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Abstract 300 better)

The electrical conductivity of basaltic melts hasb measured in real-time after,&ep-
changes in order to investigate redox kinetics.dfxpental investigations were performed at 1
atm in a vertical furnace between 1200°C and 14008{g 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 llgtectable effect of fDon the electrical
conductivity is observed. The more reduced the ,ntlet 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,G§as mixtures and oxidation in air. However, a
reaction at the gas-melt interface probably rata@tdi oxidation of the melt under pure €O
Reduction and oxidation rates are similar and lthease with temperature. Those rates range
from 10° to 10°m2/s for the temperature interval 1200-1400°C amulsactivation energy of
about 200kJ/mol. The redox mechanism that bestaggplour results involves a cooperative

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

1. INTRODUCTION

Several studies have revealed the important cantfoledox potential, usually quantified
as oxygen fugacity (fQ), on metal/silicate melt, crystal/melt and gastreguilibria (Carmichael
and Ghiorso, 1990; Righter and Drake, 1996; Mowattl Papale, 2004; Gaillard and Scaillet,
2009). This makes redox condition of basaltic mealtee of the most critical parameter
influencing many planetary processes, involving ecdiormation, mantle melting and
metasomatism, crystallization of magmas and magegassing (Righter and Drake, 1996; Herd,
2008; Frost and McCammon, 2008). Several multivaédements 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 Carmid@84; 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, IMustite (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 logauto 3.5 log-units below NNO (Herd et al.,
2002). Such variations in planetary basalts oxydegacity might reflect fundamental
heterogeneities in the redox state of their souwecgon but fQ can be also modified during
melting, crystallization and degassing process@sxeSsuch modifications can be kinetically
controlled, a correct interpretation of fQvariabilities requires the understanding of the
mechanisms and rate of changes in the redox pat@mtbasalts. In this paper, we use electrical
conductivity measurements to further document maishas and kinetics of redox changes in

basaltic melts.
2. PREVIOUSWORKS

Mechanisms of oxidation/reduction of silicate méitave been actively investigated (e.g.
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€goper 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-reductiatioea 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 oxyg€®m{%0 substitutions are involved) whereas
redox experiments implicitly require a change ie tixygen/cations ratio. Variable-valence ions
have been found to enhance oxygen fluxes (Beer&rdsde Waal, 1990). Redox experiments
are usually related to oxygen AQchemical diffusion experiments (Schreiber et 3#086). For
glasses or melts of similar composition, oxygerceradiffusivity (D*) is commonly several
orders of magnitude slower than oxygen chemicdlsivity (D, Schreiber et al., 1986; Cook et
al., 1990; Wendlandt, 1991) (Appendix 1). Such mipancies 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 cationspecies. Cooper et al. (1996b) have

demonstrated that the diffusion of an oxygen spe@enot required during redox reactions in



melts and that the change in the oxygen/catiomns imbest accommodated by cations rather than
oxygen diffusivity due to their greater mobility.

Oxygen self and chemical diffusion studies perfaino& synthetic (Sasabe and Goto,
1974; Dunn, 1982; Schreiber et al., 1986; Cool.e1890; 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 depeadd both kind of diffusion mechanisms
on the melt structure. This was also confirmed byep studies of iron redox reactions (e.g.
Magnien et al., 2008). All that tends to underlthat the Network Formers (Si, Al) lower the
oxygen diffusivity (D) whereas the Network Modifsefdivalent cations and alkali) have the
opposite effect. In basaltic melts, oxygen selfediion 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) measurggjex diffusivities (D*) of ~4.18° m?s and
6.102 m2s, respectively. This result questions the agsiom of Cooper et al. (1996a, b) that
Co2.Do2- (and &2Do2) < Gnodifier cationPmodifier cations G D€INg the concentration of x.

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

We have undertaken a systematic investigation efitfluence of fQ on the electrical
response of two different basaltic melts at 0.1MiAd 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 telead measurements and (2) the need to
understand redox kinetics and mechanisms in nasiliehte melts, the electrical conductivity
being here used as a probe for investigating nrassfer properties. Modern techniques of
measurements of electrical conductivity such as emapce spectroscopy (Huebner and
Dillenburg, 1995) allows the electrical responsdéoseparated in terms of an imaginary and a
real part, the latter corresponding unambiguousliyhé electrical resistance of the sample. In the
case of oxidation/reduction reactions, the realetietectrical response of the melts was not
monitored in previous studies (Waff and Weill, 19@8d is therefore unknown. In our study, the



electrical conductivity was continuously measunexhf step changes in $Quntil 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 Bglilibrium conductivities were extracted
from the evolution ofc-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 majement 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 réidacreactions 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 collected 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 analységhe 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 glassgas were prepared under strongly oxidizing
conditions (log f@=-0.69). Quenching resulted in bubble-free glasted were drilled to
cylinders (6 mm OD, 6.5-10 mm length), and diredtigded in the electrical conductivity cell.
NBO/T ratios (number of non-bridging oxygens diddey number of tetrahedral cations) of the
two glasses, calculated considering Fe as bothdmlOFgO; 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 theltgfe and the basalt.
3.2. Experimental setup

All experiments were performed in a one atmosphamical furnace. Experimental
temperatures ranged from 1200 to 1400°C. Temperatuonitored with &urothermcontroller,
was measured by a type-S thermocouple, placedeadjéa the conductivity cell, and is known
to within +/- 2°C. The sample and the thermocouwpdee both located in the 3 cm hot spot of the



furnace. Experimental redox conditions were cotetbby the gaseous atmosphere present in the
furnace. Three types of gaseous atmospheres wepdoysd: air, pure C® and CO-CQ
mixtures. Note that experiments using only Cfde never performed under pure £8ince a
small quantity of CO is always present in the gatsléd This small amount of CO (in general < a
few tens of ppm) allows the gas atmosphere tosattauffer.

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-Comixtures, three different gas proportions (39.7@pfT.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) andally measured using a zirconia
electrolyte cell. These are referenced againshilgiO 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@®);
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 iregos

Conductivity measurements were performed using e-dl@ctrode configuration on
cylindrical samples (Gaillard, 2004; Pommier et 2008, Figure 1a). Glass samples of 6mm OD
and 8-9mm length were typically used. The innectebtele of the conductivity cell is a 1mm Pt
wire inserted in the center of the glass samplethadxternal electrode is a Pt tube surrounding
the sample. The drilled alumina ceramic part latadé the bottom of the conductivity cell
prevents the two electrodes from being in cont&aure la). 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 (Soffetct 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 sampleanemoved from the furnace and allowed to
cool down under room conditions. Quenched glassms Selected conductivity charges were
collected and prepared for FeO titration and etectmicroprobe analyses.

3.3. Experimental strategy

For each experiment at a given temperature, twost@®ps were performed. Electrical
measurements were recorded continuously until tiagnanent of the different equilibrium redox
states. Reduction experiments consisted in araliméiatively oxidizing step followed by a final

step under more reducing conditions. Oxidation @rpents 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 from aairpure CQ to CO-CQ
mixtures (reductions), or from CO-G@ixtures to air or pure C{oxidations). On the basis of
voltage measurements using the zirconia probe,gohgriO, from CO-CQ to pure CQ or air
and reciprocally takes approximately a few minutB$ectrical measurements during this
transition period were discarded. For oxidationaimthe conductivity cell was taken out of the
furnace during the evacuation of the CO-Qfas 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 experimenggperiments were performed in order to
determine F&/Fe’* and other chemical changes associated with tHeimea evolution of the
oxygen fugacity. These experiments (designatedwak analytical experiments, Table 3) used
the same sample configuration and dimensions asdhéductivity experiments (Figure 1b).
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 equilibriuas monitored from the electrical measurements, was

attained. Experimental glasses were analyzed fOrtfeation and electron microprobe analyses.
3.4. Acquisition and reduction of the electrical data

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

The complex impedance, Z, can be written as the 2ufj@”, with Z’ the real part and
Z’ the imaginary part of Z (and j2=-1). The elec#i response of the sample to a scan in
frequency is directly observed in the Nyquist pl@§de Z”) (Figure 2), from which the value of
the electrical resistance R is deduced (e.g. Huedne Dillenburg, 1995). The non semi-circle
shape of the impedance spectra is due to the liattthe samples are very conductive on the

investigated T range, implying their electricalistance 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 o due to error
propagation of typical uncertainties on R (R iswndo +/- 0.5 ohm in the investigated T range),
L, dext and @ (uncertainties on the length and the two diameteesO.1mm) is in the range of
4.7-9% for both our Kilauea and Mt.Vesuvius samples

For fixed T and f@ conditions and for each starting glass compositione series
measurements were conducted. They consisted insticeessive acquisition of electrical
measurements (each comprising a scan in frequeany ¥ Hz to 16 Hz) until a stable value of
R (and, thus, ofo) was reached (plateau values). The time interetvéen two electrical
measurements ranged from 30 s to 1 hr dependinigeoevolution 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 ldeoé the experiment, the small changes in the

electrical response (plateau values) allowed tlesofifonger time spans.

3.5. Analytical techniques

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

A Camebax SX-50 electron microprobe (BRGM-CNRS-@mité d’'Orléans) was used
to analyze both the starting and the experimeritdsgs. 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 iraflosn the melt to the Pt electrodes and the
extent of AF* incorporation and diffusion from the ceramic pafrthe conductivity cell into the
melt (Figure 1b). In the analytical charges, EMPdvérses at the gas/melt interface were used to
determine the type and importance of major elemi@umtss to redox changes (see Figure 1).

The FeO concentration of the starting and experiateglasses was determined by
colorimetric redox titration (Gaillard et al., 2483 With this method, the sample is dissolved in
HF+H,SO, solution and the titration is then performed usingotassium dichromate solution.

The equivalence volume provides the value of thecentration of FeO. At least 25mg of



sample powder were used for the titration in ottdeensure accuracy and reproducibility. The
Fe,O3 concentration is then calculated from:

Fe05=1.1113.(Fe@-FeO), 2
where FgO; is the concentration in ferric iron (wt%), Re(s the total iron concentration (wt%)
measured by electron microprobe and FeO is theerwration of ferrous iron (wt%) determined
as above. FeO and f& concentrations are then used to calculate tHesgl{Fe™ ratio.

4. RESULTS

4.1. Melt-conductivity cell interactions

Spot electron microprobe analyses performed incémer 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 log4© -3.74 and -0.69 (f@in 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 redoyeriments.

The glass-Pt interface shows no significant vaoretiin oxide concentrations, except for
FeO, as already observed by Pommier et al. (2@&xaverage, iron depletions range between 2
and 7% relative. A maximum depletion of 15% FeCatreé 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 hBarganstance, in experiment #5 (one of the
longest experiments (Table 2), thus particularlpased 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 insignifttamodifying 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 scattgrkdjioclase crystals. The contribution of
these crystals to the measured electrical condtictivas evaluated according to the method
exposed in Pommier et al. (2008). Calculations stiwatv the contribution of the crystals is less

than 1% of the measured conductivity.



4.2. Effect of oxygen fugacity and temperature on the electrical conductivity

Electrical conductivities of the Kilauea sample swad at temperatures ranging from
1200 to 1400°C and covering a range of oxygen fiiga®f 10’ to 0.2 bar are shown in Figure
4. These are steady-state values of electricalwziivity associated with chemical equilibrium at
the set fQ. A small but clearly detectable effect of oxygendaigy on the electrical conductivity
is demonstrated for each isotherm. The more redubedmelt, the higher the electrical
conductivity. For comparison, no effect offGn the electrical conductivity was observed in the
study of Walff and Weill (1975). For both Kilaueadaviesuvius samples, the change in electrical
resistance following a change in redox conditionsbout a few ohms, largely exceeding the
sensitivity of our measurements (better than 0.H¥piven 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).

At 1300°C, for the Kilauea sample, a change in @08 log-units modifies the electrical
conductivity of ~0.2log-unit (Figure 4). A similar effect is observetithe other investigated
temperatures. For a given §Qhe electrical conductivity increases with tenapere (Figure 4).
The influence of temperature (increase of ~1.2dags from 1200 to 1400°C) appears to be
similar at low and high f@ This temperature dependency of the conductiaty lee fitted by an

Arrhenius equation:

o= ao.ex{ = } 3)

with o the electrical conductivity (ohm.m) o, the pre-exponential factor (ohm.Mm)Ea, the
activation energy (J/mol), R the universal gas tamts(J.K-.mol") and T the temperature (K).
Depending on the gas atmosphere, linear least-ssjuagression analysis of electrical data
yields different activation energies that are pnése in Table 4. Since a small effect ohbf@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
o= a10).exy IO (1) @

Eq.4 reproduces measured conductivity values fortred experiments with a correlation

coefficient of 0.93 and an average error of 11.6%tive.
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4.3. Time-dependent changesin electrical conductivity during redox reaction

At a given temperature, the time necessary to raathble 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 aredes for oxidations under G@Table 2). At
1200°C, for both reduction and oxidation experisgnd stable (plateau) value of the
conductivity is reached in more than 15hours, wies than 2hours are needed at 1400°C.

Results of typical reduction and oxidation (in aRrperiments are presented in Figure 5a
and 5b (experiments #6 and #15, respectively, Tapleg=or both types of experiments, the
exponential shape of the electrical response vimie wunderlines similar reaction mechanisms
and kinetics. For the experiment with pure gBigure 5c¢), the electrical response is more linea
with time, which contrasts with the curves obtaie&tier for oxidation in air or for reductions in
CO-CG. Changing the C@flow rate in the furnace does not significantlyange the shape of
the electrical response with time (Figure 5c). Hegligible effect of the gas flow rate on the
kinetics of oxidation is in agreement with the alvaions made by Schreiber et al. (1986) using

different air flow rates.

4.4. Variationsin major element chemical concentrations

Electron microprobe traverses were performed imged 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 +/-&rams.

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 &ims of redox fronts): (1) The interface zone
between gas and glass (<1lmm depth), from the gapleanterface t&’, is characterized by
important variations in the concentration of netwtmrming and network modifying cations in
the quenched glass samplé&sis 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 ineedss-8% in SiQ 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 axpeatal duration. It presents slight
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fluctuations in alkali and Mg and Ca concentratioimsexperiment #14-QO (traverse C), this
zone presents an increase of 4% relative in CaOMgi@ and a decrease of 8.8% relative in
NaO. (3) A third zone, located near the bottom of ¢tapsule, can be detected on some profiles
(traverse B). This part of the sample is identifesdthe 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).

4.5. FeO concentrations and evolution of glass Fe?*/Fe®*

Wet chemistry was used to determine the bulk valuB€*/Fe** in glasses before and
after most experiments (Tables 2 and 3). Analykes/ed that the range of oxygen fugacities we
investigated results in a range of af/fiee’” of approximately 0.32 to 2.55 (Figure 7a).

The rate of change of Eé&¢e’* with time was documented in both reduction and
oxidation experiments. F&#Fe’* were measured at different time intervals follogvieither a
reduction (experiment #4, values at t=0, 300 antDi#n; #5, values at t=0, 45 and 1860min;
#6, values at t=0, 45 and 430min) or an oxidatiexpériment #12, values at t=0, 330 and
1380min; #14, values at t=0, 200 and 1300min) (@s® and 3). For both reduction and
oxidation, the rate of change of %€ is clearly nonlinear with time (Figure 7b). For exale,
oxidation in air of the Kilauea sample (experiméft) shows a decrease in at®'Hee®* from
1.64 (t=0) to 0.52 at equilibriume1300min, Figure 7b). The intermediate value aD6+in
(0.83, Table 3) represents a change of ~80% totireéquilibrium value.

5. DISCUSSION
5.1. Ferrous/ ferric ratio and electrical conductivity
5.1.1. Why does the ferrous/ferric ratio changedleetrical conductivity ?
Sodium has been identified in several studiese@ftatal 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 {N&*, C&*, Mg?*, Si**, AI**, O*) can be
discriminated using the Nernst-Einstein equatidrG@illard, 2004, Pommier et al., 2008):

12
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Oi :% Jmeasured:izai

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 teatpee (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 contrilouiof sodium to the bulk conductivity is
~80%, and the contribution of potassium is only 1IBhis 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, \3~10.0x, Chakraborty, 1995). The contributions of calciund @xygen
are 3% and 4% respectively. The contributions of Mgand Al are <1%. These calculations
underline, in particular, that the contributiond¥alent cations to the measured conductivity is
negligible in an alkali-rich melt. The identificah of sodium as the main charge carrier in our
melts implies that the changes observed in thdredatresponse of the samples during a redox
reaction (i.e. an increase anduring a reduction, a decreaseadrduring an oxidation) can be
related to the modifications affecting the mobilifysodium.

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

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

way (Mysen and Richet, 2005) as follows:
Si0, + NaF€' 0, o %Nazo +Fe'0+Si0,, (5)

where ferric iron is charge-compensated by sodimnhe left hand-side of the equation. This
equilibrium enlightens the double role of sodiureiny either a charge compensator (left hand-
side of the equation) or a network modifier (NMigktt hand-side). During an oxidation, the
observed decrease in electrical conductivity misty 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 atnits are present within the melt. Thus,
sodium mobility is enhanced, consistent with theestsed increase in electrical conductivity. It

is important to note that Eq. 5 considers only pérferric iron as NF and part of ferrous iron as
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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).

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):

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

with X being eithero or F€*/Fe’™*, X(t) the value of X at t, Xits initial value and X, its
equilibrium value (plateau value). Botfo) and g(Fe€**/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 withghme rate. Thus, the evolution of the electrical
conductivity with time is identical to that of tmedox ratio of the melt. It follows that the time-
dependence of the electrical response of the saogriebe directly related to redox changes

within the melt.
5.2. Determination of a bulk diffusion coefficient and 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 boundedviay parallel planes, with a constant flux on
the upper boundary. Uniform initial distributionaensidered. If diffusion-limited, the evolution
of the electrical conductivity in response to argd®in oxygen fugacity can be described by the
following solution to the equation of one-dimensbdiffusion:

o(t) — G S - D(@n+2D272t
=1 z (2n+1)2772 F{ 4] 2 } @

initial n=0

a,

equilibrium
with o(t) the electrical conductivity (ohm.fm)at time t (S),0iniia the electrical conductivity
(ohm.m)" at t=0, Gequiibrium the electrical conductivity (ohm.fat t=t, D the bulk diffusion
coefficient (m#/s), and L the length of the samfii® (Crank, 1975, p.48). Eq.7 assumes a
constant D as a function of time at a given tempeea The corresponding bulk redox front

delimits the unreacted melt and is representedl’ oy Figure 6.
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Experimental data on the changes of conductivitth wime (Figures 5a; b) were fitted
using Eq. 7 and bulk diffusivity values (D) werdeatenined. This approach proved successful for
the reduction experiments performed with CO.,@G@d the oxidation experiments in air (Figure
5a; b), suggesting that both redox reactions dfasithn-limited processes. Calculated values of
D are similar within uncertainties when determirsgdthe same temperature, underlining that
reduction and oxidation kinetics operate at the esaates (Figure 9a). In contrast, oxidation
performed under CQs not compatible with Eq.7 and, therefore, irstbase the redox evolution
is not rate-limited by diffusion (Figure 5c). In rggral, redox studies have been performed
assuming that the processes studied are diffugiatetl. Our approach, consisting in following
redox processes in real-time and with high accyraaggests that the nature of the gaseous
oxygen carrier influences the redox kinetics arad,tthe redox processes under,G@e probably
not diffusion-limited. A linear evolution of the etrical conductivity with time is clearly
observed, independently of the gas flux. A few pes studies have reported non-diffusion-
limited processes during redox experiments undee i (Goldman, 1983; Goldman and
Gupta, 1983; Schreiber et al., 1986; Roskosz P@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 Resdbllows an Arrhenian dependence

(Figure 9a):

— —Ea,
D= Do.ex;{ = } (8)

with Ea the activation energy (kJ/mol) and e pre-exponential factor (m2/s). Our diffusivity
values range from 10to 10°m%s for the T range 1200-1400°C. These diffusiates are
comparable to typical alkali self-diffusion coef@ots in basaltic melts from literature
(Henderson, 1985; Chakraborty, 1995). Comparalffasiiity values are also calculated using
the Nernst-Einstein equation (Eq. 5) and assuntiaggodium is the unique charge carrier in the
melt (i..0equiibriun=ONa+). These two points underline the importance ofrdte 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

Activation energy and pre-exponential term for pednetics in melts obtained in this

study and previous ones (Lawless and Wedding, 19@6abe and Goto, 1974; Doremus, 1960;
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Dunn, 1983; Semkow and Haskin, 1985; Schreibet.efl886; Cook et al., 1990; Wendlandt,
1991; Cooper et al., 1996; Cook and Cooper, 2008r&an and Cooper, 2003) are plotted in a
compensation plot (Figure 9b). The compensationftawmatural melts (r2>0.91) is:

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

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

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

driving potential.

5.3. Redox dynamics

Redox mechanisms are proposed on the basis of cowvithlu measurements, chemical
titrations, mass balance calculations, EMPA prefé@d previous redox studies. EMPA profiles
(Figure 6) show complex pattern of chemical zomgthich are however difficult to interpret in
terms of cation fluxes, since a change in catiomtex@t can be caused by the dilution effect of
other mobile species. Microprobe traverses werenlegless 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 stes out two different steps of one reaction or

two different reactions that are all part of thdaxe mechanisms. Position f at t corresponds

to diffusivities in the melt of ~I8'm2/s for both reductions and oxidations, usingftiewing
equation:

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

(m), t the time of quenching (s). These valuesmaveh lower than bulk diffusivities deduced
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from conductivity measurements using Eq.7 110 m/s). The progression rate of’

compares well with self-diffusivities of O and $i basaltic liquid (Canil and Muehlenbachs,
1990; Lesher et al., 1996) and with the rate laarsvedd 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 FE@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 laobile than sodium and they are not
charged species. Thus, they do not directly infbeethe observed changes in conductivity.
However, their migration could influence the chaoggrier mobility. The effect of Si-O oa
would thus be indirect and part of the cations nityltan be interpreted as a consequence of Si-
O migrations.

The progression rate @', graphically deduced from EMPA profiles, is slawban the
progression rate of ’, determined using electrical measurements anmdesponding to the rate

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

the Fé'/F€’* 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 tkseof iron redox

reactions in silicate melts (e.g. Magnien et &00&).

A schematic drawing of reduction and oxidation dyies at the scale of the sample are
proposed in Figure 10. The model considers the ifaies 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 aobaily formed during the initial stages of the
redox reaction are not represented. We assumethbainfluence of these structures on the
calculations of diffusion coefficients of mobile espes during the redox reaction can be
neglected. The model used to represent the evolatia redox reaction is based on a Fickian
formalism. This simple approach can be used asadpproximation which allows us to explain
the D values in terms of major cation fluxes. Thixds of cations {j between the free surface

(£ 0) and the bulk reaction fro§t have been analyzed using the Fick-Einstein equadpplied

to ionic materials (Cooper et al., 1996a):
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£=0
j, =—%D, .In( for j (12)
A VmAE foo

with x; the molar fraction of the cation i (N&K*, C&*, Mg®*, F€"), D; its diffusion coefficient
(m2/s), A the stoechiometric coefficient, Vm the molar vokuwf the reduced or oxidized melt
(m*mol), AZ the distance between the free surface and therbalition front (m), andof the
oxygen fugacity (Pa) (with the superscript indiogtilocation). The d, ratio expresses the
difference in oxygen chemical potential betweercte and unreacted melt (i.e. betwegnand
¢"). D values for cations come from the literatuk¢efiderson et al., 1985; Chakraborty, 1995;
Lesher et al.,, 1996) and are assumed to be condtamg the redox reactiom; 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 calculati@fsA; are presented in
Appendix 3.A¢ is calculated using Eq. 10 with Dz (from Eq.7) and tgtencn(Table3).

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

as follows:

%: e Jye VM= XMZ*A'?M“ .In[ :z::j (13)
M?* being a divalent cation. These mechanisms wererobd for experimental timescales of a
few seconds or minutes (Cooper et al., 1996b; Eaarand Cooper, 2003) or in the glass region
(Cooper et al., 1996a; Cook and Cooper, 2000). i8sudsed before, at the timescale of our
experiments (i.e. several hours), redox dynamidkerbasaltic melts probably not come down to
the only divalent cation fluxes. Our study suggesist oxygen, and alkalis also probably
contribute significantly to the advancement of ek redox front”. The time-evolution of the
redox front becomes:

%:(%Aw.jw +;AA+.jA+ + A +/lh_.jh_j.\/m (14)
with M#*= C&*, Mg®*, F&*, A'= Na', K* and h the electron hole\vz:=Aa:=2, Ao2=2, An=4
(Appendix 3).

Si** and AP* ions are not considered in the present redox mdtekvidence of free 8i
ions has been found in previous studies (Bockrial.et1952; Semkow and Haskin, 1985). The
very high bond energy of Si-O (~373kJ/mol, Bocktigle 1952) strengthens the low probability
for Si** ions to exist in a free state capable of migratiothin the melt. A significant role of

aluminium in redox mechanisms has never been obdety our knowledge.
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The fluxes of considered cations are calculatedgugq.12 and the flux of oxygen can be

X, .D, ¢=0
j . — O O In 1:02‘I (15)
°7  2VMA¢ fs

expressed by:

noxygen

wherex , = . Noxygen COrresponds to the total oxygen content of theé.mgly corresponds

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

charge neutrality condition:

Z Zi J| = ( z antions'jcations] - 2j02f + jh' =0 (16)

cations

where Zaiions COrresponds to the valence of the cations. Calonlaf c&€/dt using Eqg. 14 for the
guenched experiments yields similar values for atkach and reduction at the same temperature.
For instance, &dt =2.2.10'm/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 frogt,
variations of N& mobility are related to the reduction or oxidatiohferric or ferrous iron,
respectively. In oxidation and reduction experirsetite reacted melt (delimited by frofi) is
characterized by opposite fluxes of oxygen andoonati The smaller amounts of network-
modifier cations compared to oxygen anions impécebn holes to charge-balancé flixes.

According to Eqg. 12 and 14, the evolution of thdoefront as a function of time can be
written as follows:

&
AEAAE = Aldt with  Ai=x.D, .|n( fos j = .j,vm (17)

I
02

Integration of Eq. 17 leads to the following parab&inetic law:
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& t 2
j AEAAE =D Al j dt = S 2) Ai (18)

60 =0 i t

&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 safithe redox front diffusion coefficient,[X

&

calculated using Eq. 7. Numerical calculationsd/hlues OfT similar to the measured,lk

(Eq.7 and Figure 9a): between ~1.8°48/s at 1200°C and ~4.5.3®2/s at 1300°C. This implies
that the evolution of the redox front with time daa explained by a mechanism involving co-
operative fluxes of cations, oxygen and electrole$iorhe contribution of cations and oxygen to
the redox mechanisms are in agreement with the digkation energy values calculated using
Eq.8 (>200kJ/mol). The calculated fluxes of cat{&g. 12) needed to match the global redox
kinetics are however small (3810%* mol.m?2s"). This is consistent with the absence of
noticeable cations variations in the inner parth®d quenched samples using EMPA profiles
(distance®’, see Figure 6). Highest values of fluxes correspto oxygen and sodium (~1b
mol.m?2s", whereas fluxes of potassium and divalent catiars ~10-10" mol.m?s%),
implying that these two species are the main couatiors 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 reequilibvatiof electrochemical potential. This
reequilibration would correspond, in the case af samples, to a coupled exchange of moving
back alkali and divalent cations.

6. CONCLUSION AND REDOX EXCHANGESIN NATURE

Electrical measurements have been used to investigareal-time redox kinetics in
basaltic liquids after f@step changes. Data were recorded between 12004003C, on the f@
range 16-0.2 bars. Electrical conductivity was found torease slightly with decreasing £OA
modified Arrhenius law expressing the dependendb@tklectrical conductivity to both $@nd
T has been proposed. The evolution of electricaldoativity, based on sodium mobility,
reproduces the evolution of the ferric/ferrousaati 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 (1910°m?2/s) and activation
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energies (>200 kJ/mol) calculated on the investigdt range in basaltic melts can be explained
by redox mechanisms involving co-operative alkdilvalent cations and oxygen fluxes.

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

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

This statement was particularly supported by thet that H migration in the melt is
much faster than divalent cations migration cal@dafter Cooper and coworkers. For example,
at 1300°C, atf,=1 and 100bar, Gaillard et al. (2003a) calculatkttion 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 s$allia melts provides a reaction rate of ~430
m?2/s. Our results, however, indicate reaction rafek0®-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 nesmsly operate in basaltic systems because
cooperative motions of oxygen and cations revealesur study can be faster than exchanges
rate-limited by H fluxes. Only for fH values exceeding 50 bars, reaction rates areynearl
equivalent, implying that the mechanisms of Gailllet 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 devately hydrated), the mechanism we revealed

in our study should dominate the kinetics of redoiential re-equilibration.
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Appendix 1. On the difference between oxygen self-diffusion (D*) and chemical diffusion
(D) coefficients

As underlined by Cooper et al. (1996a), two kinflexperiments are commonly used to study
diffusion-limited oxidation/reduction kinetics: oggn self-diffusion and chemical diffusion
(redox) experimentBy “chemical diffusion experiments”, we consideperments that let the
sample equilibrate with a change in the gaseoussihere. The diffusing species, depending on
the authors, are oxygen or cations or both (thidygt By “oxygen self-diffusion experiments”,
we consider experiments (mainly isotopic) that gttee tracer (or network) diffusion of oxygen.
As shown in the following Figure A, several ordefsmagnitude separate values of chemical
diffusion coefficients and oxygen self-diffusion efficients for similar silicate melts
compositions (D>D*). For example, in a basaltic imai 1300°C, in air, the self-diffusion
coefficient of oxygen is estimated at ~6.5'492/s (Canil and Muehlenbachs, 1990) while we
calculated from our study a bulk chemical diffustmefficient of ~3.5.18m#/s.

Differences have been interpreted in terms of difa mechanisms, chemical diffusion
involving the diffusion of molecular oxygen, vacgor cations and tracer diffusion involving
the migration of ionic species (Schreiber et &8, Wendlandt, 1991; Cooper et al., 1996a).
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Figure A: Comparison between chemical diffusioneexpents and oxygen self-diffusion
experiments. Diffusion coefficients as a functibtemperature. Data from this study (bold full
lines and filled circles) and other chemical diftusstudies (full lines and crosses) and tracer
diffusion studies (dashed lines and empty circleaja are taken from this study and from May
et al. (1974) and references therein; Schreibealef1986) and references therein; Canil and
Muehlenbachs (1990); Cook et al. (1990); Wendl¢h€®1); Cooper et al. (1996); Cook and
Cooper (2000); Smith and Cooper (2000); Reid ef2001); Everman and Cooper (2003);
Magnien et al. (2008). 1: Tinker et al. (2003) drekher et al. (1996); 2: Dunn (1982); 3:
Shimizu and Kushiro (1984); 4: Canil and Muehlerim¢1990); 5: Reid et al. (2001).

Appendix 2: Estimation of a normalized driving force

Another way to interpret the temperature-dependesfcdiffusivity 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 (223/10.6 283/13.9, respectively). Using the
following equation (Schmalzried, 1984),
k'=A.D.(AG/RT) (AO)
an average diffusion coefficient D’ can be dedudéds the reaction-rate constant (i.e. the one
resulting from our electrical meaurements) and a stoechiometric factor. In Evermann and
Cooper, 2003) is taken as 5. If we consider thats related to the motion of oxygen= 2 (cf
Appendix 3).
For instance, at 1473K, k'~Tf?/s. Depending on the value »f D'=2.3.10" or 1.10"'m%s.
These D’ values are consistent with self-diffusivitalues for divalent cations but also for
oxygen in basaltic melts (cf Fig. 10.18 in Mysemnl &ichet, 2005). These calculations underline
that fluxes of divalent cations and oxygen probaslso contribute to the redox dynamics,
cooperating with alkali fluxes.

Appendix 3: Relation of the maobile species fluxesto the evolution of theinner redox front
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Redox processes in magmas can be expressed byeshahthe ferric/ferrous ratio (Kress and
Carmichael, 1988; Dunn and Scarfe, 1986). The spmeding equilibrium can be written as
follows:

FE '+ 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. Thesenatare considered to be present in the melt
under molecular and ionic forms, what can be writig the following equilibria:

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

A0 =2A" + Y% G + 2 €, with A=Na, K (A3)
Or, rescaling to the stoechiometric coefficienbrygen in (Al):

% MO =% M+ Q+ €, with M=Ca, Mg (A'2)

Yo A0 = A" +Y, G+ €, with A=Na, K (A'3)

We can define the amount of cation in the oxidifmedh (molecular form) that is produced when
one mole of @reacts with cation i (ionic form) by the followirsgoechiometric coefficients
)\M2+:)\A+:2
Regarding oxygen anion, the reaction to consider is
B =Y +e (A4),
what leads tdo,=2.
Finally, the stoechiometric coefficient corresporglito the electron holes contribution in the
redox process can be evaluated using the folloeeglibria:
h+hOF=vuQ+e (A5)
(A5) impliesAn=4.

The evolution of the inner redox front with timencus be written as:

a5 . .
a_(EAMZ*‘.JMZ“- +Z/1A+-JA+ _J02—+Jh]'\/m
M A

=[22.jMz+ +ZZjA+ +2j +4jh}\/m
M2+ A+
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Table 1. Composition of the starting glasses (in wt % ). Figuresinto brackets correspond
to the concentrations of major oxidesin mol %.

Sample VES9 Kilauea
SiO, 49.2 (54.6) 50.0 (55.2)
TiO, 0.96 (0.80) 2.41 (2.00)
Al ;05 15.1  (9.90) 13.2 (8.62)
FeO 1.73 (1.61) 3.16 (2.92)
FeO3 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 115 (13.6) 10.6 (12.5)
NaO 1.97 (2.12) 2.29 (2.45)
K20 5.98 (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
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Table4: Arrhenius parametersfor theinvestigated samples.

Gas Log ANNO Fé'/Fe**(%at) Lmoo (ohm.m)! Ea
(kJ/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-CG mixture 1 [-6.30; -4.98] [0.75; 1.40] ¢%.2.24] 9.20 113
CO-CG, mixture 2 [-7.25;-6.12] [-0.35; 0.45] 2.55* 9.16 112
O, in bar.

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



Figure captions

Figure 1: Description of (A) the conductivity cedhd (B) the sample configuration for
analytical experiments. The arrows represent tlohange with the gaseous atmosphere at the
unique interface sample/gas. The straight linegesgmt the three types of microprobe
traverses performed after the redox experimenestése).

Figure 2: Electrical response observed in the Nstoplian (Z’', Z) for the Kilauea basalt at
1300°C, during oxidation in air. The first parttbke response (Z'<R) represents the electrical
response of the sample while the second part (Z'»&resents the effect of the interface
between the sample and the electrode. R (resistdrtbe sample (ohm)) is obtained for Z” =
0 and represents the real part of the complex ipez (here, R~18.50hm).

Figure 3: Iron losses, example of the redox expeminat 1200°C (run #5). A: Molar fraction
of metallic iron in the Pt electrode after. The EMProfile shows that iron contamination
affects the electrode on a distance <100micron€dsicentration of total iron in mol of oxide
normalized to 100. No noticeable iron depletiondetected in the sample, even at the
interface glass/Pt electrode. Error estimatiorrésented in the box.

Figure 4: Electrical conductivity at the chemiauilibrium of the Kilauea sample as a
function of oxygen fugacity, for T ranging from XP@ to 1400°C. The conductivity slightly
increases with decreasing the,f@he electrical conductivity is more strongly degent on T
than fQ. Experimental conditions are indicated in Tabl®ashed lines correspond to Eq.4.
The electrical conductivity of the PG-16 basaltielhat 1400°C from Walff and Weill (1975)
(WWT75) is shown for comparison.

Figure 5: Conductivity transients in oxidation aeduction reactions. A: Reduction example
(run #6); B: Oxidation example (run #15). The sdlides correspond to the calculated
conductivity with the diffusion equation of Crangeg text). C: Advancement of oxidation
reaction in air and Cfas a function of time. The diffusion profile olstad in air contrasts
with the more linear trend obtained under COriangles and diamonds underline that the
non diffusion kinetics under CQs not function of the gas flow in the furnaceraht line is
just a guide for the eyes.

Figure 6: Microprobe traverses from the gas/sanmikrface in Kilauea samples quenched
during redox experiments and after conductivity ekpent. A) 1300°C, log fe»-5.31, t
quench=45min (run #6-QR); B) 1200°C, log.#3%6.30, t quench=300min (run #4-QR); C)
1300°C, log f@=-0.68, t quench=300min (run #14-QO0O); D) 1230°@, 10,=-0.69 (run#12).
Traverse D stresses that chemical compositions taitirey glass and glass after the
conductivity experiment are similar. Oxides cortcations are given in mol %. Variations in
oxides concentrations allow to distinguish an ifist&e zone, from the interface with gasito
(dashed line, approximate localisation). The secamdrnal front, &”, delimiting the
unreacted melt, is calculated using D values fran¥ Esee text for details).

Figure 7: A) Ferrous-ferric ratio withANNO for conductivity and analytical experiments
performed on the Kilauea sample. See Tables 2 aridr 2xperimental conditions. B)
Equilibration time as a function of the ferrousrferatio for the Kilauea sample. Examples of
a reduction at 1200°C, log $©-6.30 and of an oxidation at 1300°C, in air. Theal error
bars underline the high reproducibility of the vebtemical analyses. Crosses represent the



attainment of chemical equilibrium (plateau valudgtermined using electrical measurements
(see text for details). The curves are just a gtodéhe eye.

Figure 8: Comparison between the evolution of tleetgcal response of the sample and the
evolution of the ferrous-ferric ratio (in %). Dataints fall on the straight line 1:1, indicating
similar kinetics of the evolution of the conductyand of the redox ratio in the melt.

Figure 9: Calculated bulk diffusivity values. A) fidision coefficients calculated using the
equation of diffusion (Eq. 7, cf Crank, 1975, p.48)temperature. Data are presented for both
reduction (open diamonds: VES sample; filled diadworKil sample) and oxidation (stars,
Kil sample). Experimental conditions are detailedlable 2. The general regression (straight
line) yields a correlation factor of 0.81, undeirign similar kinetics for both reduction and
oxidation. The similar D values for the two basakamples can be explained by the small
differences in the chemical compositions (TableB)) Compensation plot for the diffusion
coefficients from this study (triangles, calculatading Eq. 7) and from other studies,
attributed to either the diffusion of oxygen or divalent cations (D: Dunn, 1983; W:
Wendlandt, 1991; C et al. 96: Cooper et al., 1996; Everman and Cooper, 2003; Do:
Doremus, 1960; LW: Lawless and Wedding, 1970; S&%afe and Goto, 1974; SH: Semkow
and Haskin, 1985; S et al.. Schreiber et al., 1986; Cook and Cooper, 2000; C et al. 90:
Cook et al., 1990). Data for natural and synthgiticate melts. The dashed line represents the
compensation law for natural melts (Eq.9). C) Clalmd diffusing rates as a function of
oxygen fugacity variations (proportional to thevahig potential). Data at 1200°C (Kilauea
and Mt Vesuvius samples), 1300°C and 1400°C (Kdagzammple).

Figure 10: Redox dynamics in the Kilauea basathenT range 1200-1400°C. Both reduction
and oxidation involve chemical reactions at thes feairface of the sampléof and at two
internal fronts § and&”). At &, oxygen is released or incorporated in the melih Wi being
consumed or absorbed, respectively. At the intefrait €'), Fe** is reduced to Fé
(reduction) or F& is oxidized to F& (oxidation), implying variations on Nanobility, and
thus on the electrical response of the melt (seefte details). The measured bulk diffusion
coefficient corresponds to the second internal tfr@i). Competitive mechanisms occur
between oxygen and cations diffusion. The smalleounts of network-modifier cations
compared to oxygen anions imply electron holes harge-balance © fluxes. The high
diffusivities of h probably enhance oxygen and cations diffusiongcesithe D values are
deduced from electrical measurements and are ¢éhated to charged mobile species. Oxygen
probably moves in the melt as both ioni¢{Gpecies, as underlined by several studies (e.g.
Goldman and Gupta, 1983; Dunn, 1983; Schreiben.etl886; Wendlandt, 1991) and as
oxide species, since spectroscopic studies shdwatdrtost bridging oxygens have cations in
their first coordination shell, forming Q speciesy. Stebbins, 1995).



Figurel

Atmosphere (CO, CO2, air)

OD=6mm

A
Y

|
Pt wire (connection to
the sample-holder) — < Surface exposed to the 4

' exchange with gas

AN

>

Sample . Pt electrodes L=8-9mm
:;5 Electron microprobe
traverses
Y
Cement Alumina
Atmosphere (CO, CO2, air)
. OD=6mm
| h ” Surface exposed to the
Pt wire (connection to | exchange with gas
the sample-holder) g
\ Pt capsule welded
: at one end
1
C L=8-9mm
Sample > :
. r
Electron microprobe Z >
traverse :
Y




Figure2

Z" (ohm)

*

3 196 > 0.1Hz
3,5 T T T T

18,2 184 186 188 19 19,2
Z' (ohm)




Figure3

A)

B)

[FeOtot] mol of oxide norm. 100

Distance in glass (mm)

0.04 S R R R
Interface glass / Pt electrode
}. 4
003 " —
(] °
©
o
B [ ]
0 002 . —
o
£
xfz
0.01 |— «,® —]
0 ‘ ‘ ‘ ‘. e?.eeLeeeLeeeLee
0 20 40 60 80 100 120 140 160 180
Distance in Pt electrode (microns)
| | |
<€— Pt electrode
i °
e o™ o o
o o, W™ .V ® 9 ok 1\ F )
“ [ J .‘~ : A J . ..
o’ *."I' ..“..A o N2
Y o9 °® e 2]
o ® ®
)
| | | |
0 0.2 0.4 0.6 0.8



Figure4

=
N

Log ¢ (ohm.m) ™

o o o o

N HA (@) oo =
| | | | |

o
|

o
N

- -
-~ -
- . .

-
~ <.
~
-

- -
-~ - o
_____
~ - ..

¢ 1200C
X1230C
A 1300C
@ 1400C
x WW75

~ - o
- -
-
~ .

-8

-5
Log fO , (bar)

-4




A)

B)

C)

1

oo 200

Time {min)

300

1.51 | | | |
) CO+CO2 .
1.8 & _
°® | X |
1.49 — —
TE 1.48 —| | ® Data
c €©2 D=5.5.109m3s —Fit
o
2147 = |
2
146 1= Kilauea (run #5 O
Feduction at 1300°C,
145 - ANNO=1.35 —
144 | | I I |
] 100 200 300 400 500 BO0 700
Time {min)
1.8 o ! | |
1.7 — Kilauea {run #15) ]
Oxidation at 1300°C
1.6 o
"E“ 1.5 D=4.2510%ms & Data
£ —|—Fit
214
b _|
1»3 | CD-DDE
®y N
121 o |
Air
11 | | | | | |
0 100 200 300 400 500 GO0 o0
Tirmne {rmimn)

1 4,
= 08 —
E=]

S .

*.—"

E 0e — —

%“: i i

S 04 ® Air

=i a High CO9 flux

:t% # Low CO2 flux |

L 02 : ___ —
Kilauea - Cxidation at 1300°C




Figure 6
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Figure7

A) 3

Kilauea basalt

e from conductivity experiments
o from analytical experiments
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Figure8
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Figure9
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