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Abstract

We have determined DEu between augite and melt in samples that crystallized from a highly spiked 
martian basalt composition at four fO2 conditions. DEu augite/melt shows a steady increase with fO2 
from 0.086 at IW-1 to 0.274 at IW+3.5. This increase is because Eu3+ is more compatible than Eu2+ in 
the pyroxene structure; thus increasing fO2 leads to greater Eu3+/Eu2+ in the melt and more Eu (total) 
can partition into the crystallizing pyroxene. This interpretation is supported by direct determinations 
of Eu valence state by XANES, which show a steady increase of Eu3+/Eu2+ with increasing fO2 in both 
pyroxene (0.38 to 14.6) and glass (0.20 to 12.6) in the samples. Also, pyroxene Eu3+/Eu2+ is higher 
than that of adjacent glass in all the samples, which verifies that Eu3+ is more compatible than Eu2+ in 
the pyroxene structure. Combining partitioning data with XANES data allows for the calculation of 
specific valence state D-values for augite/melt where DEu3+ = 0.28 and DEu2+ = 0.07. 
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Introduction

This paper is part of an ongoing study on the partitioning 
of multivalent elements between pyroxene and melt. Our first 
studies (Karner et al. 2007a, 2007b, 2008) concentrated on 
the partitioning of Cr and V between pyroxene and melt with 
changing oxygen fugacity (fO2) for samples synthesized from 
a composition of martian basalt QUE 94201. Both Cr and V 
are multivalent elements and their partitioning (i.e., D-values) 
between pyroxene and melt is mainly controlled by fO2. Our 
first study used Cr and V D-values to estimate fO2 conditions 
in the natural sample (Karner et al. 2007a). Subsequent stud-
ies documented the difference in DCr and DV for pigeonite vs. 
augite, which is due to the availability of charge-balancing ele-
ments (e.g., Al and Na) needed for coupled substitution and the 
differences between the pigeonite and augite crystal structures 
(Karner et al. 2007b, 2008). The latter two studies also employed 
X-ray absorption near edge structure (XANES) spectroscopy to 
determine the valence states of Cr and V in glass and pyroxene 
and documented how these change with fO2. 

This letter explores the partitioning of Eu between augite and 
melt in a highly doped (total rare earth elements [REE], V, Sc = 
5.5 oxide wt%) basalt composition. The high doping levels al-
lowed us to (1) measure the REEs in pyroxene and glass by ion 
probe and electron microprobe (EMP), and (2) analyze both the 
glass and pyroxene by the XANES technique. We realized the 
high dopant levels could lead to non-Henry’s Law behavior (see 
Prowatke and Klemme 2006) for the trace elements. We report 
here on Eu partitioning between augite and melt in the samples 
and also present XANES data on the valence state of Eu in both 

the glass and augite phases. Combining Eu partitioning data 
for pyroxene with direct Eu valence determination by XANES 
allows for the calculation DEu3+ and DEu2+.

Samples and analytical techniques
The samples used in this study were synthesized from a martian basalt (QUE 

94201) composition (Karner et al. 2007a) doped with several REEs, V, and Sc. The 
REEs were added as 0.6 wt% of each of their oxides, (i.e., REE2O3) and included La, 
Ce, Nd, Sm, Eu, Dy, Er, Yb, and Lu. Scandium and vanadium were added as Sc2O3 
and V2O3 and doped to 0.1 wt%. Charges were produced from pressed pellets of 
the composition held for 48 h at 1300 °C in 1 atm gas-mixing furnaces at Johnson 
Space Center (JSC) at imposed fO2 conditions of iron-wüstite (IW)-1; one log unit 
below IW (IW-1); IW, IW+1, and IW+3.5 (i.e., quartz-fayalite-magnetite, or QFM). 
Charges were then quenched to room temperature, returned to their respective 
furnaces, and subsequently cooled from a near liquidus temperature (1170 °C) to 
~1100 °C at a rate of 1 °C/h before being quenched again. The two-step process 
of quenching and then cooling from just below the liquidus enables the formation 
of just a few relatively large crystals. Pyroxene was the only phase to crystallize 
in the IW-1 and IW+1 charges, while the charges at IW and QFM crystallized 
pyroxene with rare olivine and spinel. All charges produced pyroxene crystals ap-
proximately 100 to 500 µm in longest dimension, and in each charge the degree 
of crystallization was ~10% as determined by optical point counting. 

Pyroxene and glass were analyzed using a JEOL JXA 8200 EMP at 15 kV, 20 
nA, and a 1 µm beam, for major and minor elements. Trace element concentra-
tions (REEs, V, Sc) were determined using a Cameca IMS 4f ion probe using an 
accelerating voltage of 10 kV and 10 nA, which produced a spot size of ~10 µm. 
The ion probe analyses involved repeated cycles of peak counting on the isotopes 
45Sc, 51V, 52Cr, 139La, 140Ce, 146Nd, 147Sm, 151Eu, 153Eu, 163Dy, 166Er, 174Yb, and 175Lu. 
Absolute concentrations of the trace elements were calculated using the relationship 
between measured peak/30Si+ ratios normalized to known SiO2 content and elemental 
abundance in the standards. Select REEs, V, and Sc were also measured by EMP, 
which provided a check on the accuracy of our ion probe analyses.

XANES analyses were performed with the GeoSoilEnviroCARS X-ray 
microprobe at the Advanced Photon Source (APS), Argonne National Labora-
tory, Illinois, using techniques described by Sutton et al. (2002). The microprobe 
consisted of an APS undulator X-ray source, a silicon (111) double-crystal mono-
chromator, Kirkpatrick-Baez microfocusing mirrors (Eng et al. 1998) and a silicon 
drift, solid-state X-ray fluorescence detector (Vortex-ME4, SII NanoTechnology 
U.S.A., Inc.). The X-ray microprobe was used to determine Eu3+/Eu2+ in pyroxene 
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