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Abstract
DCr augite/melt is approximately double that of DCr pigeonite/melt in synthetic Martian basaltic
samples equilibrated at the same fO2. This increase is not related to changing fO2 and the valence of Cr,
but rather to the increased availability of elements for coupled substitution with the Cr3+ ion, namely
Na and Al. The availability of Al and Na to partition into pyroxene is due to delayed nucleation of
plagioclase for the QUE 94201 Martian basalt composition. Direct valence state determination by
XANES shows that Cr3+ is the dominant valence state in pyroxene at IW-1, IW, and IW+1. Trivalent Cr
is apparently much more compatible in the pyroxene structure than divalent Cr, and thus an increasing
DCr for both augite/melt and pigeonite/melt with increasing fO2 is a function of the increased activity
of Cr3+ in the crystallizing melt.
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Introduction
This paper represents the second part of a study on the partitioning of multivalent elements between pyroxene and melt.
In the first part (Karner et al. 2007), we used the partitioning of
Cr and V between pyroxene and melt to estimate the oxygen
fugacity (fO2) condition for Martian basalt QUE 94201. This
was possible because both Cr and V are multivalent elements
and their partitioning (i.e., D values) between pyroxene and
melt is mainly controlled by fO2. Our approach was to produce
experimental charges of QUE 94201 composition at IW-1,
IW, and IW+1, crystallizing only pyroxene. We then used the
charges to calibrate DCr and DV oxybarometer curves based on
the partitioning between early crystallizing pyroxene pigeonite
cores and the bulk starting composition. Martian basalt QUE
94201 represents a liquid composition, so using DCr and DV
pigeonite/melt in both the synthetic charges and natural sample
was the best way to estimate fO2 at the beginning of crystallization. Application of the calibrated oxybarometers to QUE 94201
yielded fO2 estimates of IW+0.2 and IW+0.9 based on DCr and
DV, respectively. We believe these estimates to be robust for
several reasons (see Karner et al. 2007), but in the course of this
study we became acutely aware that Cr and V partitioning into
pyroxene is not only controlled by fO2, but that it is also affected
by the availability of charge-balancing elements for coupled
substitution (e.g., Al and Na).
For the bulk composition and crystallization sequence of QUE
94201, Al and Na increase from pigeonite to augite, as shown
* E-mail: jkarner@unm.edu
0003-004X/07/1112–2002$05.00/DOI: 10.2138/am.2007.2724

by pyroxene element maps in the natural sample (Fig. 1). Figure
1a shows four X-ray maps of a zoned pyroxene grain from QUE
94201 and Figure 1b charts the crystallization sequence of that
grain on the pyroxene quadrilateral with corresponding numbers
and letters. At point 1, pigeonite cores begin to crystallize and
zone toward augite rims at point 2. The pigeonite cores are
characterized by low Al, low Ca, and low Ti in the X-ray maps,
while augite (Point 2) shows high Al and high Ca. For this bulk
composition, the nucleation of plagioclase is delayed until point
A. Before this point, the delayed nucleation of plagioclase causes
an increase in the activity of Al and Ca in the melt and that is why
these cations partition into the augite structure. After plagioclase
nucleation, augite grains show a sharp drop in Al concentration
and a subsequent steady drop in Ca as they zone to metastable
pyroxferroite (Ca1/7Fe6/7SiO3) at point 3 (Aramovich et al. 2002).
The reason that the onset of plagioclase shows up first in Al and
then Ca (in the zoned pyroxene) is because there is twice as
much Al than Ca in anorthite (CaAl2Si2O8). This effect was first
discussed in detail by Bence and Papike (1972).
This study explores in detail how the availability of Al and
Na for coupled substitution affects DCr between pigeonite/melt
and augite/melt in synthetic QUE 94201 composition samples.
We report here on Cr partitioning, but note that V partitioning
results are forthcoming. We also present here X-ray absorption
near edge structure (XANES) data on the valence state of Cr in
both the glass and pyroxene phases. This is the first study we
know of that combines Cr-partitioning data for pyroxene with
direct Cr valence determination by XANES, and should help us
assist in distinguishing the effects of fO2 vs. coupled substitution
on Cr partitioning into pyroxene.
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