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Introduction:  The intrinsic oxygen fugacity (fO2) 

imposed on a magma has the ability to influence the 
crystallization sequence of the melt, as well as the 
composition of the resulting minerals [e.g., 1, 2].  fO2 is 
an easily controlled parameter in the lab, either 
through gas-mixing equilibria or with a solid-state 
buffer assemblage.  In nature, the fO2 of a closed sys-
tem is imposed on the system internally through multi-
valent equilibria involving the phenocryst-melt assem-
blage. This results in a characteristic oxidation state.   

The physical parameter used to quantify oxidation 
state is oxygen fugacity.  Iron is the only major rock 
forming element in basaltic melts to exist in multiple 
valance states and, therefore, it is commonly used to 
assess fO2.  Traditional methods to quantify fO2 utilize 
the ferric content of glasses or coexisting Fe-Ti oxides.  
However, many rocks, such as the Martian meteorites, 
do not contain the necessary phases or have oxides 
which have suffered reequilibration, thereby rendering 
them unmeasureable by current techniques.  For these 
rocks, new methods, utilizing other phases are needed. 

Mafic minerals have Fe3+/∑Fe ratios that are a 
function of two factors: 1) crystal chemistry and 2) 
their intrinsic fO2 during crystallization.  Olivine and 
orthopyroxene, for example, have steric constraints on 
the extent to which Fe3+ can be incorporated in their 
structures, and may not record changes in magmatic fO2 
in a way that can easily be measured [3, 4].  The chem-
istry of clinopyroxene, however, allows for extensive 
incorporation of Fe3+ in its crystal structure, making it 
a potentially useful oxybarometer [5, 6].  To date, 
there have been few, if any, systematic experimental 
studies of the variation of the Fe3+/∑Fe ratio as a func-
tion of fO2 in clinopyroxene.  This study seeks to ad-
dress this lack of data.    

Methods:  Experimental.  Dry crystallization ex-
periments were performed on a starting composition 
composed of a synthetic shergottite melt in equilibrium 
with liquidus pyroxenes [7].  Samples were suspended 
on Re-loops in 1-atm, CO-CO2 gas mixing furnaces at 
Johnson Space Center.  Experimental fO2 values ranged 
from IW+~8.6 to IW-1 (Table ).  Measured fO2 values 
are accurate to ± 0.5 log units.  All runs were heated to 
above their liquidus temperature for 0.5 hours.  Several 
runs (MSNJ-17, 23, 24, 25) were held at these condi-
tions for 4 hours and quenched as glasses.  The major-
ity of runs were then cooled to run conditions at 60°/hr 

to facilitate pyroxene nucleation and growth.  These 
experiments were held at final conditions for 24 hours.  
Samples were rapidly quenched in water and thin sec-
tioned for further analysis. 

 
Name TFinal (°C) fO2 (∆IW) Run Products 

BS1-027 1190 4.0 aug+glass 
BS1-019 1192 3.0 aug+glass 
BS1-024 1190 1.0 aug+glass 
BS1-005 1170 0.0 aug+glass 
BS1-023 1190 -1.0 aug+glass 
MSNJ-23 1235 ~8.6 glass 
MSNJ-25 1235 5.0 glass 
MSNJ-17 1235 3.5 glass 
MSNJ-24 1235 0.0 glass 
*P(total) = 1 atm for all runs 

 
Analytical.  All run products were analyzed on the 

synchrotron microXANES (SmX) spectrometer at 
Brookhaven National Laboratory for their Fe3+/∑Fe 
ratios using the Bajt et al. [8] calibration with the addi-
tion of aegirine as a Fe3+ end member standard; the 
technique and apparatus are described in [9].  The 
largest contribution to these errors is the effect of crys-
tallographic orientation as described in [10]; resultant 
Fe3+/∑Fe errors are +/- 0.15 absolute for individual 
analyses.  To reduce these errors, as many as 6 analy-
ses were made on each phase at different locations 
with various orientations (for the pyroxene), reducing 
the errors to 0.05-0.10 absolute.  Errors on Fe3+/∑Fe in 
(isotropic) glass are estimated at +/- 0.05. 

In addition, the holohyaline samples were sub-
jected to Mössbauer analysis, a more traditional Fe3+ 
measurement method.  These data were cross-
referenced with the SmX data for the same experi-
ments to be used as an independent check on the SmX 
method.   

Results:  Glass-only experiments.  Mössbauer and 
XANES data record very similar Fe3+ contents for the 
holohyaline experiments [Figure 1].  All values fall 
close to the 1:1 line with an R2 of 0.93, indicating a 
close correlation over a wide range of fO2 values (fO2 = 
IW – IW+~8.6).  Additionally, all measured glass 
Fe3+/∑Fe values are consistent with values predicted 
by the method of Kress and Carmichael [11].  This 
suggests that the XANES method can provide consis-
tent, reliable results and supports the data gathered 
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from the pyroxene-melt pairs, for which no Mössbauer 
data could be collected. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Comparison plot of Fe3+ percentage in experimental py-
roxene-free glasses using XANES and Mössbauer techniques.  Error 
bars are 5% error.  Solid line represents a 1:1 correlation. 

 
 
Pyroxene-melt pairs.  Figure 2 plots the variation 

of augite Fe3+ content over a range of experimental fO2 
values.  A clear increase in Fe3+ content is seen as the 
fO2 increases to the quartz-fayalite-magnetite (QFM = 
IW+3.5) buffer and above.  

  
 
 
 
 
 
 
 
 
 
 

Figure 2.  Variation of augite Fe3+ content with experimental fO2.  
Error bars are standard deviations between different crystals in a 
given experimental run.   

 
Previous experimental work on the clinopyroxene 

pigeonite [12] shows that low-Ca clinopyroxenes do 
not accommodate much Fe3+ in their structures 
(~<10% of the total Fe); the same is true for orthopy-
roxenes.  In contrast, Fe3+ contents of augites exhibit 
significant variation as a function of fO2 (Figure 2).  
This may be due to the greater portion of large cations 
(i.e., higher Ca content) in augite, which results in less 
constrained Fe3+- Fe2+ substitution.  These trends are 
born out in the literature on wet chemical analyses of 
clinopyroxene, which indicates that the highest re-
ported pigeonite % Fe3+ content is 16%, while augite 
% Fe3+ is found to vary from 0-100% [13].  

Discussion:  The holohyaline experiments suggest 
that the XANES technology accurately replicates Fe3+ 
measurements made with other methods and, therefore, 
can be applied with confidence to the augite-melt 

pairs.  This is important because other techniques can-
not be used to quantify the Fe3+ of these crystallization 
experiments. 

Our results indicate that the Fe3+/∑Fe ratios in 
augite and glass are consistently very low when fO2 is 
below QFM.  It is necessary to equilibrate at fO2 values 
>IW+3.5, or ≈QFM, in order for significant Fe3+ to be 
present.  Mass distribution coefficients 
(wt.%Fe3+

pyroxene/wt.%Fe3+
melt) were calculated for each 

pyroxene-melt experimental run.  Values ranged from 
0.00 to 0.77 for the augite, both suggesting some pref-
erential Fe3+ partitioning over the range of fO2s studied.  
As with the percentage of Fe3+ in the mineral, the mass 
distribution coefficients for augite show a strong corre-
lation with fO2.  This relationship emphasizes the abil-
ity of augite Fe3+ contents to provide a record of the fO2 
during melt crystallization. 

One of the starting motivations for this project was 
to provide insights into fO2 values of SNC meteorites 
in which there are complications with interpreting re-
sults of other Fe oxybarometers.  Recent work utilizing 
several phases suggests that the currently known SNC 
meteorites all crystallized under fairly reducing 
(≤QFM) conditions, extending from IW-0.5 up to 
IW+3.5 [e.g., 14-17].  As discussed above, Fe3+ con-
tents of clinopyroxenes that crystallized below QFM 
are small, and therefore they give no real insights into 
differences over that range of reduced fO2 values.  The 
relationships calibrated here might be useful, however, 
if more oxidized SNC meteorites are discovered.  
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