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Introduction 
 For the past several years we have been de-
veloping V valence oxybarometers (VVOs), as meas-
ured in basaltic phases.  The power of using V as an 
oxybarometer is that it can exist as V2+, V3+, V4+, and 
V5+ [1], and can record at least 8 orders of magnitude 
in fO2, allowing for applicability to both oxidized and 
reduced magmas.  The applicability at low fO2 condi-
tions is especially important because traditional 
Fe2+/Fe3+ barometers are ineffectual here because there 
is no Fe3+ present in these environments.  Our first 
VVO work [2-3] concentrated on volcanic glasses in 
which V valence was determined directly by X-ray 
Absorption Near Edge Spectroscopy (XANES).  The 
advantage of a glass VVO is that we can record the fO2 
at the beginning of melt evolution and use the melt 
liquidus temperatures for fO2 estimates.  The disadvan-
tage is that volcanic glasses are rare in meteorites, 
which are our only source of martian basalts and cu-
mulates.   

The next step is to develop VVOs for early 
crystallizing mineral phases such as chromite, olivine 
and pyroxene.  These VVOs would be applicable to 
meteorite samples, and in particular, martian basalts.  
There are two ways to develop these VVOs; i.e., 1) 
measure the V valence directly in the mineral phases 
by XANES, and 2) measure the equilibrium partition-
ing betweem mineral and melt.  We took the latter ap-
proach and here we report on the progress that has 
been made in developing VVOs for both olivine and 
pyroxene and their application to martian basalts.    
Oxygen fugacity of the martian mantle 

Several studies, using different oxybarome-
ters, have suggested that the variation of fO2 in martian 
basalts spans about 3-4 log units [4-8] from ~IW-1 to 
IW+3.  The relatively oxidized basalts (e.g., pyroxene-
phyric Shergotty) are enriched in incompatible ele-
ments, while the relatively reduced basalts (e.g., oli-
vine-phyric Yamato 980459, [Y98]) are depleted in 
incompatible elements.  The interpretation of the 
above observations is that martian basalts are a product 
of some combination of two reservoirs; 1) reduced and 
depleted, and 2) oxidized and enriched [4].  The ques-
tion remains, however, as to whether the oxidized res-
ervoir is a separate and distinct magma source in the 
martian mantle, or if it is a crustal component assimi-
lated by a rising (reduced, depleted) magma [4].  We 
decided to weigh in on the above debate by developing 

and applying an olivine and pyroxene VVO to the oli-
vine phryic and pyroxene-phyric martian basalt, re-
spectively.  Our results are described in the rest of the 
paper. 
An olivine VVO applied to olivine-phyric martian 
basalts 
 Recently, Shearer et al. [9] used an olivine 
VVO to determine the fO2 of several martian olivine-
phyric basalts.  The olivine VVO works by experimen-
tally determining the valence state partitioning of V 
between early crystallizing olivine and basaltic melt.  
At relavant martian fO2 conditions (~IW-1 to IW+3) V 
should exist mainly as V3+ and V4+.  Vanadium 3+ is 
more compatible than V4+ in the olivine structure, and 
thus its partitioning (DV olivine/melt) should increase 
with decreasing fO2.  Shearer et al. first determined the 
DV (olivine/melt) in synthetic Y98 basalt composi-
tions crystallized at several different fO2 conditions.  A 
Y98 composition was chosen for the experimental 
charges because it represents a near-primary melt from 
the martian mantle.  As such, the Y98 composition 
provides a clearer vision into the martian mantle and 
basaltic processes because it represents a primitive 
melt uncomprimised by crystal fractionation or assimi-
lation.   
 After calibrating an fO2 versus DV oli-
vine/melt curve for the experiments, Shearer et al. 
measured the DV olivine/melt in Y98 (natural sample) 
and determined an fO2 of IW+0.9.  In applying the 
technique to other olivine-phyric shergottites (Figure 
1) Shearer et al. [9] concluded that the martian mantle 
source for these magmas was depleted and relatively 
reduced, and varied only slightly in fO2 (IW to IW+1). 
Thus the more oxidized, enriched martian basalts had 
assimilated a crustal component on their path to the 
martian surface [10].  
A pyroxene VVO applied to pyroxene phyric mar-
tian basalts 

Approximately 11 martian basalts can be clas-
sified as pyroxene-phyric.  These basalts do not con-
tain olivine or chromite and are mainly composed of 
low to high-Ca pyroxene and plagioclase.  For this 
reason we started work on a VVO that could be meas-
ured in early crystallizing pyroxene grains.  Here we 
report on fO2 information obtained by using the parti-
tioning of Cr and V into pyroxene in martian pyrox-
ene-phyric basalt QUE 94201 (QUE).   
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Previous fO2 estimates for QUE  are relatively 
reduced compared with the other martian basalts, but 
the range of estimates is still quite large, from ~IW-1 
to IW+1 [4-5].  We believe it is important to better 
constrain the fO2 of QUE because along with Y98, it is 
the best documented “melt” we have from the martian 
mantle [11-12].  In other words, the rocks have experi-
enced minimal accumulation or subtraction of phases, 
and more importantly the liquidus crystals formed in 
equilibrium with the bulk composition of the rock.  
Although QUE represents a melt, it is more evolved 
than Y98, being significantly lower in Mg# and lack-
ing olivine.  Pyroxene is the first phase to crystallize in 
QUE based on experiments and on the phenocrysts that oc-
cur in the rock,and thus the partitioning of Cr and V 
between pyroxene cores and the bulk composition 
should lend insight into the fO2 conditions under which 
the rock formed.  This is possible because Cr and V 
are multivalent elements which are highly sensitive to 
the redox condition of a basaltic magma [13-14, 3], 
and thus partitioning of these elements into pyroxene 
is fO2 dependent.  Note, however, that Cr and V parti-
tioning into pyroxene is also dependent on charge-
balancing elements such as Al and Na [14, 15].  There-
fore it is imperative to compare Cr and V partitioning 
among pyroxene grains with similar Al and Na con-
tents, which is why we use the QUE bulk composition 
for our experiments.  For comparative purposes we 
also investigated Sc partitioning into pyroxene.  Scan-
dium exists as only Sc3+, and thus its partitioning 
should not be influenced by changes in fO2. 

Our procedure was to produce experimental 
charges of QUE composition at various fO2 conditions 
and then compare the partitioning of Cr and V between 
pyroxene (pigeonite core) and bulk composition.  Cali-
bration curves of DCr, DV, and DCr/DV vs. fO2 can 
then be used to calculate the fO2 of the natural sample.   
Samples and analytical techniques   

The starting material for the experimental 
runs was a synthetic glass having the same bulk com-
position as QUE, spiked with 0.1 wt.% V2O3 and 
Sc2O3.  Pressed pellets of the composition were first 
held for 48 hours at 1300 ºC in the 1 atm gas-mixing 
furnaces at Johnson Space Center (JSC) at imposed 
fO2 conditions of IW-1, IW, IW+1, and QFM.  The 
QFM runs produced olivine on the liquidus and thus 
were not used in this study.  After quenching to room 
temperature, the charges were then returned to their 
respective furnaces and cooled from a near liquidus 
temperature (1170 ºC) down to ~1100 ºC at a rate of 1 
ºC/hr, and then quenched again.  Pyroxene grains 
grown in the charges were first analyzed by electron 
microprobe (EMP), at 15 kV, 20 nA and a 1 µm beam, 
for major and minor element composition.  Vanadium 
and Sc contents were determined by Secondary Ion 

Mass Spectrometry (SIMS), at conditions of 10 kV, 15 
nA, and a 15 µm spot size.  Pyroxene grains in QUE 
were analyzed by the same protocol.  
Results and discussion 

In all three charges (i.e., @ IW-1, IW, IW+1) 
pyroxene was the first phase on the liquidus and also 
the only phase to crystallize.  All three charges pro-
duced Mg-rich pigeonite cores rimmed by Mg-rich 
Augite, and in each charge the degree of crystallization 
was less than 10%.  The crystallization trends and 
compositions of the experimental pyroxenes are shown 
in Figure 2, along with pyroxene compositions from 
QUE.  The QUE pyroxene grains generally show the 
same trends as the synthetic pyroxenes we produced, 
i.e., pigeonite rimmed by augite.  Therefore, the best 
estimate of Cr and V partitioning between pyroxene 
and melt should be found in the Mg-rich pigeonite 
cores in both the experimental charges and the natural 
sample.   

Our approach was to measure Cr, V, and Sc at 
similar Wo-En-Fs values in all the experimental runs 
as well as the natural sample.  This is because, as 
stated above, Cr and V partitioning in pyroxene is par-
tially dependent on Al and Na content.  Wollastonite 
(Wo) content can basically be used as a proxy for Al 
content in pyroxene [15], and so we strived to analyze 
all samples at the same Wo-En-Fs values.  This was 
not difficult for the experimental runs because the pi-
geonite cores are large and simply zone toward augite 
rims.  The natural pyroxenes, however, are notoriously 
complex, mostly containing pigeonite and augite to-
gether in complicated interlayered grains [11].  The 
challenge then was to obtain the correct Cr and V (and 
Sc) concentrations within the complex natural pi-
geonite cores to compare with the experimental runs.  
Based on our earlier partitioning work [see 15] on the 
natural sample, we chose to use the highest Cr contents 
and the lowest V contents measured in the pigeonite 
cores.  These contents should be most representative of 
the true equilibrium partitioning between pyroxene and 
melt.   

Figure 3 shows the calculated partition coef-
ficients (Ds) for Cr, V, and Sc vs. fO2 for the experi-
ments and the natural sample.  The bulk Cr, V, and Sc 
were measured for the experimental starting material 
(glasses), while bulk values in QUE were taken from 
the literature [16].  In the experiments, DCr increases 
in pyroxene with increasing fO2, while DV decreases 
with increasing fO2.  Over the same conditions, DSc 
essentially remains constant.  These results make sense 
because Sc only exists in one valence state (3+), so fO2 
does not have an effect on its partitioning.  Chromium 
exists as Cr2+ and Cr3+ depending on fO2, and both may 
be in approximately equal proportions in a basaltic 
melt equilibrated at an fO2 of IW.  The increase in DCr 

Seventh International Conference on Mars 3051.pdf



in pyroxene from IW-1 to IW+1 is the result of in-
creasing fO2 and subsequent increase of Cr3+/Cr2+ in 
the melt.  The Cr3+ ion is more compatible in the py-
roxene structure than Cr2+ [14], and thus DCr increases 
with increasing fO2.  Vanadium mainly exists as V3+ 
and V4+ at the fO2 conditions of the experiments, and 
V3+ is more compatible in the pyroxene structure than 
V4+ [14-15].  Consequently, a decreasing DV with 
increasing fO2 reflects a lower V3+/V4+ in the crystal-
lizing melt.  Calibration curves fit to (Figure 3) the 
data show excellent linear fits to DCr and DV.  Using 
the measured DCr and DV for pyroxenes in QUE 
94201, we obtain an fO2 from the calibration curves of 
IW+0.2 and IW+0.9, respectively.  Figure 3 also 
shows that DSc forms a nearly flat curve for the ex-
periments, and DSc for the natural sample is similar to 
those values.  In Figure 4 we ratio DCr to DV to make 
another calibration curve.  Applying the data from the 
natural sample to this curve we calculate an fO2 of 
IW+0.6.   
Implications for martian mantle fO2   

Based on DCr and DV between pigeonite 
cores and bulk composition, we estimate QUE crystal-
lized at an fO2 between IW+0.2 and IW+0.9, with 
DCr/DV suggesting IW+0.6.  This estimate (IW+0.6) 
falls on the oxidized end of previous fO2 estimates 
made for QUE, which range from IW-1 to IW+1 [see 
7].  Relatively reduced estimates (<IW) for QUE  have 
mainly been determined using Eu valence oxybarome-
ters as measured in augite and pigeonite.  This oxy-
barometer has been a useful tool in determining the 
relative fO2 of martian basalts, but there are many pit-
falls in this technique.  These include the influence of 
bulk composition (particularly Ca and Al) on the parti-
tioning of Eu, the uncertainty introduced by measuring 
Eu concentrations at the ppb level, and the differences 
in crystallization kinetics from rock to rock [17].  If the 
Eu oxybarometer is applied without placement in a 
petrologic and crystal chemical context, errors of up to 
1-2 log units could result [17].  The relatively oxidized 
estimate (IW+1) for QUE was determined by Fe-Ti 
oxide equilibria [5].  This method has often been criti-
cized because fO2 is essentially measured in late stage 
phases where subsolidus equilibration can take place.  
Nevertheless, the relative fO2 of martian basalts deter-
mined by the Fe-Ti oxide oxybarometer matches the 
trends of those determined by the Eu oxybarometer.  
They differ, however, in their absolute determination 
of fO2 for each rock [7].  Our method to determine the 
fO2 of QUE is also not without pitfalls, and we do not 
advise the application of these calibration curves to 
other martian basalts without conducting new experi-
ments of appropriate composition.  This is because Cr 
and V partitioning in pyroxene are intimately tied to 
substitution couple elements such as Al and Na, and 

crystallization kinetics; these factors could be signifi-
cantly different among the martian basalts, and thus 
lead to erroneous fO2 determinations.  The strength of 
our fO2 estimate, however, is in our approach, because 
1) the fO2 is measured in the earliest crystallizing 
phase, 2) the calibration curves are based on the same 
bulk composition as the natural sample, and 3) that 
bulk composition represents a melt from the martian 
mantle, so true DCr and DV are attainable.   

In conclusion, the two best candidates for 
martian melts, Y98 and QUE 94201, indicate an fO2 
from IW to IW+1 for the upper martian mantle. 
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Figure 1.  a) Calibration curve relating fO2 (relative to 
IW buffer) to DV olivine/melt.  The red dot is Y98. b) 
Comparision between the calibration curve for Y98 
bulk composition from [9] and curves calculated from 
the experimental results of [1] and [18] for terrestrial 
komatiite bulk compositions.  Taken from [9]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Pyroxene quad comparing synthetic pyrox-
enes from this study with natural QUE pyroxenes.  The 
red arrow indicates the direction of increasing crystal-
lization. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  DCr, DV, and DSc vs. fO2 for synthetic and 
natural QUE pyroxenes.  DCr and DV for the natural 
sample (black dots) are fit to the experimental curves; 
DSc is simply placed at the calibrated DCr fO2 value 
for reference.  Also shown is the equation for each line 
and the R2 value for each.  See text for discussion.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  DCr/DV vs. fO2 for synthetic and natural 
QUE 94201 pyroxenes.  See text for discussion. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 50

 40

 30

 20

 10

100

 90

 80

 70

 60

 50

100  90  80  70  60  50  40  30  20  10

CaMg CaFe

Mg Fe

IW
IW+1
IW-1
que

y = 0.715x + 4.2467
R2 = 0.9992

y = -0.635x + 2.86
R2 = 0.9998

y = 0.045x + 1.3
R2 = 0.75

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-2 -1 0 1 2 3 4
fO2 relative to IW

D
C

r, 
D

V,
 a

nd
 D

Sc
 fo

r p
ig

eo
ni

te
/m

el
t

DSc QUE exp.
DCr QUE exp.
DV QUE exp.
QUE 94201

V

Cr

Sc

y = 0.715x + 4.2467
R2 = 0.9992

y = -0.635x + 2.86
R2 = 0.9998

y = 0.045x + 1.3
R2 = 0.75

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-2 -1 0 1 2 3 4
fO2 relative to IW

D
C

r, 
D

V,
 a

nd
 D

Sc
 fo

r p
ig

eo
ni

te
/m

el
t

DSc QUE exp.
DCr QUE exp.
DV QUE exp.
QUE 94201

V

Cr

Sc

y = 0.715x + 4.2467
R2 = 0.9992

y = -0.635x + 2.86
R2 = 0.9998

y = 0.045x + 1.3
R2 = 0.75

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-2 -1 0 1 2 3 4
fO2 relative to IW

D
C

r, 
D

V,
 a

nd
 D

Sc
 fo

r p
ig

eo
ni

te
/m

el
t

DSc QUE exp.
DCr QUE exp.
DV QUE exp.
QUE 94201

V

Cr

Sc

y = 0.61x + 1.5767
R2 = 0.9851

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-2 -1 0 1 2 3 4
f O2 relative to IW

D
C

r/ D
V 

pi
ge

on
ite

/m
el

t

DCr/DV QUE exp.

DCr/DV QUE 94201

y = 0.61x + 1.5767
R2 = 0.9851

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-2 -1 0 1 2 3 4
f O2 relative to IW

D
C

r/ D
V 

pi
ge

on
ite

/m
el

t

DCr/DV QUE exp.

DCr/DV QUE 94201

Seventh International Conference on Mars 3051.pdf


