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Abstract 300 better) 35 

 36 

The electrical conductivity of basaltic melts has been measured in real-time after fO2 step-37 

changes in order to investigate redox kinetics. Experimental investigations were performed at 1 38 

atm in a vertical furnace between 1200°C and 1400°C using air, pure CO2 or CO/CO2 gas 39 

mixtures to buffer oxygen fugacity in the range 10-8 to 0.2 bars. Ferric/ferrous ratios were 40 

determined by wet chemical titrations. A small but detectable effect of fO2 on the electrical 41 

conductivity is observed. The more reduced the melt, the higher the conductivity. A modified 42 

Arrhenian equation accounts for both T and fO2 effects on the electrical conductivity. We show 43 

that time-dependent changes in electrical conductivity following fO2 step-changes monitor the 44 

rate of Fe2+/Fe3+ changes. The conductivity change with time corresponds to a diffusion-limited 45 

process in the case of reduction in CO-CO2 gas mixtures and oxidation in air. However, a 46 

reaction at the gas-melt interface probably rate limits oxidation of the melt under pure CO2. 47 

Reduction and oxidation rates are similar and both increase with temperature. Those rates range 48 

from 10-9 to 10-8m²/s for the temperature interval 1200-1400°C and show activation energy of 49 

about 200kJ/mol. The redox mechanism that best explains our results involves a cooperative 50 

motion of cations and oxygen, allowing such fast oxidation-reduction rates. 51 

 52 

 53 

 54 

1. INTRODUCTION 55 

 56 

Several studies have revealed the important controls of redox potential, usually quantified 57 

as oxygen fugacity (fO2), on metal/silicate melt, crystal/melt and gas/melt equilibria (Carmichael 58 

and Ghiorso, 1990; Righter and Drake, 1996; Moretti and Papale, 2004; Gaillard and Scaillet, 59 

2009). This makes redox condition of basaltic melts one of the most critical parameter 60 

influencing many planetary processes, involving core formation, mantle melting and 61 

metasomatism, crystallization of magmas and magma degassing (Righter and Drake, 1996; Herd, 62 

2008; Frost and McCammon, 2008). Several multivalent elements determine the fO2 of basaltic 63 

melts (Fe, C, H, O, S), but the ferric/ferrous ratio of the melt is commonly used to monitor redox 64 

changes in magmatic processes (Kress and Carmichael, 1991; Behrens and Gaillard, 2006). The 65 

oxygen fugacity of a basalt is generally defined relatively to the one of a solid buffer, such as, 66 

from the more reducing to the more oxidizing, Iron-Wustite (IW), Quartz-Fayalite-Magnetite 67 

(QFM), Nickel-Nickel Oxide (NNO) (Herd, 2008).  68 
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Present-day basaltic lavas on Earth display a range in oxygen fugacity from 3 log-units 69 

below NNO to 4 log-units above NNO, corresponding to ferric/total iron ratios ranging from less 70 

than 10 to ~70%  (Botcharnikov et al., 2005; Carmichael, 1991). Martian basalts record more 71 

reduced oxygen fugacities, ranging from 0.5 log-units to 3.5 log-units below NNO (Herd et al., 72 

2002). Such variations in planetary basalts oxygen fugacity might reflect fundamental 73 

heterogeneities in the redox state of their source region but fO2 can be also modified during 74 

melting, crystallization and degassing processes. Since such modifications can be kinetically 75 

controlled, a correct interpretation of fO2 variabilities requires the understanding of the 76 

mechanisms and rate of changes in the redox potential in basalts. In this paper, we use electrical 77 

conductivity measurements to further document mechanisms and kinetics of redox changes in 78 

basaltic melts. 79 

 80 

2. PREVIOUS WORKS 81 

 82 

Mechanisms of oxidation/reduction of silicate melts have been actively investigated (e.g. 83 

Schreiber et al., 1986 and references therein). In H-bearing and H-free basaltic systems, 84 

reduction/oxidation reactions are commonly associated with the development of redox reaction 85 

fronts and are diffusion-limited (Wendlandt, 1991; Cooper et al., 1996a, b; Everman and Cooper, 86 

2003; Gaillard et al., 2003a). For H-bearing systems, Gaillard et al. (2003b) calculated that H2 87 

mobility should rate-limit redox changes in basalts. In H-free systems, different rate-limiting 88 

species have been proposed. Oxidation-reduction reactions have been initially associated to the 89 

diffusion of oxygen (self-diffusion of oxygen; Wendlandt, 1991). However, self-diffusion 90 

experiments do not involve gain or loss of oxygen (16O-18O substitutions are involved) whereas 91 

redox experiments implicitly require a change in the oxygen/cations ratio. Variable-valence ions 92 

have been found to enhance oxygen fluxes (Beerkens and de Waal, 1990). Redox experiments 93 

are usually related to oxygen (O2) chemical diffusion experiments (Schreiber et al., 1986). For 94 

glasses or melts of similar composition, oxygen tracer diffusivity (D*) is commonly several 95 

orders of magnitude slower than oxygen chemical diffusivity (D, Schreiber et al., 1986; Cook et 96 

al., 1990; Wendlandt, 1991) (Appendix 1). Such discrepancies between O diffusion coefficients 97 

have been interpreted in terms of different transport mechanisms, oxygen self- or tracer diffusion 98 

involving mobility of discrete cation-oxygen species within the melt while oxygen chemical 99 

diffusion is dominated by the migration of cationic species. Cooper et al. (1996b) have 100 

demonstrated that the diffusion of an oxygen species is not required during redox reactions in 101 
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melts and that the change in the oxygen/cations ratio is best accommodated by cations rather than 102 

oxygen diffusivity due to their greater mobility. 103 

Oxygen self and chemical diffusion studies performed on synthetic (Sasabe and Goto, 104 

1974; Dunn, 1982; Schreiber et al., 1986; Cook et al., 1990; Cook and Cooper, 2000; Reid et al., 105 

2001) and natural silicate melts (Dunn, 1983; Canil and Muehlenbachs, 1990; Wendlandt, 1991; 106 

Cooper et al., 1996a) have demonstrated the dependence of both kind of diffusion mechanisms 107 

on the melt structure. This was also confirmed by other studies of iron redox reactions (e.g. 108 

Magnien et al., 2008). All that tends to underline that the Network Formers (Si, Al) lower the 109 

oxygen diffusivity (D) whereas the Network Modifiers (divalent cations and alkali) have the 110 

opposite effect. In basaltic melts, oxygen self-diffusion data were found to be comparable to 111 

divalent cations diffusivities. For example, in a basaltic melt at 1300°C, Muehlenbachs and 112 

Kushiro (1974) and Lesher et al. (1996) measured oxygen diffusivities (D*) of ~4.10-12 m²/s and 113 

6.10-12 m²/s, respectively. This result questions the assumption of Cooper et al. (1996a, b) that 114 

cO2-DO2- (and cO2DO2) < cmodifier cationsDmodifier cations, cx being the concentration of x.  115 

The electrical conductivity, σ, reveals the mobility of the charge carriers in presence of a 116 

gradient in electrical potential and is an efficient probe of mass transfer processes within silicate 117 

melts and magmas. Previous studies have shown that it is extremely sensitive to many 118 

parameters, including temperature (T), pressure (P), melt composition (Tyburczy and Waff, 119 

1983, 1985; Gaillard, 2004; Gaillard and Iacono Marziano, 2005; Pommier et al., 2008). 120 

However, the dependence of electrical conductivity of silicate melts to redox conditions has 121 

remained poorly documented. The only study on the subject (Waff and Weill, 1975) found no 122 

significant variation in σ with fO2 and suggested to neglect the influence of fO2 on the electrical 123 

properties of silicate melts.  124 

We have undertaken a systematic investigation of the influence of fO2 on the electrical 125 

response of two different basaltic melts at 0.1MPa and different temperatures. The study was 126 

motivated by (1) the need to reexamine the conclusions of Waff and Weill (1975) in the light of 127 

recent methodological advances in the field of electrical measurements and (2) the need to 128 

understand redox kinetics and mechanisms in natural silicate melts, the electrical conductivity 129 

being here used as a probe for investigating mass transfer properties. Modern techniques of 130 

measurements of electrical conductivity such as impedance spectroscopy (Huebner and 131 

Dillenburg, 1995) allows the electrical response to be separated in terms of an imaginary and a 132 

real part, the latter corresponding unambiguously to the electrical resistance of the sample. In the 133 

case of oxidation/reduction reactions, the real time electrical response of the melts was not 134 

monitored in previous studies (Waff and Weill, 1975) and is therefore unknown. In our study, the 135 
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electrical conductivity was continuously measured from step changes in fO2 until the attainment 136 

of redox equilibrium. In turn, this allows conductivity changes to be interpreted in terms of 137 

kinetics and mechanisms of redox changes in the melt. Equilibrium conductivities were extracted 138 

from the evolution of σ-time plots and used to establish the dependence of the electrical 139 

conductivity with fO2 for the two basaltic melts and different temperatures investigated. The 140 

conductivity measurements were complemented by major element and FeO analyses of 141 

experimental glasses in order to relate the electrical and redox state of the studied melts. For most 142 

experiments, the kinetics of the electrical response can be satisfactorily fitted by a diffusion 143 

formalism, suggesting that both oxidation and reduction reactions are kinetically limited by 144 

diffusion. The high values of the calculated diffusion coefficients (~10-9m2/s for our investigated 145 

T range) can be explained by redox mechanisms involving both oxygen and cations fluxes.  146 

 147 

3. EXPERIMENTS 148 

 149 

3.1. Starting products 150 

 151 

The starting materials are two different basalts: one collected from the active vent of 152 

Pu’u’ ‘O’o volcano (Kilauea, Hawaii) in 2007 and a tephrite (VES9) coming from a 8th century 153 

eruption of Mt. Vesuvius (Italy). Chemical analyses of the starting glasses are given in Table 1. 154 

Each rock was finely crushed in an agate mortar. The powder was dried and then melted in air at 155 

1400°C during ~1h. Therefore, all starting glass samples were prepared under strongly oxidizing 156 

conditions (log fO2=-0.69). Quenching resulted in bubble-free glasses that were drilled to 157 

cylinders (6 mm OD, 6.5-10 mm length), and directly loaded in the electrical conductivity cell. 158 

NBO/T ratios (number of non-bridging oxygens divided by number of tetrahedral cations) of the 159 

two glasses, calculated considering Fe as both FeO and Fe2O3 and neglecting the presence of Ti 160 

(Mysen and Richet, 2005), are 0.56 for the Kilauea basalt and 0.55 for the Mt. Vesuvius tephrite. 161 

This underlines a similar polymerization of the tephrite and the basalt. 162 

 163 

3.2. Experimental setup  164 

 165 

All experiments were performed in a one atmosphere vertical furnace. Experimental 166 

temperatures ranged from 1200 to 1400°C. Temperature, monitored with a Eurotherm controller, 167 

was measured by a type-S thermocouple, placed adjacent to the conductivity cell, and is known 168 

to within +/- 2°C. The sample and the thermocouple were both located in the 3 cm hot spot of the 169 
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furnace. Experimental redox conditions were controlled by the gaseous atmosphere present in the 170 

furnace. Three types of gaseous atmospheres were employed: air, pure CO2 and CO-CO2 171 

mixtures. Note that experiments using only CO2 are never performed under pure CO2, since a 172 

small quantity of CO is always present in the gas bottle. This small amount of CO (in general < a 173 

few tens of ppm) allows the gas atmosphere to act as a buffer. 174 

For air, the tube furnace was left open to the ambient atmosphere. In contrast, for both 175 

CO2 and CO-CO2 mixtures, gases were flown through the furnace (typical flow rates were 176 

200cc/min). For CO-CO2 mixtures, three different gas proportions (39.7% CO2/1.6% CO; 38.8% 177 

CO2/5.9% CO; 36.5% CO2/17.5% CO) were imposed using electronic flowmeters. Redox 178 

conditions (fO2) were calculated from Deines et al. (1974) and directly measured using a zirconia 179 

electrolyte cell. These are referenced against the Ni-NiO equilibrium at 0.1MPa (Pownceby and 180 

O’Neill, 1994). For pure CO2 gas, ∆NNO values range from 3.45 to 4.00 (Table 2 and 3); for 181 

CO-CO2 gas mixtures, ∆NNO values divide into three groups (0.75-1.40; -0.35-0.45; -1, Table 2 182 

and 3), depending on the specific gas mixture imposed. 183 

Conductivity measurements were performed using a two-electrode configuration on 184 

cylindrical samples (Gaillard, 2004; Pommier et al., 2008, Figure 1a). Glass samples of 6mm OD 185 

and 8-9mm length were typically used. The inner electrode of the conductivity cell is a 1mm Pt 186 

wire inserted in the center of the glass sample and the external electrode is a Pt tube surrounding 187 

the sample. The drilled alumina ceramic part located at the bottom of the conductivity cell 188 

prevents the two electrodes from being in contact (Figure 1a). This configuration ensures the 189 

stability of the cell during the experiment. We assume that no convection occurs in the samples 190 

since the Rayleigh number is very small (<200, Jaupart and Tait, 1995), due to the small 191 

dimensions of the samples. Thermodiffusion (Soret effect) requires the presence of a thermal 192 

gradient, which is not the case in our experiments (thermal gradient <1-2°C). At the end of the 193 

experiment, the conductivity cell and the sample were removed from the furnace and allowed to 194 

cool down under room conditions. Quenched glasses from selected conductivity charges were 195 

collected and prepared for FeO titration and electron microprobe analyses. 196 

 197 

3.3. Experimental strategy 198 

 199 

For each experiment at a given temperature, two fO2 steps were performed. Electrical 200 

measurements were recorded continuously until the attainment of the different equilibrium redox 201 

states. Reduction experiments consisted in an initial relatively oxidizing step followed by a final 202 

step under more reducing conditions. Oxidation experiments were the reverse of reduction 203 
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experiments: an initial relatively reducing step was followed by a more oxidizing step. In 204 

practice, fO2 changes were obtained by switching either from air or pure CO2 to CO-CO2 205 

mixtures (reductions), or from CO-CO2 mixtures to air or pure CO2 (oxidations). On the basis of 206 

voltage measurements using the zirconia probe, changing fO2 from CO-CO2 to pure CO2 or air 207 

and reciprocally takes approximately a few minutes. Electrical measurements during this 208 

transition period were discarded. For oxidations in air, the conductivity cell was taken out of the 209 

furnace during the evacuation of the CO-CO2 gas mixture and then replaced in the furnace at T.  210 

Durations for each fO2 steps ranged between 90 and 1900min (Table 2).  211 

 In parallel to electrical conductivity experiments, experiments were performed in order to 212 

determine Fe2+/Fe3+ and other chemical changes associated with the real-time evolution of the 213 

oxygen fugacity. These experiments (designated below as analytical experiments, Table 3) used 214 

the same sample configuration and dimensions as the conductivity experiments (Figure 1b). 215 

Similarly, only one end of the glass cylinder was in contact with the furnace atmosphere. T and 216 

fO2 conditions were selected to match those in conductivity experiments. Samples have been 217 

rapidly quenched before redox equilibrium, as monitored from the electrical measurements, was 218 

attained. Experimental glasses were analyzed for FeO titration and electron microprobe analyses.  219 

 220 

3.4. Acquisition and reduction of the electrical data 221 

 222 

In this study, electrical conductivities were derived from complex impedance 223 

spectroscopy (Roberts and Tyburczy, 1994). Electrical impedances of samples were determined 224 

at variable frequencies using a Solartron 1260 Impedance Gain Phase Analyzer, (Schlumberger 225 

Co.), equipped with Zview software package (Huebner and Dillenburg, 1995; Gaillard, 2004; 226 

Maumus et al., 2005). Each measurement consisted in a scan in frequency from 1 Hz to 106 Hz, 227 

lasting typically about 1min. For each frequency, the complex impedance was recorded. The 228 

experimental procedure, including details on the calibration process, is detailed in Pommier et al.  229 

(2009, in press). The reproducibility of the data has been demonstrated in Pommier et al. (2008). 230 

The complex impedance, Z, can be written as the sum Z’+jZ”, with Z’ the real part and 231 

Z” the imaginary part of Z (and j²=-1). The electrical response of the sample to a scan in 232 

frequency is directly observed in the Nyquist plane (Z’, Z”) (Figure 2), from which the value of 233 

the electrical resistance R is deduced (e.g. Huebner and Dillenburg, 1995). The non semi-circle 234 

shape of the impedance spectra is due to the fact that the samples are very conductive on the 235 

investigated T range, implying their electrical resistance to be smaller than the inductive effects 236 
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(Z”<0). The corresponding electrical conductivity value σ is then deduced using the geometric 237 

factor G (Gaillard, 2004; Pommier et al., 2008): 238 

σ= (G.R)-1  (1) 239 

The geometric factor varies from 0.022 to 0.037 m. The uncertainty on σ due to error 240 

propagation of typical uncertainties on R (R is known to +/- 0.5 ohm in the investigated T range), 241 

L, dext and dint (uncertainties on the length and the two diameters are 0.1mm) is in the range of 242 

4.7-9% for both our Kilauea and Mt.Vesuvius samples.  243 

For fixed T and fO2 conditions and for each starting glass composition, time series 244 

measurements were conducted. They consisted in the successive acquisition of electrical 245 

measurements (each comprising a scan in frequency from 1 Hz to 106 Hz) until a stable value of 246 

R (and, thus, of σ) was reached (plateau values). The time interval between two electrical 247 

measurements ranged from 30 s to 1 hr depending on the evolution of the electrical response with 248 

time: at the beginning of the experiment, small time intervals were required since the electrical 249 

response changed rapidly; on the contrary, at the end of the experiment, the small changes in the 250 

electrical response (plateau values) allowed the use of longer time spans.  251 

 252 

3.5. Analytical techniques 253 

 254 

Experimental glasses were observed optically under a microscope, in order to check for 255 

the presence of crystals and bubbles. Crystals were found to be present in some oxidation 256 

experiments performed at 1200°C in air for the Kilauea basalt. Results from these experiments 257 

were discarded and are not presented.  258 

A Camebax SX-50 electron microprobe (BRGM-CNRS-Université d’Orléans) was used 259 

to analyze both the starting and the experimental glasses. Analyses were conducted at 15kV, 260 

6nA, 10s on peak and 5s on background. Both spot analyses and traverses were performed. 261 

Traverses served to evaluate the degree of iron loss from the melt to the Pt electrodes and the 262 

extent of Al3+ incorporation and diffusion from the ceramic part of the conductivity cell into the 263 

melt (Figure 1b). In the analytical charges, EMPA traverses at the gas/melt interface were used to 264 

determine the type and importance of major elements fluxes to redox changes (see Figure 1).   265 

The FeO concentration of the starting and experimental glasses was determined by 266 

colorimetric redox titration (Gaillard et al., 2003b). With this method, the sample is dissolved in 267 

HF+H2SO4 solution and the titration is then performed using a potassium dichromate solution. 268 

The equivalence volume provides the value of the concentration of FeO.  At least 25mg of 269 
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sample powder were used for the titration in order to ensure accuracy and reproducibility. The 270 

Fe2O3 concentration is then calculated from: 271 

Fe2O3=1.1113.(FeOtot-FeO),   (2) 272 

where Fe2O3 is the concentration in ferric iron (wt%), FeOtot is the total iron concentration (wt%) 273 

measured by electron microprobe and FeO is the concentration of ferrous iron (wt%) determined 274 

as above. FeO and Fe2O3 concentrations are then used to calculate the at. Fe2+/Fe3+ ratio. 275 

 276 

4. RESULTS 277 

 278 

4.1. Melt-conductivity cell interactions 279 

 280 

Spot electron microprobe analyses performed in the center of the glass cylinders in most 281 

cases showed no significant changes in major element oxides in comparison with starting glass 282 

compositions. Exceptions were experiments performed at the lowest temperatures (1200°C) for 283 

the Kilauea glass and at log fO2 = -3.74 and -0.69 (fO2 in bar) (see Table 2). For those samples, 284 

the variations in major elements concentration can be explained by the crystallization of Fe-Ti-285 

Mg oxides observed in the experimental glasses. These observations indicate that no noticeable 286 

alkali volatilization occurred during these redox experiments. 287 

The glass-Pt interface shows no significant variations in oxide concentrations, except for 288 

FeO, as already observed by Pommier et al. (2008). On average, iron depletions range between 2 289 

and 7% relative. A maximum depletion of 15% FeO relative affecting the melt on a distance 290 

<500microns was found only for the longest experiments, for which the experimental duration 291 

exceeded the average run duration by several hours. For instance, in experiment  #5 (one of the 292 

longest experiments (Table 2), thus particularly exposed to Fe losses), the iron content close to 293 

the electrode is ~4.3% mol oxide against 4.6% mol oxide in the starting glass, corresponding to a 294 

decrease of 6.5% compared to the FeO content. Iron depletions affect a distance in the Pt 295 

electrode <100microns (Figure 3a), thus insignificantly modifying the iron content in the glass 296 

(Figure 3b). As a result, the bulk data (electrical conductivity and wet chemistry) will not be 297 

significantly affected by Fe losses to Pt electrodes.  298 

The glass-alumina interface presents on most samples a nearly continuous 10-30 µm thick 299 

layer comprising Al-Mg-Fe spinel and some scattered plagioclase crystals. The contribution of 300 

these crystals to the measured electrical conductivity was evaluated according to the method 301 

exposed in Pommier et al. (2008). Calculations show that the contribution of the crystals is less 302 

than 1% of the measured conductivity. 303 
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 304 

4.2. Effect of oxygen fugacity and temperature on the electrical conductivity 305 

 306 

Electrical conductivities of the Kilauea sample measured at temperatures ranging from 307 

1200 to 1400°C and covering a range of oxygen fugacities of 10-7.7 to 0.2 bar are shown in Figure 308 

4. These are steady-state values of electrical conductivity associated with chemical equilibrium at 309 

the set fO2. A small but clearly detectable effect of oxygen fugacity on the electrical conductivity 310 

is demonstrated for each isotherm. The more reduced the melt, the higher the electrical 311 

conductivity. For comparison, no effect of fO2 on the electrical conductivity was observed in the 312 

study of Waff and Weill (1975). For both Kilauea and Vesuvius samples, the change in electrical 313 

resistance following a change in redox conditions is about a few ohms, largely exceeding the 314 

sensitivity of our measurements (better than 0.1%) at given T and fO2. A small effect of 315 

composition is observed, the VES9 sample being less conductive than the Kilauea sample at 316 

1200 and 1300°C (σeq values in Table 2).  317 

At 1300°C, for the Kilauea sample, a change in fO2 of 8 log-units modifies the electrical 318 

conductivity of ~0.2 log-unit (Figure 4). A similar effect is observed at the other investigated 319 

temperatures. For a given fO2, the electrical conductivity increases with temperature (Figure 4). 320 

The influence of temperature (increase of ~1.2 log units from 1200 to 1400°C) appears to be 321 

similar at low and high fO2. This temperature dependency of the conductivity can be fitted by an 322 

Arrhenius equation:  323 








−
=

RT

Eaσσσ exp.0    (3) 324 

with σ the electrical conductivity (ohm.m)-1, σ0 the pre-exponential factor (ohm.m)-1, Eaσ the 325 

activation energy (J/mol), R the universal gas constant (J.K-1.mol-1) and T the temperature (K). 326 

Depending on the gas atmosphere, linear least-squares regression analysis of electrical data 327 

yields different activation energies that are presented in Table 4. Since a small effect of fO2 on σ 328 

was detected in our experiments, we have introduced in the Arrhenian formalism the fO2 329 

parameter. Depending on both T and the redox conditions, the electrical conductivity of both 330 

Kilauea and Mt. Vesuvius melts can be expressed as   331 

03.0
2

3 ).(
117074

exp).10.4.9( −





−= OfRT
σ   (4) 332 

Eq.4 reproduces measured conductivity values for all the experiments with a correlation 333 

coefficient of 0.93 and an average error of 11.6% relative.  334 

 335 
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4.3. Time-dependent changes in electrical conductivity during redox reaction 336 

 337 

At a given temperature, the time necessary to reach a stable value of the conductivity (teq) 338 

following a change in redox state is approximately the same for a reduction under CO-CO2 and 339 

an oxidation in air, while longer time spans are needed for oxidations under CO2 (Table 2). At 340 

1200°C, for both reduction and oxidation experiments, a stable (plateau) value of the 341 

conductivity is reached in more than 15hours, while less than 2hours are needed at 1400°C.  342 

Results of typical reduction and oxidation (in air) experiments are presented in Figure 5a 343 

and 5b (experiments #6 and #15, respectively, Table 2). For both types of experiments, the 344 

exponential shape of the electrical response with time underlines similar reaction mechanisms 345 

and kinetics. For the experiment with pure CO2 (Figure 5c), the electrical response is more linear 346 

with time, which contrasts with the curves obtained either for oxidation in air or for reductions in 347 

CO-CO2. Changing the CO2 flow rate in the furnace does not significantly change the shape of 348 

the electrical response with time (Figure 5c). The negligible effect of the gas flow rate on the 349 

kinetics of oxidation is in agreement with the observations made by Schreiber et al. (1986) using 350 

different air flow rates. 351 

 352 

4.4. Variations in major element chemical concentrations  353 

 354 

Electron microprobe traverses were performed in quenched samples from the analytical 355 

experiments to detect possible variations in major elements concentrations (Si, Al, Fe, Mg, Ca, 356 

Na, K) associated with redox changes. Traverses were performed in the longitudinal section of 357 

the samples, from the interface with gas to at least 4mm inside the glass sample (Figure 1b). The 358 

spatial resolution of the probe analyses is +/-5 microns. 359 

Examples of microprobe traverses are presented in Figure 6 (traverses A and B: 360 

reductions; traverse C: oxidation). For clarity, we state here the presence of three parts in our 361 

samples (these parts will be interpreted Part 5 in terms of redox fronts): (1) The interface zone 362 

between gas and glass (<1mm depth), from the gas/sample interface to ξ’, is characterized by 363 

important variations in the concentration of network forming and network modifying cations in 364 

the quenched glass samples. ξ’ is defined graphically and corresponds to the point at which the 365 

concentration of major elements presents an inflexion. For example, in experiment #6-QR 366 

(traverse A), this zone presents a relative increase of 5-8% in SiO2 and Na2O and 30% in K2O 367 

and a decrease of 5-8% in MgO and CaO to 22% in FeO. (2) An inner zone begins at a depth 368 

>1mm (ξ’) and extends as far as > 5 mm depending on experimental duration. It presents slight 369 
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fluctuations in alkali and Mg and Ca concentrations. In experiment #14-QO (traverse C), this 370 

zone presents an increase of 4% relative in CaO and MgO and a decrease of 8.8% relative in 371 

Na2O. (3) A third zone, located near the bottom of the capsule, can be detected on some profiles 372 

(traverse B). This part of the sample is identified as the unreacted melt, the compositions in this 373 

zone corresponding to the starting glass compositions. Traverses performed on samples from 374 

conductivity experiments with duration exceeding teq have flat profiles for all major elements 375 

(traverse D).  376 

 377 

4.5. FeO concentrations and evolution of glass Fe2+/Fe3+  378 

 379 

Wet chemistry was used to determine the bulk value of Fe2+/Fe3+ in glasses before and 380 

after most experiments (Tables 2 and 3). Analyses showed that the range of oxygen fugacities we 381 

investigated results in a range of at.Fe2+/Fe3+ of approximately 0.32 to 2.55 (Figure 7a). 382 

The rate of change of Fe2+/Fe3+ with time was documented in both reduction and 383 

oxidation experiments. Fe2+/Fe3+ were measured at different time intervals following either a 384 

reduction (experiment #4, values at t=0, 300 and 1410min; #5, values at t=0, 45 and 1860min; 385 

#6, values at t=0, 45 and 430min) or an oxidation (experiment #12, values at t=0, 330 and 386 

1380min; #14, values at t=0, 200 and 1300min) (Tables 2 and 3). For both reduction and 387 

oxidation, the rate of change of Fe2+/Fe3+ is clearly nonlinear with time (Figure 7b). For example, 388 

oxidation in air of the Kilauea sample (experiment #14) shows a decrease in at. Fe2+/Fe3+ from 389 

1.64 (t=0) to 0.52 at equilibrium (teq=1300min, Figure 7b). The intermediate value at t=200min 390 

(0.83, Table 3) represents a change of ~80% toward the equilibrium value. 391 

 392 

5. DISCUSSION 393 

 394 

5.1. Ferrous / ferric ratio and electrical conductivity 395 

 396 

5.1.1. Why does the ferrous/ferric ratio change the electrical conductivity ? 397 

 398 

Sodium has been identified in several studies of electrical conductivity of natural melts as 399 

the main charge carrier (Tyburczy and Waff, 1983, 1985; Gaillard, 2004; Pommier et al., 2008).  400 

The contribution of the different ionic species (Na+, K+, Ca2+, Mg2+, Si4+, Al3+, O2-) can be 401 

discriminated using the Nernst-Einstein equation (cf Gaillard, 2004, Pommier et al., 2008):  402 
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where Di is the coefficient of diffusion of an ion i (m²/s), qi its charge (C), Ni the concentration of 404 

i (m-3), kB is the Boltzmann constant, T is the absolute temperature (K) and Hr the Haven ratio. 405 

Di values are taken from Chakraborty (1995), calculated at 1300°C. For the Kilauea basalt, at 406 

1300°C, this equation underlines that the contribution of sodium to the bulk conductivity is 407 

~80%, and the contribution of potassium is only 11%. This is coherent with the fact that the 408 

potassium cation is larger than Na and, thus, is supposed to diffuse in the melt with a slower rate 409 

than sodium. (usually, DNa~10.DK, Chakraborty, 1995). The contributions of calcium and oxygen 410 

are 3% and 4% respectively. The contributions of Mg, Si and Al are <1%. These calculations 411 

underline, in particular, that the contribution of divalent cations to the measured conductivity is 412 

negligible in an alkali-rich melt. The identification of sodium as the main charge carrier in our 413 

melts implies that the changes observed in the electrical response of the samples during a redox 414 

reaction (i.e. an increase in σ during a reduction, a decrease in σ during an oxidation) can be 415 

related to the modifications affecting the mobility of sodium.  416 

Other mobile species that do not control the measured electrical conductivity of the melt 417 

(such as electrons or electron holes) are not supposed to significantly affect the shape of the 418 

impedance spectra. Thus, their possible contribution to the redox mechanisms can not be 419 

observed directly using the interpretation of spectra.  420 

Structural studies have well established that alkali charge-compensate tetrahedrally 421 

coordinated cations such as ferric iron (e.g. Thornber et al., 1980; Dickenson and Hess, 1981; 422 

Mysen, 1983; Kress and Carmichael, 1988; 1991; Lange and Carmichael, 1989; Tangeman et al., 423 

2001; Mysen and Richet, 2005). The charge-compensation reaction can be written in a structural 424 

way (Mysen and Richet, 2005) as follows: 425 

5.2222 2

1
SiOOFeONaONaFeSiO IIIII ++↔+   (5) 426 

where ferric iron is charge-compensated by sodium on the left hand-side of the equation. This 427 

equilibrium enlightens the double role of sodium, being either a charge compensator (left hand-428 

side of the equation) or a network modifier (NM) (right hand-side). During an oxidation, the 429 

observed decrease in electrical conductivity most likely reflects a restricted mobility of sodium, 430 

since it is structurally associated to tetrahedrally coordinated units with ferric iron. On the 431 

contrary, under more reduced conditions, less of such units are present within the melt. Thus, 432 

sodium mobility is enhanced, consistent with the observed increase in electrical conductivity. It 433 

is important to note that Eq. 5 considers only part of ferric iron as NF and part of ferrous iron as 434 
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NM in the melt. Previous studies have shown that the presence of sodium in silicate melts 435 

promotes the formation of ferric iron (e.g. Kress and Carmichael, 1988).  436 

 437 

 5.1.2. Time evolution of the electrical conductivity and ferrous/ferric ratio 438 

 439 

In our experiments, the temporal changes of both the electrical conductivity and the 440 

ferrous/ferric ratio have been monitored. To analyze these temporal evolutions, it is convenient to 441 

use the progress variable ε defined as (Crank, 1975; Wendlandt, 1991): 442 

ε(X)= (X(t)-X 0)/(Xeq-X0)  (6) 443 

with X being either σ or Fe2+/Fe3+, X(t) the value of X at t, X0 its initial value and Xeq its 444 

equilibrium value (plateau value). Both ε(σ) and ε(Fe2+/Fe3+) are compared in Figure 8 for 445 

experiments #4 (values at t=0, 300 and 1410min), #5 (t=0, 45 and 1860min), #6 (t=0, 45 and 446 

430min) and #14 (t=0, 200 and 1300min) (Tables 2 and 3). The data fall on the straight line 1:1. 447 

This single trend underlines that, during a redox reaction, the electrical conductivity and the 448 

ferric/ferrous ratio increase or decrease with the same rate.  Thus, the evolution of the electrical 449 

conductivity with time is identical to that of the redox ratio of the melt. It follows that the time-450 

dependence of the electrical response of the sample can be directly related to redox changes 451 

within the melt. 452 

 453 

5.2. Determination of a bulk diffusion coefficient and transport properties  454 

 455 

The experimental arrangement used in this study (Figure 1) is compatible with the 456 

mathematical model of the diffusion process applied to a plane sheet (Schreiber et al., 1986). In 457 

this model, diffusion occurs in a medium bounded by two parallel planes, with a constant flux on 458 

the upper boundary. Uniform initial distribution is considered. If diffusion-limited, the evolution 459 

of the electrical conductivity in response to a change in oxygen fugacity can be described by the 460 

following solution to the equation of one-dimensional diffusion: 461 

∑
∞

=
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n

t π
πσσ
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  (7) 462 

with σ(t) the electrical conductivity (ohm.m)-1 at time t (s), σinitial the electrical conductivity 463 

(ohm.m)-1 at t=0, σequilibrium the electrical conductivity (ohm.m)-1 at t=teq, D the bulk diffusion 464 

coefficient (m²/s), and L the length of the sample (m) (Crank, 1975, p.48). Eq.7 assumes a 465 

constant D as a function of time at a given temperature. The corresponding bulk redox front 466 

delimits the unreacted melt and is represented by ξ” on Figure 6. 467 
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Experimental data on the changes of conductivity with time (Figures 5a; b) were fitted 468 

using Eq. 7 and bulk diffusivity values (D) were determined. This approach proved successful for 469 

the reduction experiments performed with CO-CO2 and the oxidation experiments in air (Figure 470 

5a; b), suggesting that both redox reactions are diffusion-limited processes. Calculated values of 471 

D are similar within uncertainties when determined at the same temperature, underlining that 472 

reduction and oxidation kinetics operate at the same rates (Figure 9a). In contrast, oxidation 473 

performed under CO2 is not compatible with Eq.7 and, therefore, in this case the redox evolution 474 

is not rate-limited by diffusion (Figure 5c). In general, redox studies have been performed 475 

assuming that the processes studied are diffusion-limited. Our approach, consisting in following 476 

redox processes in real-time and with high accuracy, suggests that the nature of the gaseous 477 

oxygen carrier influences the redox kinetics and that, the redox processes under CO2 are probably 478 

not diffusion-limited. A linear evolution of the electrical conductivity with time is clearly 479 

observed, independently of the gas flux. A few previous studies have reported non-diffusion-480 

limited processes during redox experiments under pure CO2 (Goldman, 1983; Goldman and 481 

Gupta, 1983; Schreiber et al., 1986; Roskosz et al., 2008). Most likely, the linear changes shown 482 

in Figure 5c reveal a specific rate-limiting process at the gas/melt interface (e.g. surface 483 

diffusion, chemical reaction).  484 

The temperature dependence of the calculated D values follows an Arrhenian dependence 485 

(Figure 9a): 486 








−
=

RT

Ea
DD Dexp.0    (8)  487 

with EaD the activation energy (kJ/mol) and D0 the pre-exponential factor (m²/s). Our diffusivity 488 

values range from 10-9 to 10-8m²/s for the T range 1200-1400°C. These diffusion rates are 489 

comparable to typical alkali self-diffusion coefficients in basaltic melts from literature 490 

(Henderson, 1985; Chakraborty, 1995). Comparable diffusivity values are also calculated using 491 

the Nernst-Einstein equation (Eq. 5) and assuming that sodium is the unique charge carrier in the 492 

melt (i.e. σequilibrium=σNa+). These two points underline the importance of the role of sodium in the 493 

investigated redox processes. However, the high values of activation energy (EaD≥200kJ/mol, 494 

Figure 9a, b) calculated from Eq.8 are similar to activation energy for alkali-Earth elements 495 

(LaTourrette et al., 1996; Chakraborty, 1995) and oxygen self-diffusion (Lesher et al., 1996; 496 

Tinker et al., 2003) in silicate melts and is higher than the one expected for alkali self-diffusion 497 

(~100kJ/mol, Chakraborty, 1995) (see also Appendix 2).  498 

Activation energy and pre-exponential term for redox kinetics in melts obtained in this 499 

study and previous ones (Lawless and Wedding, 1970; Sasabe and Goto, 1974; Doremus, 1960; 500 
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Dunn, 1983; Semkow and Haskin, 1985; Schreiber et al., 1986; Cook et al., 1990; Wendlandt, 501 

1991; Cooper et al., 1996; Cook and Cooper, 2000; Everman and Cooper, 2003) are plotted in a 502 

compensation plot (Figure 9b). The compensation law for natural melts (r²>0.91) is: 503 

    EaD = 11.84.LnD0+293.5    (9) 504 

The single trend stresses that the kinetics of redox changes in our study is essentially similar to 505 

that found in other studies. 506 

 Figure 9c presents the calculated oxidation-reduction rates as a function of oxygen 507 

fugacity variations. Variations of fO2 (initial fO2 – final fO2) are directly correlated to variations 508 

of the driving potential (or driving force, ∆µ) of the redox reaction occurring in the melt: 509 

     ∆µ= ∆ (R.T.Ln fO2)      (10) 510 

No clear evidence of such a dependence of D values is observed for our experiments, even for 511 

the experiments at 1300°C that involve the largest |∆log fO2| (from 2 to 7). Figure 9c suggests 512 

that a possible dependence of D to variations of fO2 is too weak to be discriminated and that the 513 

high D values calculated in our redox experiments can not be explained by variations of the 514 

driving potential.    515 

 516 

5.3. Redox dynamics 517 

 518 

Redox mechanisms are proposed on the basis of conductivity measurements, chemical 519 

titrations, mass balance calculations, EMPA profiles and previous redox studies. EMPA profiles 520 

(Figure 6) show complex pattern of chemical zonation, which are however difficult to interpret in 521 

terms of cation fluxes, since a change in cation content can be caused by the dilution effect of  522 

other mobile species. Microprobe traverses were nevertheless used to detect an internal reaction 523 

front, ξ ’, whose location is presented in Figure 6. ξ ’ corresponds to an inflexion point in the 524 

chemical profiles.  525 

ξ ’ is different from the bulk reaction frontξ ” provided by bulk diffusion coefficients 526 

(Eq.7). The identification of these two fronts stresses out two different steps of one reaction or 527 

two different reactions that are all part of the redox mechanisms. Position ofξ ’ at t corresponds 528 

to diffusivities in the melt of ~10-11m²/s for both reductions and oxidations, using the following 529 

equation: 530 

D=L²/t     (11) 531 

D the diffusion coefficient (m²/s), L defining the distance between ξ ’ and the gas/melt interface 532 

(m), t the time of quenching (s). These values are much lower than bulk diffusivities deduced 533 
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from conductivity measurements using Eq.7 (10-9-10-8 m2/s). The progression rate of ξ ’ 534 

compares well with self-diffusivities of O and Si in basaltic liquid (Canil and Muehlenbachs, 535 

1990; Lesher et al., 1996) and with the rate laws derived by Cooper and coworkers using similar 536 

methodologies (identification of a migration front of cations). Another argument for O and Si 537 

mobility in the interface zone is that our EaD values are comparable with Ea values from 538 

viscosity measurements (Giordano et al., 2008), which are based on the Si-O bounds (and oxygen 539 

mobility). The mobility of Si as Si-O has been previously suggested by Terai and Oishi, 1977. 540 

This suggests that Si-O mobility defines the progression of ξ ’, which is not considered in the 541 

model of Cooper et al. (1996b). Si-O species are less mobile than sodium and they are not 542 

charged species. Thus, they do not directly influence the observed changes in conductivity. 543 

However, their migration could influence the charge carrier mobility. The effect of Si-O on σ 544 

would thus be indirect and part of the cations mobility can be interpreted as a consequence of Si-545 

O migrations.  546 

 The progression rate of ξ ’, graphically deduced from EMPA profiles, is slower than the 547 

progression rate of ξ ’’, determined using electrical measurements and corresponding to the rate 548 

of the evolution of the redox ratio. This implies that apparent divalent cation migration and 549 

Fe2+/Fe3+ changes are kinetically decoupled. This was not observed in previous studies that 550 

proposed redox mechanisms controlled by divalent cations mobility, since the time-evolution of 551 

the Fe2+/Fe3+ ratio was not monitored in these studies (e.g., Cooper et al., 1996b). The rate laws 552 

of the evolution of ξ ’’ observed in our study are comparable to the kinetics of iron redox 553 

reactions in silicate melts (e.g. Magnien et al., 2008). 554 

A schematic drawing of reduction and oxidation dynamics at the scale of the sample are 555 

proposed in Figure 10. The model considers the main fluxes of mobile species and, in particular, 556 

the rate-limiting ionic fluxes that probably hide other minor processes occurring at the same time. 557 

This implies that metastable structures that are probably formed during the initial stages of the 558 

redox reaction are not represented. We assume that the influence of these structures on the 559 

calculations of diffusion coefficients of mobile species during the redox reaction can be 560 

neglected. The model used to represent the evolution of a redox reaction is based on a Fickian 561 

formalism. This simple approach can be used as a first approximation which allows us to explain 562 

the D values in terms of major cation fluxes. The fluxes of cations (ji) between the free surface 563 

(ξ 0) and the bulk reaction front ξ” have been analyzed using the Fick-Einstein equation applied 564 

to ionic materials (Cooper et al., 1996a): 565 
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with xi the molar fraction of the cation i (Na+, K+, Ca2+, Mg2+, Fe2+), Di its diffusion coefficient 567 

(m²/s), λi the stoechiometric coefficient, Vm the molar volume of the reduced or oxidized melt 568 

(m3/mol), ∆ξ the distance between the free surface and the bulk reaction front (m), and fO2 the 569 

oxygen fugacity (Pa) (with the superscript indicating location). The fO2 ratio expresses the 570 

difference in oxygen chemical potential between reacted and unreacted melt (i.e. between ξ 0 and 571 

ξ”). D values for cations come from the literature (Henderson et al., 1985; Chakraborty, 1995; 572 

Lesher et al., 1996) and are assumed to be constant during the redox reaction. λi values 573 

correspond to the number of mol of cation in the oxidized form (molecular form) that is produced 574 

when one mole of O2 reacts with cation i. Details on the calculations of λi are presented in 575 

Appendix 3. ∆ξ is calculated using Eq. 10 with D=Dbulk (from Eq.7) and t=tquench (Table3).  576 

In the case of redox mechanisms driven by a single kind of ionic species (e.g. divalents 577 

cations, Cooper et al., 1996), the motion of the redox front into the melt with time can be written 578 

as follows: 579 
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M2+ being a divalent cation. These mechanisms were observed for experimental timescales of a 581 

few seconds or minutes (Cooper et al., 1996b; Everman and Cooper, 2003) or in the glass region 582 

(Cooper et al., 1996a; Cook and Cooper, 2000). As discussed before, at the timescale of our 583 

experiments (i.e. several hours), redox dynamics in the basaltic melts probably not come down to 584 

the only divalent cation fluxes. Our study suggests that oxygen, and alkalis also probably 585 

contribute significantly to the advancement of the bulk redox front ξ”. The time-evolution of the 586 

redox front becomes: 587 
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with M2+= Ca2+, Mg2+, Fe2+, A+= Na+, K+  and h. the electron holes. λM2+=λA+=2, λO2-=2, λh.=4 589 

(Appendix 3).  590 

Si4+ and Al3+ ions are not considered in the present redox model. No evidence of free Si4+ 591 

ions has been found in previous studies (Bockris et al., 1952; Semkow and Haskin, 1985). The 592 

very high bond energy of Si-O (~373kJ/mol, Bockris et al., 1952) strengthens the low probability 593 

for Si4+ ions to exist in a free state capable of migration within the melt. A significant role of 594 

aluminium in redox mechanisms has never been observed, to our knowledge.  595 
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The fluxes of considered cations are calculated using Eq.12 and the flux of oxygen can be 596 

expressed by:  597 
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where
total

oxygen

O n

n
x =−2 . noxygen corresponds to the total oxygen content of the melt. ntotal corresponds 599 

to the amount of oxygen and cations. Both noxygen and ntotal are determined by mass balance 600 

calculations. As in Cooper et al. (1996a), the flux of electron holes (jh.) was calculated using the 601 

charge neutrality condition:  602 
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where zcations corresponds to the valence of the cations. Calculation of dξ/dt using Eq. 14 for the 604 

quenched experiments yields similar values for oxidation and reduction at the same temperature. 605 

For instance, dξ/dt =2.2.10-7m/s and 8.10-8m/s for experiments #12-QO and #4-QR, respectively 606 

(Table 3).  607 

As shown in Figure 10, the incorporation (oxidation) or release (reduction) of oxygen 608 

leads to competitive mechanisms between the different ionic species. At the internal front ξ’, 609 

variations of Na+ mobility are related to the reduction or oxidation of ferric or ferrous iron, 610 

respectively. In oxidation and reduction experiments, the reacted melt (delimited by front ξ”) is 611 

characterized by opposite fluxes of oxygen and cations. The smaller amounts of network-612 

modifier cations compared to oxygen anions imply electron holes to charge-balance O2-
 fluxes. 613 

According to Eq. 12 and 14, the evolution of the redox front as a function of time can be 614 

written as follows: 615 
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Integration of Eq. 17 leads to the following parabolic kinetic law: 617 
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The term 
t

"²ξ
 (in m²/s) corresponds to a bulk diffusion coefficient associated to the redox 619 

reaction and, thus, should be compared to the values of the redox front diffusion coefficient Dbulk 620 

calculated using Eq. 7. Numerical calculations yield values of 
t

"²ξ
 similar to the measured Dbulk 621 

(Eq.7 and Figure 9a): between ~1.8.10-9m²/s at 1200°C and ~4.5.10-9m²/s at 1300°C. This implies 622 

that the evolution of the redox front with time can be explained by a mechanism involving co-623 

operative fluxes of cations, oxygen and electron holes. The contribution of cations and oxygen to 624 

the redox mechanisms are in agreement with the high activation energy values calculated using 625 

Eq.8 (>200kJ/mol). The calculated fluxes of cation (Eq. 12) needed to match the global redox 626 

kinetics are however small (10-11-10-13 mol.m-2.s-1). This is consistent with the absence of 627 

noticeable cations variations in the inner part of the quenched samples using EMPA profiles 628 

(distance>ξ’, see Figure 6). Highest values of fluxes correspond to oxygen and sodium (~10-11 629 

mol.m-2.s-1, whereas fluxes of potassium and divalent cations are ~10-12-10-13 mol.m-2.s-1), 630 

implying that these two species are the main contributors to the redox dynamics.  631 

 The mechanism that occurs to finally provide a uniform chemistry (e.g. from profile C to 632 

D in Figure 6) probably consists in a reequilibration of electrochemical potential. This 633 

reequilibration would correspond, in the case of our samples, to a coupled exchange of moving 634 

back alkali and divalent cations.  635 

 636 

 637 

6. CONCLUSION AND REDOX EXCHANGES IN NATURE  638 

 639 

Electrical measurements have been used to investigate in real-time redox kinetics in 640 

basaltic liquids after fO2-step changes. Data were recorded between 1200 and 1400°C, on the fO2  641 

range 10-8-0.2 bars. Electrical conductivity was found to increase slightly with decreasing fO2. A 642 

modified Arrhenius law expressing the dependence of the electrical conductivity to both fO2 and 643 

T has been proposed. The evolution of electrical conductivity, based on sodium mobility, 644 

reproduces the evolution of the ferric/ferrous ratio of the melt. Reduction under CO-CO2 and 645 

oxidation in air are diffusion-limited processes, whereas a gas-melt interface reaction probably 646 

rate-limit oxidation under pure CO2. The high diffusion rates (10-9-10-8m²/s) and activation 647 
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energies (>200 kJ/mol) calculated on the investigated T range in basaltic melts can be explained 648 

by redox mechanisms involving co-operative alkali, divalent cations and oxygen fluxes. 649 

According to Gaillard et al. (2003a), attainment of redox equilibrium in hydrogen-bearing 650 

melts was found to be rate-controlled by H2 fluxes in the melt at a reaction front corresponding 651 

to: 652 

H2 + 2 FeO1.5 = 2 FeO + H2O    (18) 653 

This statement was particularly supported by the fact that H2 migration in the melt is 654 

much faster than divalent cations migration calculated after Cooper and coworkers. For example, 655 

at 1300°C, at fH2=1 and 100bar, Gaillard et al. (2003a) calculated reaction rates of iron redox 656 

changes in hydrous magmas of ~2.5.10-12 and 10-9 m²/s, respectively, while extrapolation of D 657 

values of Cooper et al. (1996a) at the same T in basaltic melts provides a reaction rate of ~4.10-13 658 

m²/s. Our results, however, indicate reaction rates of 10-9-10-8m²/s at 1300°C, which exceed well 659 

the rates extrapolated from Cooper et al (1996a). The hydrogen-dominated mechanisms exposed 660 

in Gaillard et al. (2003a) will therefore not necessarily operate in basaltic systems because 661 

cooperative motions of oxygen and cations revealed in our study can be faster than exchanges 662 

rate-limited by H2 fluxes. Only for fH2 values exceeding 50 bars, reaction rates are nearly 663 

equivalent, implying that the mechanisms of Gaillard et al. might affect basalts under specific 664 

conditions such as in moderately oxidized mantle wedge (water-rich at NNO). However, in most 665 

conditions experienced by basaltic liquids (i.e. moderately hydrated), the mechanism we revealed 666 

in our study should dominate the kinetics of redox potential re-equilibration.  667 

 668 
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 845 
 846 
 847 
 848 

Appendix 1: On the difference between oxygen self-diffusion (D*) and chemical diffusion 849 
(D) coefficients  850 
 851 
As underlined by Cooper et al. (1996a), two kinds of experiments are commonly used to study 852 
diffusion-limited oxidation/reduction kinetics: oxygen self-diffusion and chemical diffusion 853 
(redox) experiments. By “chemical diffusion experiments”, we consider experiments that let the 854 
sample equilibrate with a change in the gaseous atmosphere. The diffusing species, depending on 855 
the authors, are oxygen or cations or both (this study). By “oxygen self-diffusion experiments”, 856 
we consider experiments (mainly isotopic) that study the tracer (or network) diffusion of oxygen. 857 
As shown in the following Figure A, several orders of magnitude separate values of chemical 858 
diffusion coefficients and oxygen self-diffusion coefficients for similar silicate melts 859 
compositions (D>D*). For example, in a basaltic melt at 1300°C, in air, the self-diffusion 860 
coefficient of oxygen is estimated at ~6.5.10-12m²/s (Canil and Muehlenbachs, 1990) while we 861 
calculated from our study a bulk chemical diffusion coefficient of ~3.5.10-9m²/s. 862 
Differences have been interpreted in terms of diffusion mechanisms, chemical diffusion 863 
involving the diffusion of molecular oxygen, vacancies or cations and tracer diffusion involving 864 
the migration of ionic species (Schreiber et al., 1986; Wendlandt, 1991; Cooper et al., 1996a). 865 
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 866 
Figure A: Comparison between chemical diffusion experiments and oxygen self-diffusion 867 

experiments. Diffusion coefficients as a function of temperature. Data from this study (bold full 868 
lines and filled circles) and other chemical diffusion studies (full lines and crosses) and tracer 869 

diffusion studies (dashed lines and empty circles). Data are taken from this study and from May 870 
et al. (1974) and references therein; Schreiber et al. (1986) and references therein; Canil and 871 
Muehlenbachs (1990); Cook et al. (1990); Wendlandt (1991); Cooper et al. (1996); Cook and 872 
Cooper (2000); Smith and Cooper (2000); Reid et al. (2001); Everman and Cooper (2003); 873 
Magnien et al. (2008). 1: Tinker et al. (2003) and Lesher et al. (1996); 2: Dunn (1982);  3: 874 

Shimizu and Kushiro (1984); 4: Canil and Muehlenbachs (1990); 5: Reid et al. (2001). 875 
 876 
 877 
Appendix 2: Estimation of a normalized driving force 878 
 879 
Another way to interpret the temperature-dependence of diffusivity values is to consider a 880 
normalized driving force ∆G/RT. Over the investigated T range, this normalized driving force 881 
ranges from 21 at 1473K to 16 at 1673K (223/10.6 and 223/13.9, respectively). Using the 882 
following equation (Schmalzried, 1984), 883 

k’=λ.D’.(∆G/RT)     (A0) 884 
 885 

an average diffusion coefficient D’ can be deduced; k’ is the reaction-rate constant (i.e. the one 886 
resulting from our electrical meaurements) and λ is a stoechiometric factor. In Evermann and 887 
Cooper, 2003, λ is taken as 5. If we consider that λ is related to the motion of oxygen, λ = 2 (cf 888 
Appendix 3). 889 
For instance, at 1473K, k’~10-9m²/s. Depending on the value of λ, D’=2.3.10-11 or 1.10-11m²/s. 890 
These D’ values are consistent with self-diffusivity values for divalent cations but also for 891 
oxygen in basaltic melts (cf Fig. 10.18 in Mysen and Richet, 2005). These calculations underline 892 
that fluxes of divalent cations and oxygen probably also contribute to the redox dynamics, 893 
cooperating with alkali fluxes. 894 
 895 
 896 
Appendix 3: Relation of the mobile species fluxes to the evolution of the inner redox front  897 
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 898 
Redox processes in magmas can be expressed by changes of the ferric/ferrous ratio (Kress and 899 
Carmichael, 1988; Dunn and Scarfe, 1986). The corresponding equilibrium can be written as 900 
follows: 901 

Fe2+ + ¼ O2 = Fe3+ + ½ O2-       (A1) 902 
 903 
The quantity of oxygen consumed or produced in (A1) has direct implications on the structure of 904 
the melt and other cations configuration. These cations are considered to be present in the melt 905 
under molecular and ionic forms, what can be written by the following equilibria: 906 

MO = M2+ + ½  O2 + 2 e-, with M=Ca, Mg   (A2) 907 
A2O = 2A+ + ½ O2 + 2 e-, with A=Na, K   (A3) 908 

 909 
Or, rescaling to the stoechiometric coefficient of oxygen in (A1): 910 

½ MO = ½ M2+ + ¼  O2 + e-, with M=Ca, Mg  (A’2) 911 
½ A2O = A+ + ¼  O2 + e-, with A=Na, K   (A’3) 912 

  913 
We can define the amount of cation in the oxidized form (molecular form) that is produced when 914 
one mole of O2 reacts with cation i (ionic form) by the following stoechiometric coefficients λ:  915 

λM2+=λA+=2  916 
 917 
Regarding oxygen anion, the reaction to consider is: 918 

½ O2- = ¼ O2 + e-      (A4), 919 
what leads to λO2-=2. 920 
 921 
Finally, the stoechiometric coefficient corresponding to the electron holes contribution in the 922 
redox process can be evaluated using the following equilibria: 923 

h. + ½ O2- = ¼ O2 + e-      (A5) 924 
(A5) implies λh.=4. 925 
 926 
The evolution of the inner redox front with time can thus be written as: 927 
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Table 1: Composition of the starting glasses (in wt %). Figures into brackets correspond 
to the concentrations of major oxides in mol %. 

Sample VES9   Kilauea 

SiO2  49.2     (54.6)  50.0   (55.2) 
TiO2  0.96 (0.80)  2.41   (2.00) 
Al 2O3  15.1     (9.90)  13.2   (8.62) 
FeO  1.73 (1.61)  3.16   (2.92) 
Fe2O3  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) 
Na2O  1.97 (2.12)  2.29   (2.45) 
K2O  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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Table 3: Conditions and results of the analytical experiments. 
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Table 4: Arrhenius parameters for the investigated samples. 

Gas                 Log fO2
◊           ∆NNO    Fe2+/Fe3+(%at)    Lnσ0 (ohm.m)-1 Eaσ

(kJ/mol)         
             
Mt. Vesuvius sample (T range [1200-1250°C]) 
CO-CO2 mixture 1   [-6.30; -5.80]         ~1.40    [1.24;2.00]             7.57  98 

Kilauea sample (T range [1200-1400°C]) 
Air           0.68           ~7    [0.32;0.92]             7.21  90 
CO2     [-3.74; -3.24]    [3.45; 4.00]    [1.22;1.58]             9.16  114                       
CO-CO2 mixture 1   [-6.30; -4.98]     [0.75; 1.40]    [1.64;2.24]             9.20  113 
CO-CO2 mixture 2   [-7.25; -6.12]    [-0.35; 0.45]        2.55*             9.16  112
   
◊ fO2 in bar. 
*one wet chemical analysis (run #7 in Table 2). 



Figure captions 

Figure 1: Description of (A) the conductivity cell and (B) the sample configuration for 
analytical experiments. The arrows represent the exchange with the gaseous atmosphere at the 
unique interface sample/gas. The straight lines represent the three types of microprobe 
traverses performed after the redox experiments (see text).

Figure 2: Electrical response observed in the Nyquist plan (Z’, Z’’) for the Kilauea basalt at 
1300°C, during oxidation in air. The first part of the response (Z’<R) represents the electrical 
response of the sample while the second part (Z’>R), represents the effect of the interface 
between the sample and the electrode. R (resistance of the sample (ohm)) is obtained for Z” = 
0 and represents the real part of the complex impedance (here, R~18.5ohm).  

Figure 3: Iron losses, example of the redox experiment at 1200°C (run #5). A: Molar fraction 
of metallic iron in the Pt electrode after. The EMPA profile shows that iron contamination 
affects the electrode on a distance <100microns. B: Concentration of total iron in mol of oxide 
normalized to 100. No noticeable iron depletion is detected in the sample, even at the 
interface glass/Pt electrode. Error estimation is presented in the box.  

Figure 4:  Electrical conductivity at the chemical equilibrium of the Kilauea sample as a 
function of oxygen fugacity, for T ranging from 1200°C to 1400°C. The conductivity slightly 
increases with decreasing the fO2. The electrical conductivity is more strongly dependent on T 
than fO2. Experimental conditions are indicated in Table 2. Dashed lines correspond to Eq.4. 
The electrical conductivity of the PG-16 basaltic melt at 1400°C from Waff and Weill (1975) 
(WW75) is shown for comparison. 

Figure 5: Conductivity transients in oxidation and reduction reactions. A: Reduction example 
(run #6); B: Oxidation example (run #15). The solid lines correspond to the calculated 
conductivity with the diffusion equation of Crank (see text). C: Advancement of oxidation 
reaction in air and CO2 as a function of time. The diffusion profile obtained in air contrasts 
with the more linear trend obtained under CO2.  Triangles and diamonds underline that the 
non diffusion kinetics under CO2 is not function of the gas flow in the furnace. Straight line is 
just a guide for the eyes. 

Figure 6: Microprobe traverses from the gas/sample interface in Kilauea samples quenched 
during redox experiments and after conductivity experiment. A) 1300°C, log fO2=-5.31, t 
quench=45min (run #6-QR); B) 1200°C, log fO2=-6.30, t quench=300min (run #4-QR); C) 
1300°C, log fO2=-0.68, t quench=300min (run #14-QO); D) 1230°C, log fO2=-0.69 (run#12). 
Traverse D stresses that chemical compositions of starting glass and glass after the 
conductivity experiment are similar.  Oxides concentrations are given in mol %. Variations in 
oxides concentrations allow to distinguish an interface zone, from the interface with gas to ξ’ 
(dashed line, approximate localisation). The second internal front, ξ’’, delimiting the 
unreacted melt, is calculated using D values from Eq.7 (see text for details). 

Figure 7: A) Ferrous-ferric ratio with ∆NNO for conductivity and analytical experiments 
performed on the Kilauea sample. See Tables 2 and 3 for experimental conditions. B) 
Equilibration time as a function of the ferrous-ferric ratio for the Kilauea sample. Examples of 
a reduction at 1200°C, log fO2=-6.30 and of an oxidation at 1300°C, in air. The small error 
bars underline the high reproducibility of the wet chemical analyses. Crosses represent the 



attainment of chemical equilibrium (plateau value), determined using electrical measurements 
(see text for details). The curves are just a guide for the eye. 

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

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 chemical compositions (Table 1). B) Compensation plot for the diffusion 
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). 

Figure 10: Redox dynamics in the Kilauea basalt in the T range 1200-1400°C. Both reduction 
and oxidation involve chemical reactions at the free surface of the sample (ξ0) and at two 
internal fronts (ξ’ and ξ”). At ξ0, oxygen is released or incorporated in the melt, with h. being 
consumed or absorbed, respectively. At the internal front (ξ’), Fe3+ is reduced to Fe2+

(reduction) or Fe2+ is oxidized to Fe3+ (oxidation), implying variations on Na+ mobility, and 
thus on the electrical response of the melt (see text for details). The measured bulk diffusion 
coefficient corresponds to the second internal front (ξ”). Competitive mechanisms occur 
between oxygen and cations diffusion. The smaller amounts of network-modifier cations 
compared to oxygen anions imply electron holes to charge-balance O2- fluxes.  The high 
diffusivities of h. probably enhance oxygen and cations diffusion, since the D values are 
deduced from electrical measurements and are thus related to charged mobile species. Oxygen 
probably moves in the melt as both ionic (O2-) species, as underlined by several studies (e.g. 
Goldman and Gupta, 1983; Dunn, 1983; Schreiber et al., 1986; Wendlandt, 1991) and as 
oxide species, since spectroscopic studies showed that most bridging oxygens have cations in 
their first coordination shell, forming Q species (e.g. Stebbins, 1995).   
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Figure 6 
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Figure 7 
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Figure 9 

-9

-8,5

-8

-7,5

1200 1250 1300 1350 1400

T (°C)

Lo
g 

D
 (

m
²/s

)

Reduction Ves
Reduction Kil 
Oxidation Kil

EaD=223 kJ/mol

-20 -10 0 10 20 30
Ln D0 (m²/s)

0

200

400

600

E
a D

(k
J/

m
ol

) Natural melts:
This study
D
W
C et al. 96
EC

Synthetic melts:
Do
LW
SG
SH
S et al.
CC
C et al. 90

2 4 6 8
|∆log fO2| (proportional to ∆G)

0

4

8

12

16

D
 (1

09
m

²/s
)

1200°C
1300°C
1400°C

A 

B 

C 



F
ig

ur
e 

10
 




