranges from 21 at 1473K to 16 at 1673K (223/10.6 a@3/13.9, respectively). Using the
following equation (Schmalzried, 1984),
k'=A.D.( AG/RT) (A0)
an average diffusion coefficient D’ can be dedudeds the reaction-rate constant (i.e. the one

resulting from our electrical meaurements) ang a stoechiometric factor. In Evermann and
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Cooper, 2003) is taken as 5. If we consider thats related to the motion of oxygekh= 2 (cf
Appendix 3).

For instance, at 1473K, k'~Tn2/s. Depending on the value ®f D'=2.3.10* or 1.10"m2/s.
These D’ values are consistent with self-diffugivitalues for divalent cations but also for
oxygen in basaltic melts (cf Fig. 10.18 in Mysem &ichet, 2005). These calculations underline
that fluxes of divalent cations and oxygen probablyo contribute to the redox dynamics,

cooperating with alkali fluxes.

Appendix 3: Relation of the mobile species fluxe®tthe evolution of the inner redox front

Redox processes in magmas can be expressed byeshahthe ferric/ferrous ratio (Kress and
Carmichael, 1988; Dunn and Scarfe, 1986). The spording equilibrium can be written as
follows:

FE'+ 1 Q=Fe + L T (A1)

The quantity of oxygen consumed or produced in (#d9 direct implications on the structure of
the melt and other cations configuration. Thesepatare considered to be present in the melt
under molecular and ionic forms, what can be writig the following equilibria:

MO = M** + % Q + 2 &, with M=Ca, Mg (A2)

A0 =2A" + % O + 2 &, with A=Na, K (A3)

Or, rescaling to the stoechiometric coefficienbrjgen in (Al):
% MO = % M* + ¥ Q + €, with M=Ca, Mg (A'2)
Y% A0 =A"+Y Q+€, with A=Na, K (A'3)

We can define the amount of cation in the oxidifmach (molecular form) that is produced when
one mole of @reacts with cation i (ionic form) by the followirgjoechiometric coefficients.

A m2+= A ar=2
Regarding oxygen anion, the reaction to consider is

L =YaQ+6e (A4),

what leads ta o,=2.
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Finally, the stoechiometric coefficient correspargito the electron holes contribution in the
redox process can be evaluated using the folloetnglibria:

h+%nG=uQ+e (A5)

(A5) impliesA n=4.

The evolution of the inner redox front with timenddaus be written as:
dé _ . ) ) .
E _('\;AMB -JM2+ +;/1A+-JA+ - loz— + thvm

{ZZ.]W +>°2j,, +2j +4jh).\/m
M 2+ A
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Chapitre 6 Bilan et conclusions

Les principaux résultats de cette thése mettehirarere I'importance des mesures de
conductivité électrique dans [I'étude de problémed) géologiques. Une étude
méthodologique comparant les mesures a deux etegéakectrodes a contribué a mettre en
évidence et a corriger les erreurs affectant lesunes électriques a deux électrodes. Cela a
permis d’améliorer la qualité des mesures éleatsqappliquées aux matériaux géologiques,
les mesures a deux électrodes étant principalentéisées par la communauté géologique.

Les propriétés de transport de verres et liqualésatés naturels ont été étudiées et
leur dépendance a la température, a la pressitaniedneur en eau, a la composition et a la
fugacité en oxygéne a été quantifiée. La conduétivlectrigue augmente avec la
température, la teneur en eau et la teneur eriraazatl diminue lorsque la pression augmente.
Elle est essentiellement contrdlée par la diffuéidiu sodium, identifié comme le porteur de
charge principal. L’application de la loi d’Arrhéisi a permis d’estimer I'énergie d’activation
(Ea) et le volume d’activationAY) pour chaque échantillon, dans le domaine vitretix
liquide : 60-<150kJ/mol et ~20c¥mol, respectivement, pour les compositions du Vésu
~100kJ/mol pour le basalte du Kilauea. Des lois@®pensation, reliant énergie d’activation
et terme pré-exponentiedd) issus de la loi d’Arrhénius, ont été établies’appliquent a une
large gamme de compositions magmatiques. A pagtinas données expérimentales, une
méthode semi-empirique a été développée pour déterria,o,, AV. Cette méthode s’est
avéree étre efficace pour prédire la conductivideétéque des magmas du Vésuve ainsi que
pour d’autres compositions.

Une application géophysique de nos mesures élaegign laboratoire a été consacrée
a I'édifice volcanique du Vésuve. Pour la premiéris, des mesures en laboratoire, des
mesures géophysiques, des données pétrologiqgesatimiques ont été mises en commun
pour résoudre un probléme volcanologique. Le modigket (1-D et 3-D) de la conductivité
du Vésuve a d’abord permis de montrer que la saeirauperficielle est responsable des
variations observées dans les fonctions de transkeiqui en fait par conséquent le principal
corps conducteur sous le volcan. Les conditionscstie saumure ont été précisées (~0.5km
de profondeur, 1.2km d’épaisseur, 50hm.m en rggi&ti En ce qui concerne un potentiel
réservoir de magma superficiel, nos résultats se @@rés étre compatibles avec du magma

en cours de refroidissement, remonté mais non é@uisours d'éruptions passées. La
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présence d’'un magma plus chaud a des profondelas wkest pas exclue, mais n'est pas
I'hnypothese la plus probable. En ce qui concerardmalie détectée sur le terrain a 8-10km
de profondeur, nos simulations ont montré qu’efie@mmpatible avec un réservoir dont les
dimensions n’excedent probablement pas les dimessiu cone et ayant une reésistivité
>100o0hm.m, ce qui correspond a un magma de basgetature et trés cristallisé ou a un
magma plus chaud et en plus petite quantité, ioterecté dans I'encaissant (carbonates).
Une comparaison avec les données sismiques acquisésvolcan, en utilisant des modéles
sismiques reliant vitesse des ondes P et S a uatste du magma, favorise la seconde
hypothese. Par ailleurs, notre modéle a permiodigser le manque de données électriques
robustes a longues périodes sur le terrain, et@aséquent la nécessité de mener d’autres
etudes magnétotelluriques sur le Vésuve.

Une application géochimique des mesures électrigneaboratoire s’est concentrée
sur I'étude des réactions redox dans les meltdtizasss. Les mesures électriques ont ici été
utilisées pour étudier en temps réel les cinétiqedsx a haute température (1200-1400°C)
suite & des changements de fugacité en oxygéned6@0® & 0.2bars). Nous avons montré
gue la conductivité augmente légérement lorsqudOla diminue, et avons exprimé la
dépendance de la conductivité a lg 82 a la température au moyen d’une loi d’Arrhénius
modifiée. L’évolution de la conductivité électriqaa cours du temps, fonction de la mobilité
du sodium dans le melt, a été corrélée a I'évatutiol ratio fer ferrique/fer ferreux. Les
réductions sous CO-G(t les oxydations a l'air sont des processus disnfiar la diffusion
alors que les réactions sous £0nt probablement limitées par la vitesse dedati@n. Des
valeurs élevées des coefficients de diffusion®10%m2/s) et des énergies d'activation
correspondantes (Ea200kJ/mol) ont été calculées et expliquées pamu&sanismes redox
impliquant une coopération entre flux d’alcaline,a@htions divalents, et d’'oxygéne.

La combinaison des mesures électriques -menéedafijjuantifier & la fois propriétés
de transport et processus de diffusion au seimadggnas- et la modélisation de ces données a
permis d’améliorer la précision des études desr@@s physico-chimiques des magmas et,
par conséquent, d’améliorer la compréhension désghenes magmatiques dans la crolte

terrestre.

The main results of this thesis enlightened theonmapce of electrical conductivity
measurements as part of the study of geologicdllpros. A methodological study comparing
two- and four-electrode measurements contributediniderline and to correct the errors

affecting the two-electrode measurements. Thisvakdbto improve the quality of electrical
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measurements applied to geological materials, sitwe-electrode measurements are
principally used by geologists.

Transport properties of natural silicate glassesldiquids have been investigated and
their dependence to temperature, pressure, watateod, composition and oxygen fugacity
has been quantified. The electrical conductivitgréases with temperature, water content
and alkali content and decreases with increasingspure. It is essentially controlled by
sodium diffusivity, identified as the main chargerier. The application of the Arrhenius law
allowed to estimate the activation energy (Ea) aantivation volume4V) for each sample, in
the glassy and liquid domain: 60-<150kJ/mol and er@@mol, respectively, for Mount
Vesuvius compositions, ~100kJ/mol for the Kilauesali. Compensation laws, linking
activation energy and pre-exponential termap)( from the Arrhenius law, have been
established and can be applied to a large magmatenposition range. From our
experimental data, a semi-empirical method has liEsmloped in order to determine k=,
and 4V. This method turned out to be efficient to predie electrical conductivity of
magmas from Mount Vesuvius as well as for othempomitions.

A geophysical application of our electrical mea=muents in laboratory has been
dedicated to Mount Vesuvius volcanic edifice. For first time, laboratory measurements,
geophysical measurements, petrological and geodzata have been confronted to solve
a volcanological problem. The forward model (1-Dda8+D) of the conductivity of Mount
Vesuvius first allowed to show that the superfidigine is responsible of the observed
variations in the transfer functions. As a resthis brine is the main conductive body below
the volcano. The brine storage conditions have baecised (~0.5km depth, thickness of
1.2km, resistivity of 50hm.m). As regards a po#trghallow magma reservoir, our results
are compatible with cooling residual magma not ésed during the past eruptions. The
presence of a hotter magma at depths >4km is ncduéed but is not the most probable
hypothesis. Concerning the field anomaly detecte8t HOkm depth, our simulations showed
that it is compatible with a reservoir whose dimens do not probably exceed the cone
dimensions and whose resistivity is >100ohm.m, esponding to a low-temperature and
crystal-rich magma or to a hotter magma intercoriedcin the surrounding carbonates. A
comparison with seismic data recorded on the valcaising seismic models relating P and S
waves velocity to magma structure, supports thersebypothesis. Our model contributed to
underline the lack of robust field electrical daaé high periods and, thus, the necessity to

conduct other magnetotelluric studies at Mount Vasi
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A geochemical application of electrical laborataneasurements focused on the study
of redox reactions in basaltic melts. Electricalaserements are here used to study in real
time the redox kinetics at high temperatures (12000°C) following oxygen fugacity
changes (f@from 10° to 0.2bars). We showed that the conductivity iases slightly when
decreasing the fPand expressed the dependence of the conductvit),tand temperature
using a modified Arrhenius law. The evolution oé tblectrical conductivity with time,
function of sodium mobility in the melt, has beemrelated to the evolution of the
ferric/ferrous ratio. Reductions under CO-g@nd oxidations in air are diffusion-limited
processes whereas oxidations under,@@ probably reaction rate-limited processes. High
values of diffusion coefficients (310°m?2/s) and of activation energies @E&€00kJ/mol)
have been calculated and explained by redox mesheninvolving cooperative fluxes of
alkali, divalent cations and oxygen.

The association of electrical measurements -comali¢d quantify both transport
properties and diffusion processes in magmas- &ednodelling of these data allowed to
improve the precision of the studies of the physioa chemical properties of magmas, and,

as a result, to improve the understanding of magnmtenomena in the Earth’s crust.

Suggestions pour de prochaines étudeSi{ggestions for future researgh

Les magmas étant des suspensions a trois phagesl€li cristaux et bulles), leurs
propriétés physiques et chimiques sont contréléedapprésence et les interactions entre ces
composants. Les propriétés des magmas ne peuvéiniitee a étre simplement recalculées
en utilisant des modeles et formalismes élaborés gproduire le comportement de magmas
contenant des cristaux et des bulles, en particcdieles effets liés aux interactions entre les
phases sont approximés. Des mesures expérimentalees échantillons a trois phases sont
nécessaires et un effort doit étre fourni danseos.s

L'étude redox réalisée au cours de cette thesep{€@aab) est totalement innovante.
Elle offre de larges perspectives en ce qui corcées études électriques en laboratoire,
principalement pour deux raisons: 1) cette étudmahtre que les mesures électriques
peuvent suivre en temps réel I'évolution d’'une ti@acchimique, 2) elle souligne aussi que
les phénomeénes de diffusion, qui, certes, n'engeridque de petits changements sur la
réponse électrique d’'un melt silicaté, peuvent étreliésin situ a I'aide de la technique de
spectroscopie d'impédance. Par exemple, des mesélexdriques conduites sur un

assemblage basalte-olivine (analogue crolte-mantaaucours du temps permettraient
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d’étudier les cinétiques et les mécanismes degidfude contamination de la crodte terrestre.
Une autre application, d’ordre volcanologique, ¢stesait en I'étude des cinétiques de
décompression de magmas riches en volatils (siirest; en quelque sorte, dans la continuité
de I'expérience réalisée sur une obsidienne hyel@tioar, présentée au Chapitre 3).

Le lien entre viscosité et conductivité méritertiétre exploré en détail, de maniére a
comprendre précisément a I'échelle atomique cemeasure réellement chacune des deux
grandeurs physiques. Les mécanismes de conductimrcomme la nature des porteurs de
charge permettent ou empéchent de relier viscesit@nductivité électrique. Une telle étude
impliquerait non seulement de coupler les mesulestriues et de viscosité mais aussi
d’utiliser des techniques de spectroscopie et daéahsation.

Les mesures électriques ont un avantage signffisatiles mesures sismiques : elles
sont techniquement plus simples a mettre en ceuvlkesaésultats obtenus en laboratoire
peuvent étre directement appliqués au terrain. fpeslemes d’échelle semblent davantage
affecter les mesures sismiques en laboratoire, uteng permet pas d’interpréter aussi
facilement les anomalies géophysiques. Notre éudéésuve a montré que faire le lien entre
laboratoire et terrain contribue de maniere efficacrésoudre un probléme volcanologique.
L’approche proposée par le modéle direct (Chagijreeut non seulement s’appliquer a la
volcanologie mais aussi a des problématiques nigntes et, en cela, elle doit étre

considérée dans les futurs travaux géophysiques.

Magmas being three-phase suspensions (liquid, as/stnd bubbles), their physical
and chemical properties are controlled by the pnegeand the interactions between these
components. Magma properties can not come dowre tonby calculated using models and
formalisms elaborated to reproduce the behaviamafjmas containing crystals and bubbles,
particularly because the effects due to the intkoms between the different phases are
approximated. Experimental measurements on threselsamples are necessary and an
effort should be done in this direction.

The redox study achieved during this thesis (Chiapyas completely innovative. It
offers large perspectives as regards electricatigs in laboratory for two main reasons: 1)
this study demonstrates that electrical measuresneam follow in real time the evolution of a
chemical reaction, 2) it also underlines that dsifin phenomena, which, of course, only
involve small changes in the electrical responsa silicate melt, can be studied in an in situ
way using the technique of impedance spectrosdémyinstance, electrical measurements

conducted on a basalt-olivine mixture (crust-mandlealog) with time would allow to
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investigate the diffusion kinetics and mechanisith@ contamination of the Earth crust.
Another application, of volcanological order, woutdnsist in the study of the kinetics of
decompression of volatile-rich magmas (this wowddrbline with the experiment performed
on a hydrous obsidian at 1bar, presented in ChaBjer

The link between viscosity and conductivity wouddedve further consideration, in
order to understand precisely at an atomic scalatwbkally measures each of both physical
guantities. Conduction mechanisms as well as thereaof the charge carriers allow to
relate viscosity to conductivity or prevent fromrdpit. Such a project would not only imply
to couple electrical and viscosity measurementstbutise techniques of spectroscopy and
modelling, too.

Electrical measurements have a significative adsgat compared to seismic
measurements : they are technically easier to imple and the results obtained in
laboratory can directly be applied to the field.aBieg problems seem to affect more seismic
measurements in laboratory, what does not allowinterpret so easily the geophysical
anomalies. Our study of Mount Vesuvius showed {hding laboratory and field
measurements contributes efficiently to solve eaamalogical problem. The approach
proposed by the forward model (Chapter 4) can mdy dbe applied to volcanoes but also to
problems regarding the mantle and should thus besidered in the geophysical works to

come.
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Propriétés électriques des magmas

Résumé :

Les expériences ont été menées pour déterminer les propriétés électriques des verres et liquides silicatés du
Vésuve et du Kilauea par spectroscopie d'impédance. Une étude méthodologique des mesures a deux et
quatre électrodes a amélioré la qualité des mesures électriques. Les mesures ont été faites entre 400 et
1400°C, 0.1 et 400MPa et pour des fugacités en oxygéne de 10® 4 0.2 bar. La conductivité électrique croit
avec la température, les teneurs en eau et sodium et lorsque pression et fO, diminuent. Des lois d’Arrhénius
ont été déterminées dans les verres et liquides pour étudier les propriétés de transport. Des énergies
d’activation de 60 & 150kJ/mol et un volume d’activation de 20cm®mol ont été calculés. Une méthode semi-
empirique a été déduite pour estimer la conductivitt d'une large gamme de melts. Une application
géophysique de nos résultats a consisté en un modéle direct de la conductivité du Vésuve. Les fonctions de
transfert s’expliquent par la seule présence d’une saumure. Sa forte conductivité rend la détection d’un corps
magmatique profond difficile. Cependant, nos simulations ont démontré que les données géophysiques
actuelles sont en accord avec un réservoir de magma cristallisé ou du magma plus chaud interconnecté
dans I'encaissant carbonaté. Une application géochimique a consisté au suivi en temps réel des cinétiques
redox dans des basaltes, en utilisant la dépendance au temps de la conductivité suite a un changement de
fO,. L'évolution de la conductivité au cours du temps, liée a la mobilité du sodium, est identique a celle du
ratio fer ferrique/fer ferreux du melt. La réduction sous CO-CO, et I'oxydation a l'air sont limitées par la
diffusion, mais pas I'oxydation sous CO,, probablement a cause de réactions a l'interface gaz/melt. Les
valeurs calculées élevées de diffusivité et d’énergie d’'activation ont été expliquées par des mécanismes
redox impliqguant une coopération entre flux d’alcalins, de cations divalents et d’'oxygene.

Mots clés : conductivité électrique, melts silicatés, propriétés de transport, Vésuve, modele direct,
dynamiques redox.

Electrical properties of magmas

Summary :

Experiments were conducted to determine the electrical properties of silicate glasses and liquids from Mt
Vesuvius and Kilauea volcanoes using impedance spectroscopy. A methodological study of the two and four
electrode measurements improved the quality of the electrical measurements. Measurements were
performed between 400 and 1400°C, from 0.1 to 400MPa and for oxygen fugacities ranging from 10®%t0 0.2
bar. The electrical conductivity increases with increasing temperature, water content, sodium content and
with decreasing pressure and fO,. Arrhenius laws were determined for glasses and liquids to investigate the
transport properties. Activation energies from 60 to 150kJ/mol and an activation volume of 20cm®mol were
calculated. A semi-empirical method was deduced to estimate the conductivity of a wide range of melts. A
geophysical application of our results consisted in the forward modelling of the conductivity of Mt Vesuvius.
Transfer functions are explained by the only presence of a brine. Its high conductivity makes difficult the
detection of a deeper magmatic body. Still, our simulations demonstrated that present geophysical data are
compatible with a crystallized magma reservoir or a hotter magma interconnected in the surrounding
carbonates. A geochemical application consisted in the monitoring in real-time of redox kinetics in basaltic
liquids, using the time-dependence of electrical conductivity following fO, step changes. The evolution of the
conductivity with time, related to sodium mobility, is identical to that of the ferric/ferrous ratio of the melt.
Reduction under CO-CO, and oxidation in air are diffusion-limited, while oxidations under CO, are not,
probably due to gas/melt interface reactions. High calculated diffusivities and activation energies have been
explained by redox mechanisms involving cooperative alkali, divalent cation and oxygen fluxes.

Keywords : electrical conductivity, silicate melts, transport properties, Mt. Vesuvius, forward modelling, redox
dynamics.
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