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Introduction: We have reported previously that the concentration of Ni in silicate melts is higher at low fO2 than expected [1] and that there may be a significant interaction between CO and Ni affecting the activity of Ni in silicate melts [2].  If true, this dependence of Ni activity on fCO or fO2 has especially significant implications for elemental partitioning in magmatic systems on the Moon where fO2 may have been near the IW buffer or below [3, 4, 5].  However, these results have been controversial and not supported by work in other labs [6, 7].  In addition, some experiments indicate that CO does not significantly dissolve into silicate melts, an observation that would appear to be inconsistent with substantial interaction between CO and Ni in silicate melts [8, 9].  

Our present experiments continue to demonstrate that CO does have an affect on Ni activity, and in fact indicate that the interaction between CO and Ni is much stronger in more natural compositions than in the diopsidic melt studied previously.  We have done four new things to help demonstrate that our results indicate a real interaction between CO and Ni and are not an artifact of experimental or gas-mixing errors.  These include:  1) careful calibration of furnace fO2 with calibaration conditions similar to our experiments, 2) reproducing previous results in diopsidic melt, 3) new results in an Apollo 15 green glass B analog (reasoning that electrochemical peak shifts due to gas mixing errors should not be a function of sample composition but that real interactions between CO and Ni could be composition dependent), and  4) new experiments examining ZnO reduction rather than NiO reduction (reasoning that gas mixing or experimental errors would cause the same shift in Zn peak as observed for Ni, but that real interactions between Zn and CO should be much less than for Ni, based on the known lesser interaction between Zn and CO at lower temperatures).  

We report results of electrochemical experiments at one atm pressure which indicate that the activity of Ni in a diopsidic silicate melt is decreased in the presence of CO relative to those experiments in CO-free environments, duplicating our previous results.  Ni activities in the green glass B analog are decreased in the presence of CO by a much greater amount than in the diopsidic melt.  There was  no significant effect of CO on Zn activity in the green glass analog.  Our fO2 value was calibrated to IW +0.1 to –0.06 log unit at 1500(C, (corresponding to a possible electrochemical potential error of +5 to –8 mV, which is less than experimental uncertainty due to other causes).  Thus, our results support the claim that there is a real interaction between CO and Ni in silicate melts, significantly affecting Ni activities at low fO2.

Experimental:  Two silicate compositions were used: diopside (SiO2 55.5 wt%, CaO 25.9%, MgO 18.6%) and an analog for green glass B where a combination of MgO and CaO is substituted for FeO (SiO2 49 wt%, Al2O3 8%, MgO 27%, CaO 16%).  The MgO and CaO were used in place of FeO because the FeO is electroactive, and current from the reduction of FeO would drown out any effect of NiO or ZnO reduction.  We added 0.3% NiO to both the diopside and the green glass samples.  Later, we added ZnO to separate green glass experiments.  Samples were mounted on platinum wire loops in a Deltech gas-mixing furnace at temperatures of  1500 or 1575(C.  We used oxygen fugacities from 0.2 to 3.0 x 10-10atm. Varying proportions of CO and CO2 controlled by separate gas flowmeters, determined the fO2 (air, CO2, 20%CO2-80%CO, and 10%CO2-90%CO).  Oxygen fugacity was calibrated against IW (calculated from [10]) as described in the introduction above.  Conditions of the calibration were very similar to the 1500(C – 80%CO experiments.  Temperatures were measured with a type S thermocouple.

Both the cyclic voltammetry and the differential pulse methods were used to measure the effect of CO on Ni and Zn activity in the melt.  We have not used differential pulse in previous experiments.  This method was used in these experiments because it is more sensitive, allowing lower concentrations to be examined and is reported to be more precise [11].  Both methods involve imposing an electrical potential between two electrodes and measuring the current created due to reduction or oxidation of electroactive species in the melt.  The current is a function of the free energy for the reduction of the electroactive species, diffusion rates, reaction kinetics, and other characteristics of the reaction.  Electrochemical experiments were done at a scan rate of about 1200 mV/sec.  The cyclic voltammetry scan range used in the CO2 atmosphere was -400mV (initial potential), 350mV (switching potential), -400mV (final potential).  The scan range in other gas mixtures was calculated from this based on expected shift in the peak potentials due to the shift in reference electrode potential caused by a different fO2.  Scan range for the differential pulse experiments (in CO2) was –400mV to 350mV.  Pulse height used in all differential pulse experiments was 50mV.  A new sample mounting technique and method for calculating the electrode surface area was used as discussed in T. R. Hendrickson et al, submitted to this years LPSC.
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Results:  Our goal in this study is to measure whether the presence of CO has an affect on Ni2+ activity in silicate melts in excess of that expected solely because of changes in fO2. Previous results [2] indicate that the peak potential for Ni reduction was shifted by 30 to 50 mV in a gas mix with 80-90% CO and CO2, corresponding to an activity change of about a factor of 2.  The present results from the differential pulse experiments duplicate that result, although the shift in peak potential determined from the present cyclic voltammetry experiments is somewhat less (see fig. 1).  The individual cyclic voltammetry peak positions did not all reflect the average peak offset shown in fig. 1 for reasons we do not currently understand.   The shift in the voltammetric Ni reduction peak with CO concentration for experiments in green glass B analog is much larger than in the diopsidic melt, about 136mV from the differential pulse experiments and nearly 90mV from the cyclic voltammetry experiments (Fig. 2).  A shift of 136 mV corresponds to a decrease in Ni activity in the melt of about a factor of 5.5.  Thus, the change in the activity of Ni with increasing CO is much greater in green glass at 1575(C than in diopsidic melt at 1500(C.  The differential pulse peak position for Ni in green glass in CO2 was 10mV.

 When we did separate green glass B experiments with Zn instead of Ni, we did not observe a shift in reduction peak potential with increasing CO concentration in the gas.  The peak position for Zn differential pulse experiments in CO2 was –160mV.

Interpretations:  Our results suggest that CO does have an effect on Ni activity in a silicate melt.  We observed that the affect of CO on Ni activity is much greater in green glass B than in diopsidic melt.  Zn activity does not appear to be affected by CO.  This serves to confirm that the shift observed for Ni is not caused by unidentified experimental problems (for example if the shift were due to errors in the oxygen activity in the furnace we would see the same shift for Zn as seen for Ni) and supports the interpretation that the shift in Ni activity is due to an interaction between CO and Ni in the melt (in that the known low-temperature interaction between CO and Ni is much stronger than the interaction between CO and Zn).

Implications for green glass:

Ni and Co partition coefficients between pyroxene and green glass B melt are estimated from [12, orthopyroxene only] to be in the range of 2.5-4.3.  A factor of 5.5 decrease in Ni activity in the melt resulting from interaction with CO, as reported above, would decrease this partition coefficient to less than one, making Ni (and possibly Co) incompatible in green glass in the presence of substantial CO.  Positive correlations between Ni, Co, and incompatible elements in green glass samples can thus be explained in terms of Ni activity dependence, and thus Ni partitioning, on CO in the melt.  This is consistent with an interpretation of complex trends in the green glass samples arising from simple equilibrium melting [4 , 13].
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Fig. 1.  Dependence of electrochemical peak position for Ni (related to Ni activity) on CO concentration in the gas;  duplication of previous results.  Reported E for CV experiments are averages of cathodic and anodic peaks and ½ cathodic and ½ anodic.

Fig 2.  Dependence of electrochemical peak position for Ni in green glass analog (related to Ni activity) on CO concentration in the gas.  Shift in E peak corresponds to a change in Ni activity of about x5.5.  No significant shift in Zn activity with CO is apparent.
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