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The evolution of basaltic magmas depends on their redox state, hence
oxygen fugacity, but there is increasing evidence that this intensive
thermodynamic variable may be less well understood in basalts than
commonly supposed. The redox state of terrestrial basalts has to a
large extent been inferred from the Fe3+/Fe2+ ratios of their quenched
glasses. However, this quantity appears to be significantly affected
during late and post-eruptive processes in magmatic systems (e.g. by
degassing, charge-transfer reactions of redox-variable species, and al-
teration ), so that the degree to which the Fe**/Fe* ratios preserved
i basaltic glasses reflect the oxidation state of the magma at high
temperature is unclear. Because olivine is the furst silicate mineral
lo crystallize from primitive basaltic liquids on cooling following de-
compression, the equilibrium partitioning relations preserved in oliv-
ine phenocrysts in basalts are, in principle, less disturbed by these
late and post-eruptive processes and, therefore, may better reflect the
high-temperature ( pre-eruptive) conditions of the magma. Here we
calibrate an oxybarometer based on the strong sensitivity of the parti-
tioning of vanadium between olivine and silicate melt to oxygen fuga-
city. Our empirical parameterization, calibrated over a range of
redox conditions between four log;y units above and below the
quartz—fayalite—magnetite (QFM ) oxygen buffer, takes into ac-
count the effects of temperature, olivine composition (i.e. Mg/Fe
ratios) and melt composition (namely the activities of CaO, S10,,
AlO;.5 NaOy.5 and KO,.5), and allows oxygen fugacity determin-
ations to within ~0-25 log,y units. We also explore the sensitivity of
the exchange partitioning of Sc and 1" between olivine and melt to
temperature as a geothermometer. Our calibration indicates that this
geothermometer allows temperature to be estimated to within 15°C,
but precision is strongly dependent on the Sc and ¥ measurements in
olivine and melt.

*Clorresponding author. E-mail: guil.mallmann@gmail.com
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INTRODUCTION

The course of evolution of basaltic magmas depends on
their redox state, hence oxygen fugacity (fo,). However,
there is increasing evidence that this intensive thermo-
dynamic variable may be less well known in basalts than
commonly supposed. The redox state of terrestrial basalts
has to a large extent been inferred from the Fe’'/Fe?t
ratios of their quenched glasses, but the recent XANES
(X-ray absorption near-edge structure) spectroscopy
determinations of Fe’'/Fe”" in mid-ocean ridge basalt
(MORB) glasses of Cottrell & Kelley (2011) differ from
the earlier wet-chemical measurements of either Christie
et al. (1986) or Bézos & Humler (2005). The degree to
which the Fe’!/Fe®" ratios preserved in silicate glasses
reflect the oxidation state of the magma at high tempera-
ture is also unclear. A severe problem is the degassing of
volatiles species, particularly those containing sulfur (e.g.
Burgisser & Scaillet, 2007; Métrich et al., 2009). Even for
nearly undegassed basalts such as MORB, which mostly
retain their original sulfur contents, the extent to which
wet-chemical methods are systematically biased by reduc-
tion of dissolved sulfide (S*") has not yet been fully evalu-
ated (e.g. Sossi & O’Neill, 2011). Although Fe is by far the
most abundant redox-variable element in basalts,
temperature-dependent charge-transfer (also known as
electron-exchange) reactions between Fe’*/Fe”* and other
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redox-variable elements such as Cr’t/Cr’" (e.g Berry
et al., 2003) and S*~/SO?™ (e.g. Métrich et al., 2009) may
alter the valence states of these species during the quench-
ing of magmas. Recent evidence from bulk-rock V/Sc and
Zn/Fe ratios, as well as Cu systematics and Fe isotopes
(Lee et al., 2005, 2010, 2012; Dauphas et al, 2009;
Mallmann & O’Neill, 2009), also indicates that the sources
of primitive island arc basalts (IAB) may have oxidation
states similar to those of MORB, an observation that runs
against the commonly held view that subduction of ocea-
nic crust, which may introduce oxidizing components to
the mantle beneath arcs (Evans, 2012), causes partial melt-
ing of the mantle under more oxidizing conditions than at
mid-ocean ridges.

Here we present new experimental data on the parti-
tioning of the redox-sensitive element vanadium between
olivine and silicate melt (Dzl/mdl), to allow an improved
calibration of the Dg}/ melt oxybarometer as an alternative
means of estimating oxygen fugacity in basalts. Olivine is
the first silicate mineral to crystallize from primitive bas-
altic liquids on cooling following decompression.
Therefore, the equilibrium partitioning relations preserved
in olivine phenocrysts in basalts are, in principle, less dis-
turbed by late-stage magmatic processes (e.g. degassing,
charge-transfer reactions, and alteration), which obscure
the interpretation of Fe’*/Fe™*

ol/melt

glasses. The use of Dy,

of basaltic rocks and
to measure oxygen fugacity in
magmas has previously been promoted by Canil (1997,
2002), Canil & Fedortchouk (2001), Shearer et al. (2006)
and Mallmann & O’Neill (2009), but these preliminary
calibrations did not address the effects of composition,
temperature and pressure.

Trace-element partitioning between olivine and melt
also offers opportunities of developing alternative
geothermometers, and here we show that the exchange of
Sc with' Y between olivine and melt has good sensitivity to
temperature with a sufficiently modest dependence on
other variables (i.e. melt composition, olivine composition,
and pressure) to be a practical geothermometer. Essential
to the success of these methods are recent advances in
trace-element microanalysis, particularly laser ablation
inductively  coupled  plasma  mass  spectrometry
(LA-ICP-MS), which have allowed the determination of
incompatible trace element contents in natural olivines to
the kind of precisions useful for quantitative petrological
inferences (e.g. Witt-Eickschen & O’Neill, 2005; De Hoog
et al., 2010; Foley et al., 2011).

In the course of this study we also determined partition
coefficients between olivine and silicate melt for a range
of other trace elements [Na, Al, Ca, Ti, Cr, Mn, Zr, and
the heavy rare earth elements (REE) Th, Er and Yb].
The partitioning relations of some of these elements
are also of potential usefulness to the understanding of
olivine-phyric  basaltic rocks, but their modes of

substitution into olivine are probably complex and will be
discussed in detail elsewhere.

EXPERIMENTAL METHODS

Three ‘parent’ starting compositions, from which several
other ‘daughter’ compositions were derived, were studied.
These starting compositions were chosen to complement
the experimental data already obtained on olivine/melt
partitioning relations in previous studies from our labora-
tory (Mallmann & O’Neill, 2007, 2009; Evans et al., 2008;
Tuff & ONeill, 2010). Since this previous work has focused
either on Fe-free compositions (e.g. Evans et al., 2008) or
on compositions with constant Mg/Fe (e.g. Tuff & O’Neill,
2010), a special effort was made to produce compositions
covering a large range of Fe/Mg ratios. Fe-free compos-
itions were also studied because they allow the effect of
melt composition alone on olivine/melt partitioning to be
investigated, given that olivine becomes a phase of almost
fixed major element composition (i.e. MgySiOy) in Fe-free
systems. The effects of alkalis (Na and K), which are vola-
tile at high temperature and atmospheric pressure and
therefore subject to progressive loss during an experiment,
were assessed using the method for controlling alkali—
metal oxide activities described by O’Neill (2005).

The first ‘parent’ composition (DFA) used in this study is
based on the intersection of the forsterite primary crystal-
lization volume with the 1400°C isotherm in the subsystem
MgySi04~MgoSinOs—CaMgSinOg  (Evans et al., 2008).
Variable amounts (up to 18 ¢g g ') of Al,O3 were added
to this composition to make up a subset of seven ‘daughter’
compositions in the CMAS system. Adding variable
amounts of fayalite (FeoSi04) plus FeO to DFA produced
another subset of seven ‘daughter’ compositions in the
FCMS system. The second ‘parent’ composition
(MORB-ol;  SiOy=54-9, TiOy=172, Aly,O3=23-0,
Ca0O =165, MnO =0-37, and Na,O =331 in cg gfl) is
based on that of mid-ocean ridge basalts to which variable
amounts of olivine-composition oxide mixes (ranging
from Fojg to Foyp) were added to produce seven ‘daughter’
compositions. The amount of olivine and FeO added to
the MORB-ol and DFA ‘parent’ compositions was varied
based on experience to produce ‘daughter’ compositions
crystallizing ~10-30 vol. % of olivine. The third ‘parent’
composition (M666) is based on the chilled margin of a
komatiite flow from Alexo (Canada) reported by Arndt
(1986). This composition allows olivine/melt partitioning
to be investigated to higher temperatures. All compositions
were prepared from reagent grade oxides and carbonates,
and doped with nominal concentrations of Sc, V, Cr, Y, Zr,
Th, Er and Yb, added as oxide powders, between 150 and
4000 g g .

Charges for one atmosphere (I bar) experiments were
prepared by mixing about 100 mg of powder of each com-
position with polyethylene oxide and mounting the
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resulting sludge on either Pt, Pd, Re or Ir wire loops; the
choice of wire depends on the target oxygen fugacity of a
particular experiment. Up to seven compositions could be
run at a time with wire loops suspended from a Pt ‘chande-
lier’ The samples were introduced in the furnace at 600°C
and the temperature was increased at a rate of 6°C min .
Some experiments were initially held for a few hours
above (or near) the liquidus temperature and then cooled
over a few minutes (as fast as the furnace allowed) to the
intended run temperature to produce larger crystals for
laser ablation analyses. The equilibrium temperature,
which varied from 1200 to 1530°C, was then held for
8-288 h. All 1 bar experiments were carried out in vertical
tube furnaces equipped for gas mixing at the Research
School of Earth Sciences, Australian National University.
Oxygen fugacity was set by CO-CO, gas mixing, with
gas flows controlled by Tylan mass flow controllers of 0—10
and 0-200 standard cubic centimeter per minute (sccm)
flow range. Oxygen fugacity at a given temperature was
calculated using the thermodynamic data for gas species
in the NIST-JANATF tables (Chase, 1998). Temperature was
controlled by a type B thermocouple external to the
muffle tube feeding into a Eurotherm controller, and in
most cases was also independently measured by a second
internal type B thermocouple placed immediately above
the samples. Accuracy is expected to be better than 5°C.
Runs were terminated by drop-quenching into water, re-
sulting in liquids quenching to glasses for most compos-
itions (even the komatiitic compositions), except the two
highest Fe samples in run B05/04/11 (#6 and #7), which
formed a microcrystalline matrix upon quenching. A sum-
mary of experimental conditions for 1bar experiments is
presented inTable 1.

Additional experiments were undertaken to assess the
effect of pressure on the partitioning of trace elements be-
tween olivine and melt. These experiments used an
end-loaded piston-cylinder apparatus at the Research
School of Earth Sciences, Australian National University,
with % inch NaCl-Pyrex—graphite-MgO pressure cells.
Temperature was monitored by type B thermocouples.
Three experiments, which have not been buffered for
oxygen fugacity, were conducted with the M666 compos-
ition containing 5-8 cg g ' of HyO at 0-5GPa in AuPd
capsules. However, these experiments ended without sig-
nificant HoO owing to Hy loss through the capsules, as
indicated by the near 100% total of the glass analyses and
very low DQ}/ melt (which implies very oxidizing conditions;
see further discussion). One experiment was conducted
with a CMAS composition in a Pt capsule at 2 GPa, and
three more experiments with a MORB-ol 4 Yo,y compos-
ition (undecarbonated) at pressures of 0-5, 1 and 15 GPa
in graphite-lined Pt capsules. These latter experiments
have oxygen fugacity set by the graphite-CO, (GCO)
oxygen buffer, according to the reaction C+ Oy= CO..

V-Sc-Y THERMO-OXYBAROMETER

At saturation with a pure COy vapor, p(COy) equals the
experimental pressure, P, The log fo, may be calculated
from equation (7) of Frost & Wood (1997), as corrected by
Frost (1998). Experimentally, this buffer was implemented
by running the charge in a graphite capsule sealed inside
a Pt capsule, with starting material made from an oxide—
carbonate mix as usual but without prior decarbonation.
A summary of experimental conditions for piston-cylinder
experiments is presented inTable 2.

ANALYTICAL METHODS

Recovered experimental charges were mounted in epoxy
resin, polished, and then etched and cleaned for a few mi-
nutes in an ultrasonic bath with a dilute (1:10) solution of
Citranox in distilled water to reveal better the crystals at
the surface in reflected light. The major and trace element
composition of experimental run products were analyzed
by a Cameca SXI00 electron microprobe, and by
LA-ICP-MS using a 193 nm ArF excimer (Lambda Physik
LPXI120i) LA system coupled to a quadrupole Agilent
7700s ICP-MS system, respectively. The interface between
the LA and ICP-MS systems was made via a second-
generation custom-built ‘HelEx’ two-volume vortex sam-
pling cell (Eggins et al., 1998). All instruments are housed
at the Research School of Earth Sciences, Australian
National University.

Electron microprobe analyses were undertaken in
wavelength-dispersive mode (WDS) under routine condi-
tions (15 kV acceleration voltage, 10-20 nA beam current,
and >20s counting times on element peaks). Olivine crys-
tals were analyzed under a focused 1 pm beam at 20 nA,
whereas glasses were analyzed under a defocused 10 pm at
10 nA. For samples B05/04/11-6 and B05/04/11-7, in which
silicate melts quenched to a microcrystalline mass rather
than a glass, we broadened the electron beam to cover an
excitation area at the surface of ~50 pm x 50 pm. We typ-
ically collected 3-8 measurements on olivines and silicate
glasses and averaged the results. San Carlos olivine and
the VG-2 natural basaltic glass were used as secondary
standards to monitor accuracy and reproducibility.
Concentrations of all major elements determined on the
VG-2 glass and San Carlos olivine are within 1% and
2%, respectively, of certified values reported by Jarosewich
et al. (1980). NayO concentrations determined in the VG-2
glass show the greatest variability among the elements
with contents above 1 c¢g g ', most probably owing to the
well-known problem of alkali loss during electron-beam
microanalyses. In all modeling presented in this paper, we
have wused the Na concentrations determined by
LA-ICP-MS.

LA-ICP-MS analyses of *Na, 24Mg, AL 2981, ¥(Ca,
158e, VT4, 5N, BCr, PMn, 7Fe, Y, *Zr, Th, "Er and
721 were performed in a He atmosphere with the add-
ition of Ar and He above the ablation site and outside the
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Table I: Summary of experimental conditions for I bar experiments

Experiment Compositions No. of samples T (°C) t (h) Wire CO, (sccm) CO (sccm) log fO, AQFM ANNO
B05/04/11 DFA + Fa-FeO 7 1400 96 Pt 200-00 4-00 —521 1-10 0-56
C04/04/11* DFA +0-18% Al,03 7 1375 200 Pt 54-00 2600 —824 —169 -2:25
B28/03/11 DFA +0-18% Al,O3 7 1395 186 Pt 80-00 4-00 —6-06 0-29 —0-24
B21/03/11 DFA +0-18% Al,O3 7 1400 140 Pt 54-00 26-00 —7-97 —1-67 —2:20
B27/01/11 MORB-ol + Fo1gg-40 3 1200 230 Pd 200-00 1-00 —6-38 2:03 1-36
B16/01/11 MORB-ol + Fo100-40 4 1240 184 Re 54-00 26-00 —9-82 —1-87 —252
B04/03/11 MORB-ol 4 Fo1g9_40 6 1240 216 Pd 200-00 1-00 —585 2:10 1-45
C15/03/11* MORB-ol 4 Fo1gg-40 7 1245 63 Re 40-00 60-00 -10-75 —285 —350
€10/03/11* MORB-ol 4+ Fo100-40 7 1245 112 Pd 100-00 5-00 -779 0-11 —0-54
C12/01/11 MORB-ol + Fo1gg-40 4 1250 288 Pd 80-00 4-00 —7-73 011 —0-53
B19/02/11 MORB-ol + F0o100_40 4 1290 192 Re 54-00 26:00 —920  -1-80 —2-41
B15/03/11 MORB-ol 4 Fo1g9_40 3 1300 144 Re 54-00 2600 —9-08 —178 -2:39
C09/07/09+ M666 komatiite 1 1400 92 Re/Pt 40-00 10-00 —7-40 —1-09 —1-63
C13/07/097 M666 komatiite 1 1452 41 Re/Pt 40-00 10-00 —6-88 —1-05 —154
C09/08/09 M666 komatiite 1 1480 15 Re/Pt 40-00 10-00 —6-61 —1-03 —1-50
C16/07/091 M666 komatiite 1 1494 29 Re/Pt 40-00 10-00 —6-47 —1-02 —1-47
C28/07/09A M666 komatiite 1 1520 8 Ir 40-00 10-00 —624 —1-01 —1-43
C28/07/09B M666 komatiite 1 1520 8 Re/Pt 40-00 10-00 —624 —1:01 —1-43
C07/08/09 M666 komatiite 1 1524 8 Re 20-00 20-00 —7-81 —2:61 —3:03
C08/08/09 M666 komatiite 1 1527 6 Ir 40-00 2:00 —4-78 0-39 —0-03
B16/09/09% M666 komatiite 1 1530 18 Ir 25-60 0-88 —6-73 —1-58 —2:00
C05/02/10 M666 komatiite 1 1377 69 Ir 60-00 — —315 3-38 2:82
C15/01/10 M666 komatiite 1 1404 97 Ir 60-00 — —3-06 321 2:68
C19/01/10 M666 komatiite 1 1430 67 Ir 60-00 — —297 3:06 2:55
C22/01/10 M666 komatiite 1 1482 69 Ir 60-00 - —2:80 276 2:30

All experiments were conducted at atmospheric pressure in vertical tube furnaces. Quartz-fayalite-magnetite (QFM)
buffer from O’Neill (1987); Ni-NiO (NNO) buffer from O’Neill & Pownceby (1993).

*Na flux.

K flux.

iLog fS,=-1-04.

Table 2: Summary of experimental conditions for piston-cylinder experiments
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Experiment Compositions P (GPa) 7 (°C) t (h) Capsule Oxygen buffer log O, AQFM ANNO
C4036 M666 komatiite +5 cg g™' H,0 05 1250 72 AuPd unbuffered - - -
C4033 M666 komatiite +5 cg g~' H,0 05 1300 8 AuPd unbuffered — — —
C4038 M666 komatiite +8 cg g~' H,0 05 1350 8 AuPd unbuffered — — -
D1264 CMAS + Sc&Y 20 1450 24 Pt unbuffered - - -
C4240 MORB-ol 4 Foj0o 05 1400 24 Pt-graphite graphite-CO,* —7:91 —1-60 —214
C4234 MORB-ol 4 Foj0o 10 1400 24 Pt-graphite graphite-CO,* —753 —-122 —176
C4241 MORB-ol 4 Fosgo 15 1400 24 Pt-graphite graphite-CO5* 717 —0-86 —1-40

*Oxygen fugacity at P and T calculated according to the expression of Frost & Wood (1997) corrected in Frost (1998).
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sample cell, respectively. Machine settings were optimized
to reduce oxide production by achieving a ThO™ signal in-
tensity of less than 0-6% of the Th™ signal. The laser was
run at 5Hz and constant voltage to achieve energies
between 40 and 55 m]J. Spot sizes were chosen based on re-
strictions imposed by the size of olivines. For most experi-
ments, we used a 22 pm spot, but in the case of samples
produced by the M666 composition, we used a 16 pm
spot. Identical spot sizes were used for each olivine—melt
pair. For each time-resolved analysis, we acquired 20s of
background signal (laser off) followed by 40s of ablation
signal (laser on). The SRM NIST 610 silicate glass was
used as external standard, assuming the following element
concentrations (GeoREM database, 2006): Na,O =134,
Al,O3 =204, Si0,=70-0 and CaO =115 (cg g '); and
Mg =465, Sc =441, Ti=434, V=442, Cr=405 Mn=
485, Fe =458, Y =450, Zr =440, Th =443, Er =426 and
Yb =445 (ug g ). To correct for differences in ablation effi-
ciency between external standard and unknowns, *Si was
used as the internal reference isotope based on the concen-
trations of SiOy determined by electron microprobe or, in
the case of olivines produced from Fe-free compositions,
the stoichiometric SiOy of Mg,SiO, (i.e. 42:7 cg g ). The
concentrations of Sc were corrected for a polyatomic inter-
ference with 2?Si'°O following Jenner & O’Neill (2012).
This correction assumes that the production of *’Si*°O is
proportional to SiOy (in cg g ') in both sample and stand-
ard, and ignores matrix effects. Then, [Sc]mple=
(S ampte X [1 + ([SIOs]a /[Sclua) X 0-0128] — 0-0128
X [SiOgsample; where  [Sc#f |sample is the apparent Sc
(in pg g ") determined on the sample, and the value of
0-0128 is the interference production rate, which was deter-
mined on San Carlos olivine using a Finnigan MAT
Neptune mass spectrometer by S. M. Eggins (personal
communication). Although the absolute concentrations of
trace elements determined by LA-ICP-MS may be affected
by several factors (see Jenner & O’Neill, 2012), most of the
systematic error, including the uncertainties in the stand-
ards, cancels out during the calculation of crystal/melt par-
tition coefficients.

RESULTS

In total, our experimental work produced 37 ‘daughter’
compositions: seven DFA 4 Fa-FeO, seven DFA 4 Al,Os,
seven DFA 4 AlyO3+Na, seven MORB-ol + Foypg40,
seven MORB-ol + Foygg 40+ Na, one M666, and one
M666 + K (Tables 1 and 2). Some samples were lost by fall-
ing prematurely or sticking together during the course of
the 1bar experiments, hence the gaps in the dataset. All
compositions upon quenching produced euhedral to subhe-
dral olivine crystals (ranging from Tojpy to Fogp) with a
few up to ~100 pm across and clear silicate glass, except
for the two highest Fe samples in run B05/04/11 (#6 and
#7), which formed a microcrystalline matrix upon

V-Sc-Y THERMO-OXYBAROMETER

quenching. Occasionally, some compositions crystallized
small amounts of pyroxenes and/or spinel, but the chem-
ical compositions of these mineral phases are not reported
here.

Major element analyses of silicate melts and olivines are
presented in Supplementary Data Electronic Appendices
1 and 2, respectively (available for downloading at
http://www.petrology.oxfordjournals.org). We did not ana-
lyze the major element composition of olivines produced
from Fe-free experiments (C04/04/11, B28/03/11, B21/03/11,
D1264, C4240, C4234 and C4241) as this phase must be
nearly pure forsterite. Trace element concentrations of sili-
cate melts and olivines are presented in Electronic
Appendices 3 and 4, respectively. The major and trace
element concentrations of the melt phase in samples #6
and #7 from run B05/04/11, which formed a microcrystal-
line matrix upon quenching, show greater variability.
Accordingly, we have obtained a large number of single
analyses in these samples covering a much larger area
than for other experiments, so that average values would
be representative of the original melt composition at high
temperature. Olivine crystals are usually fairly homoge-
neous in major (i.e. Fe/Mg) elements, as illustrated by the
uncertainties determined on replicate measurements given
in Electronic Appendix 2. For MgO and FeO, for instance,
1o uncertainty in olivine determinations on single samples
is typically below 1% and 2%, respectively. Trace elements
in olivine are also mostly homogeneous (Electronic
Appendix 4), with the exception of olivines crystallizing
from both Fe- and Al-rich compositions at lower tempera-
ture. For these samples, we observe zoning of Al, which is
highly correlated with zoning of other trivalent cations
(e.g. Cr, 'V, Sc, Yand the REE). We suspect the reason for
this may be that olivine initially crystallized metastably
with high Al which then diffuses too slowly to
re-equilibrate before crystal growth. For these samples, a
larger than usual number of measurements were carried
out, and only the determinations with the lowest Al con-
tents in olivine were considered. Olivine/silicate melt parti-
tioning coefficients for Na, Al, Ca, Sc, Ti, V, Cr, Mn, Y,
Zr, Th, Er and Yb, calculated using the LA-ICP-MS data
given in Electronic Appendices 3 and 4, are presented in
Table 3.

DISCUSSION

Calibration of V olivine/melt partitioning
as an oxybarometer

Vanadium is a multivalent element that may occur in nat-
ural systems, in addition to its metallic form, as A\ARIVARN
V** and V°*. Previous experimental studies have quanti-
fied the changes in bulk V olivine/melt partitioning
(Dzl/melt) as a function of oxygen fugacity (Canil, 1997;
Canil & TFedortchouk, 2001; Shearer e al., 2006;
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Mallmann & O’Neill, 2009). The results, which are illu-
strated in Fig. 1, indicate that V becomes progressively
more incompatible in olivine with increasing valence state
(ie. D:%Teh >D:}ﬁnﬂh >D‘\’}{fwh >D‘\)¥fwh), as imposed by
changes in oxygen fugacity. In going from all V" (com-
patible) to all Vot (highly incompatible), D(\)}/melt changes
by four orders of magnitude over about 20 orders of mag-
nitude in oxygen fugacity. Although the results for sets of
experiments where the only effective variable is oxygen fu-
gacity can be described well by a rigorous equation derived
from the thermodynamic description of the partitioning
equilibria, the equation involves seven parameters: four
partition coefficients (one for each of the V valence states)
and three equilibrium constants relating the changes in V
valence states [see Mallmann & O’Neill, 2009; their equa-
tion (15)]. Each of these seven parameters is expected to
vary with temperature and pressure, potentially with dif-
ferent sensitivities to these variables. Moreover, each of
the four partition coeflicients is expected to vary with
melt composition, again often in different ways for each V
valence state. Although the variation observed in Dgl/mdt
owing to differences in composition and/or temperature is
small compared with the variation with oxygen fugacity

V-Sc-Y THERMO-OXYBAROMETER

(Fig. 1), it is easily discernible in the results of Mallmann
& O’Neill (2009) by comparing their data on different
compositions (e.g. VI and V8 versus V5 and V7, see their
fig. 3a). Not addressed by the experiments of Mallmann
& O'Neill (2009) is the further possibility that the four
partition coefficients also vary with olivine composition
(i.e. Mg/Fe ratio), potentially also in different ways.
Empirically, the values of D:}/meh shown in Fig. 1 suggest
that D:}/ melt may vary by approximately a factor of four
at equivalent oxygen fugacities.

We therefore feel that a thermodynamically based cali-
bration of V olivine/melt partitioning as an oxybarometer
would be prohibitively tedious, and we have instead
chosen to parameterize the variation of Dg,}/mdt with
oxygen fugacity empirically. For convenience, we will con-
sider only experiments performed at oxygen fugacities be-
tween QFM—4 and QFM-+4 [i.e. between four log), units
more reduced or oxidized than the quartz—fayalite-mag-
netite (QFM) equilibria at specific temperature], over
which range the variation of D:}/ melt
on a logarithm scale is nearly linear (Fig. 1). It should be
noted that most geological planetary processes also occur

with oxygen fugacity

over this range of oxygen fugacity conditions. Our target

ol/melt
log Dy,

2L

3 1 1 1 1 1 1

(a)

TS - MORB 1bar

TS - Komatiite 1bar

TS - DFA+Fe 1bar

TS - DFA 1bar

TS - MORB+F0100 high-P
T&ON10 - CMAS+Fe 1bar
T&ON10 - CMAS 1bar
M&ONO09 - CMAS

C&FO01 - Basalt/Komatiite 1bar
C97 - Basalt/Komatiite 1bar
S06 - Martian Basalt 1bar

4r>POd0OpFP +<eme

05 R 506 (b)

~N
2 M&ON09-vs

o g D \c;l/melt
&
T

M&ONOQ9-v1v7

-3.0 1 1 [ 1 -
4 3 210 1 2 3 4
log fo, relative to QFM

20 -15 -10 -5 0 5 10
log fo, relative to QFM

Fig. 1. The effect of oxygen fugacity on the partitioning of vanadium between olivine and silicate melt. Oxygen fugacity is given in customary
logyo units relative to the quartz—fayalite-magnetite (QFM) buffer (O’Neill, 1987). (a) Available experimental data: C97, Canil (1997); C&FO0l,
Canil & Fedortchouk (2001); C02, Canil (2002); S06, Shearer et al. (2006); M&ONO09, Mallmann & O’Neill (2009); T & ONI0, Tuff & O’Neill
(2010); ‘TS, this study. The continuous line represents the regression of the entire dataset to equation (15) of Mallmann & O’Neill (2009). (b)
Detail of previous calibrations relating the partitioning of V between olivine and silicate melt with oxygen fugacity (plot restricted between
QFM—4 and QFM+4). The experimental data are plotted in the background (grey circles) for reference. It should be noted that none of these
calibrations account for variable temperature, pressure and/or olivine and melt composition as each has been constrained for a particular set

of conditions.

941

9T0Z ‘ST Joquieidas uo A1seAlun amkeis elueA|Asuuad e /61o'sfeulnopiojxo ABojoued//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY | VOLUME 534 | NUMBER5 | MAY 2013

was to find an expression that could fit the experimental
data to within its analytical accuracy. With this kind of ap-
proach there is always the problem that an aberrant
datum or two (and such are not unknown in large experi-
mental datasets) may demand an extra parameter to give
a statistically good fit, particularly if the aberrant data
are near the extremes of the compositional space of the
dataset. The whole fit is then biased by this parameter. We
have therefore chosen to err on the side of using as few par-
ameters as possible. After performing stepwise regressions
including all possible major-element melt composition par-
ameters and eliminating those that returned insignificant
figures (i.e. within two standard deviations of zero), we
arrived to the following expression:

log,, DY/™" = 4y + a)(ANNO/QFM) + ay/ T
+as(1 = Mg/ T+ XR5, /T
+as(Xgio + A6,/ T
+as(Xgo, + X6, )/ T

M

where ANNO/QFM refers to oxygen fugacity (in custom-
ary log)o units) relative to oxygen buffers, either Ni-NiO
(NNO) or quartz—fayalite-magnetite (QFM), and 7 is in
Kelvin. We define mole fractions in the melt on the
single-cation basis (see Tuff & O’Neill, 2010). The result for

Table 4: Bestfit parameters obtained by least-squares
regression of experimental data to equations (1) and (2)

Parameter Equation (1) Equation (1) Parameter Equation (2)
log fO, as log fO, as TinK, P
AQFM ANNO in GPa
a0 -2:032+0-109 -1-845+0-108 b0 -1-471 £ 0-066
al -0-2639+0-0013 -0-2635+0-0013 b1 3230+ 110
a2 -822 4252 -1372+252 b2 100+22
a3 3328 +361 3389 +361 b3 1402 +58
a4 -56326 + 304 -56318 304 b4 -1933+78
ab -746 +98 -747 +98 b5 -2612+111
a6 3254+ 129 3259 + 129 b6 569 + 104
n 175 175 n 186
12 277 278 %2 0-49

Regressions were performed using the non-linear
least-squares Levenberg-Marquardt algorithm. Rejected
data [equation (1)]: B16/01/11-4, C15/03/11-7, C04/04/
11-5, B05/04/11-6, B05/04/11-7, C04/04/11-5, C19/01/
10, C22/01/10 (this study); N89B3 (Tuff & O’Neill, 2010);
V1300-5 (Mallmann & O’Neill, 2009); 135auk1 (Canil &
Fedortchouk, 2001); 22komv, 50hss, 21komv (Canil,
1997). Rejected data [equation (2)]: C15/03/11-1, C10/
03/11-3 (this study); CMAS N81B2, CMAS N81B3 (Tuff
& O’Neill, 2010); CMAS-Foe (Evans et al., 2008);
V1300-10 V7, V1300-13 V5 (Mallmann & O’Neill, 2009).

the regression, which was weighted considering only the
uncertainties in DOI/mClt (lo standard deviation as observed
or 3%, whichever is larger), is presented in Table 4. Four-
teen aberrant data points, listed in Table 4, were rejected
as outliers. These data fall more than two standard devi-
ations away from calculated values, even if additional
terms are introduced to the model. The reduced
chi-squared (%2) statistic of the fit to the remaining 175
data is 2-8, which indicates that the model is a fair repre-
sentation of the data, considering that the uncertainties in
all the other parameters were not included. We also tried

OO T T T T T (a)
a 1-bar experiments
05} -
3
5 1.0+ -
2]
()
o}
£ 151 _
g
=
Q 20} 4
ig’ u}
25L _
) RMSD = 0.065
1:1 n=175
_30 1 1 I I I
-3.0 25 -2.0 -1.5 -1.0 -0.5 0.0
log D‘\)///me” (calculated)
T T T T T (b)
- u} 1-bar experiments
o 4} ]
1
3>
[2]
® o
E 2r y
= o
<]
e Or ]
) u]
=
©
e 2F -
L
D
S A4+ RMSD =0.24 -
1:1 n=175
1 1 1 1 1
-4 -2 0 2 4

log fO, relative to QFM (calculated)

Fig. 2. (a) Comparison between the D"l/mll measured in 175 experi-

ments (Canil, 1997; Canil & Fedort(houk, 2001; Mallmann &
O’Neill, 2009; Tuff & O°’Neill, 2010; this study) and calculated from
equation (1) with coefficients given in'Table 4. Error bars are 1 & stand-
ard deviation as measured or 3%, whichever is larger. (b) Compari-
son between the oxygen fugacity of experiments (measured) and
those calculated from DYY™" using equation (1) with coefficients
given in Table 4.
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to regress the data with mole fractions of oxide metals in
the melt as entropy-like terms (i.e. term not divided by
temperature), but a better fit was always achieved when
they were treated as enthalpy-like terms. Figure 2a illus-
trates the results of the fit by plotting calculated versus
measured D‘\)}/mel[.

In Fig. 2b we compare oxygen fugacity relative to the
QFM buffer determined for 1 bar experiments and those
D(\)}/mclt.

calculated from The nominal experimental

temperatures were used in the calculation. The empirical
D‘\’}/mdt oxybarometer described here has a root mean
square deviation (RMSD) of 0-24 log)y units in oxygen fu-
gacity. Considering the typical precision of V determin-
ations in magmatic olivines and silicate melt (as can be
envisaged from the error bars shown in Fig. 2a), we
expect the precision of this empirical oxybarometer to be
normally better than its accuracy.

Equation (1) does not include a pressure term because at
present there are no V olivine/melt partitioning data at
pressure under controlled oxygen fugacity with sufficient
precision. We have conducted three experiments at the
GCO oxygen buffer at pressures of 0-5, 1 and 15 GPa to
evaluate this effect (Table 2). For these specific pressures
at 1400°C, the GCO buffer gives relative oxygen fugacities

V-Sc-Y THERMO-OXYBAROMETER

of QFM-160, QFM—122 and QFM—0-86 (Table 2), re-
spectively. Relative oxygen fugacities calculated from
equation (1) with the parameters of Table 4 for these ex-
periments give QFM+-0-36, QFM-106 and QFM-0-56.
Except for the experiment at 0-5 GPa, which appears to
be anomalous, the difference between relative oxygen fuga-
cities expected for the buffer and calculated from D%l/me“ is
close to the uncertainty of the oxybarometer. Although more
experiments at pressure under controlled oxygen fugacity
are required, we conclude that the effect of pressure is suffi-
ciently small that it may be neglected for the main use envi-
saged for the oxybarometer, which is for magmatic systems
crystallizing olivine at low pressure.

Calibration of the Sc/Y olivine/melt
exchange as a geothermometer

Application of the V olivine/melt partitioning oxybarom-
eter [equation (1)] requires knowing the temperature.
Although this may be estimated from conventional MgO-
geothermometers, the ability to measure trace-element
partitioning between olivine and silicate melt precisely
using LA-ICP-MS suggested to us that we should search
our experimental results for an alternative geotherm-
ometer based on trace-element partitioning. The

Sc

-1.0

Temperature
—e— 1803K
—a— 1753K
—— 1703K
3.0 —=— 1650K

(a) (b)

500 T T T T

400 I I I I
1600 1650 1700 1750 1800 1850

Temperature (K)

| |
0.75 0.80 0.85 0.90

lonic radius (A)

0.95

Fig. 3. Partitioning of some heavy rare earth elements plus Sc and Y (REE*) for low-potassium experiments with composition M666 (komati-
ite) over a range of temperatures. (a) Least-squares fit to the lattice strain model [equation (2) of Blundy & Wood (1994)] for four compositions
selected to cover a range of temperatures. Ionic radius in VI-fold coordination taken from Shannon (1976), with assumed uncertainty of
0-002 A. (b) Experimental temperature versus the parameter D, (i.e. maximum partition coefficient for the crystal site). Note the lack of correl-
ation. (¢) Experimental temperature against the elastic strain parameter of the crystal site (E). Least-squares regression of the data gives: £
(GPa) =994 — 0-324 T (K) (y?=0-77). Errors are one standard deviation and are shown only when larger than symbols.
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requirements were good temperature sensitivity but as
little sensitivity to melt composition as possible. The latter
consideration suggests that an exchange reaction of two
trace-element cations with the same substitution mechan-
isms in olivine would be most suitable, because in such
cases the ‘stoichiometric control’ on each element’s substitu-
tion into the crystal cancels out (see O’Neill & Eggins,
2002). Also, the trace elements have to be sufficiently abun-
dant in natural magmatic olivines to be measured by
LA-ICP-MS precisely, and should not be redox-variable.
We found that the exchange of Sc and Y between olivine
and melt (KD(S’{//mYPh = DOl/mdt/D;}/mdt) fits these criteria
fairly well. In Fig. 3 we plot olivine/melt partition coeffi-
cients for Sc, Y and other heavy REE obtained for experi-
ments with composition M666 over a range of
temperatures. Fitting of these data to the lattice strain
model of Blundy & Wood (1994) reveals a strong correl-
ation between the characteristic elastic strain parameter
(E) of the crystal site where these trivalent elements substi-
tute and temperature. Similarly, we observe a lack of cor-
relation between E and the mole fraction of SiO, in the
melt for compositions obtained from the B28/03/11 series at
equal temperature (Fig. 4), indicating that the effect of

melt composition on l’fl)glc//?(elt may be limited. In detail,

however, there is still a discernible influence of melt and
olivine composition on I{Dglc/;?(dt that becomes evident
during data ﬁttln% In the same spirit as used for the cali-
bration of our DY, /melt oxybarometer, we performed step-
wise regressions to eliminate insignificant major-element
melt composition parameters and finally arrived to the fol-

lowing expression:
logyo KDQN" = bo + b1/ T + bsyP/ T
+bsMgl/ T + by X35/ T
+ b5(XRES,, + XEo )/ T
+ b6 Sll(e)lt/T

2

where 7 is in Kelvin and P is in GPa. The results of the
least-squares regression are summarized in Table 4. Seven
aberrant data points, listed inTable 4, were rejected as out-
liers. Assuming uncertainties in KDZt//r;lel‘ as measured or
3% (one standard deviation), whichever is larger, the
reduced chi-squared (y?) statistic of the fit of the remain-
ing 186 data is 0-49. That this value is less than unity may
be due to correlation of the analyzed variations between
Sc and Y in some samples, owing, for example, to both

varying in a systematic way with Al zoning in olivine. As

Sc

-1.0

—eo— 0.516
-3.0+ —a— 0.480
—— 0.450
—=— 0414

35 | | | |

(a) (b)

-1.2
600

550 |- (c) ]

E (GPa)
N
g
T
1

400 .

350 |- .

300 1 1 1 1 1 1
0.40 0.42 0.44 0.46 0.48 0.50 0.52

melt
X SiO,

0.75 0.80 0.85 0.90
lonic radius (,&)

0.95

Fig. 4. Partitioning of some heavy rare earth elements plus Sc and Y (REE*) for CMAS compositions from the B28/03/11 series. (a)
Least-squares fit to the lattice strain model [equation (2) of Blundy & Wood (1994)] for four compositions selected to cover a range of SiO, in
the melt. Tonic radius in VI-fold coordination taken from Shannon (1976), with assumed uncertainty of 0-002 A. (b) Mole fraction of SiO, in
the melt versus the parameter D, (i.e. maximum partition coefficient for the crystal site). Least-squares regression of the data gives log

Do =102 — 4:22X8¢" (

%2 =0-91). (c) Mole fraction of SiOy in the melt versus the elastic strain parameter of the crystal site (E). Note the lack

of correlation. Errors are one standard deviation and are shown only when larger than symbols.
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Fig. 5. (a) Comparison between the KDglc//"\];d[ measured in 189 experi-
ments (Evans et al., 2008; Mallmann & O’Neill, 2009; Tuff & O’Neill,

5

2010; this study) and calculated from equation (2) with coefficients
given inTable 4. Error bars are 16 standard deviation as measured or

3%, whichever is larger. (b) Comparison between the temperature
. I/melt .
of experiments (measured) and those calculated from KI)(S’C//T; " using

equation (2) with coefficients given inTable 4.

for the fitting of the Dg}/melt data, a better fit was always ob-
tained by treating the terms in the mole fractions of the
oxide components in the melt as enthalpy-like terms. Figure
5a illustrates the results of the fit by plotting calculated
versus measured I{I)glt//'?gelt. To test the validity of equation (2)
as a geothermometer, in Fig. 5b we plot calculated versus
measured temperatures for the 186 experiments used in the
regression, which cover a range of temperature from 1200 to
1530°C. Taking the RMSD as an indication, the accuracy of
the KDg{.//Igeh geothermometer is estimated to be about 15°C.
The precision, however, will be strongly dependent on the
precision of Sc and Y determinations. Potentially, the

V-Sc-Y THERMO-OXYBAROMETER

precision of the KD(S’L//H{YCIL geothermometer could be aug-

mented by also using the partitioning of the REE, which
have the same ‘stoichiometric control’ in their substitution
into olivine as Y and Sc. For example, we could envisage a
least-squares approach using Y/Sc plus several REE/Sc
ratios as the variables. However, at present, using the REE
would add little to the precision of the geothermometry be-
cause only the heaviest REE are sufficiently compatible in
olivine to have abundances measurable by LA-ICP-MS (e.g.
Witt-Eickschen & O’Neill, 2005), and the partitioning of the
REE relative to Sc becomes less sensitive to temperature
with increasing compatibility (Fig. 3).

For comparison, we calculated temperature using various
MgO-geothermometers for 66 experiments, filtered from
the 186 data used above to exclude experiments at pressure
higher than 1bar, and those rich in alkalis and from Fe-free
systems, which are far from the natural compositions at
which these geothermometers are aimed (Fig. 6). Two cali-
brations stand out as performing well, both in terms of ac-
curacy and precision: that of Ford et al. (1983) and equation
(4) of Putirka et al. (2007). However, the RMSD calculated
for these geothermometers (using 66 data points and cor-
rected for systematic error) is between 24 and 25°C, hence
larger than the value of 15°Ci obtained for the I{Dglc//r{fh
geothermometer using the whole dataset of 186 experiments
(or 14°C when selecting the same 66 data; Fig. 61).

APPLICATION

Rearranging equations (1) and (2) and using the coeffi-
cients shown inTable 4 gives
—3230 — 100P — 1402Mg‘£5 + 1933X&f};:|

|: +2612(me]t + Xmelt ) _ 569X"116h7
T(l{) _ NaOg; KO3 SiO,

(-1 471 —logy, Iﬂ)glc//nxl’elt>
(3)
log)0f0,(AQFM) = —7 -7 — (%)
[ 822 — 3328(1 — Mg})” + 53265 }
HTA6(XEE + XTG,,) — 325HXGS! + AR,

0-2639T
4)
log, D%Vmeh
1 J(ANNO)=—-7-0—[———"—
0810./0,(ANNO) ( S

1372 — 3389(1 — Mg%)? + 5318X!
FTAT(XES + X ) — 3259(X 88! + Xmd )

0-2635T

©®)
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Fig. 6. Comparison between the temperatures measured in 66 experiments (selected out of the 189 reported in Fig. 5 to exclude those at high
pressure, as well as compositions rich in alkalis and from Fe-free systems) with those calculated from various MgO-geothermometers and our
new Kl)gl{//"\]fh calibration. Sources: FO83, Ford et al. (1983); BE93, Beattie (1993); PUO7, Putirka et al. (2007); HT87, Helz & Thornber (1987);
TS-Eq.3, this study, equation (3). RMSD* is the root mean square deviation calculated for the geothermometers after applying a correction
for systematic error using a linear fit (shown by dashed line) through the data.

where temperature (7) is in Kelvin, pressure (P) is in
GPa, logyy fo, is given relative to either QFM [equation
(4)] or NNO [equation (5)] buffers, and mole fractions in
the melt are calculated on a single-cation basis. We empha-

ol/melt

size that the D5 oxybarometer should be applied only

within the calibrated range (i.e. QFM—4 to QFM+4)
given that the partitioning relationship of this element
with oxygen fugacity under more oxidized and reducing
conditions must be different (i.e. D%V melt gradually loses
its sensitivity to oxygen fugacity).
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Table 5: Example of temperature and oxygen fugacity cal-
culation using the major and trace element (V, Sc and 1)

compostition of coexisting olivine and silicate melt

Melt Olivine Melt mole fractions
Si0, (cg g7) 49-94 3873 X(SiO2) 0-4656
TiO, 0-90 <0-01 X(TiO,) 0-0063
AlLO, 15-21 0-07 X(AlO;5) 0-1671
Cr,03 0-05 0-06 X(CrO+.) 0-0004
FeO* 9-89 12:91 X(FeO) 0-0771
MnO 0-16 0-21 X(MnO) 0-0013
NiO 0-01 0-23 X(NiO) 0-0001
MgO 8:04 4678 X(MgO) 0-1117
CaO 13-20 0-36 X(Ca0) 01318
Na,0 2:05 <0-01 X(NaOy.5) 0-0371
K,0 0-08 <0-01 X(KOg.5) 0-0010
P,Os 0-08 <001 X(PO,.5) 0-0006
Total 9961 99-35
Mg# 0-5917 0-8659
V(ug g 2789+28 958403
Sc 37509 845+0-24
Y 18:0+£0-2 0-123 £0-007
KD‘;'C/;"f" 33-00+228 (measured)
pg/met 0-0344+0-0011  (measured)
P (GPa) 0-10 (assumed)
T (K) equation (3) 1460 +24 (calculated)
AQFM equation (4) 0-87+0-08 (calculated)
ANNO equation (5) 0-17+£0-08 (calculated)

Sample VG6820 (Pacific mid-ocean ridge basalt) from the
Smithsonian Institute’s collection.
*Total Fe given as FeO.

InTable 5 we present a practical example of the applica-
tion of the I{Dgc/ /n{,eh geothermometer [equation (3)] and
D(\)/l/ melt oxybarometer [equations (4) and (5)] to a mid-
ocean ridge basaltic glass containing olivine micropheno-
crysts (Fig. 7). Major and trace element data for this
sample (VG6820) were collected as described previously
for the experiments. Assuming an olivine-melt equilib-
rium pressure of 0-1 GPa, we estimate a temperature of
1187°C, which is in agreement with the temperature of
1191°C  calculated using the FYord e al. (1983)
MgO-geothermometer, and a relative oxygen fugacity of
QFM+0-87 (or NNO+0-17). Propagation of error on Sc,
Vand Y measurements gives a precision of 24°C and 0-08
log fo, units (one standard deviation).

Fe-XANES measurements on the silicate glass of sample
VG6820 obtained at beamline I18, Diamond Light Source
(unpublished data), indicate an FeS“L/ZFe content of
~0-13. This is considerably lower that the value of 0-20

V-Sc-Y THERMO-OXYBAROMETER

Fig. 7. Backscattered electron (BSE) image of a water-quenched
mid-ocean ridge basalt (MORB) collected in the Pacific Ocean
(from the Smithsonian Institute’s collection) showing clear silicate
glass surrounding an olivine phenocryst. Major and trace element
compositions of the olivine and silicate glass are given inTable 5.

calculated by the algorithm of Kress & Carmichael (1991)
assuming the relative oxygen fugacity of QFM+-0-87 deter-
mined by our Dg}/ melt oxybarometer at 01GPa and
1187°C. It should be noted that an error of £0-02 in the
Fe’*/3 Fe content determined by XANES on sample
VG6820 translates to an uncertainty of ~0-4 logy fo,
units. Applying the calibration of Canil (2002), which does
not account for the effect of temperature and composition
on Di’,l/ melt byt was  derived from experiments on
near-natural basalts and komatiites, gives QFM 4-0-41
and a calculated Fe’*/3 Fe of 0-17, which is intermediate
between the Fe-XANES measurement and our D(\?,l/ melt
oxybarometer estimation. Similarly, Fe3+/ZFe calculated
using our D(\),l/ melt oxybarometer in combination with the
model of Kress & Carmichael (1991) for olivine-hosted
melt inclusion pairs from Agrigan (Marianas) and Jalopi
Cone arc-related magmas reported by Kelley & Cottrell
(2012) are on average 0-09 higher than the values measured
for the silicate glasses by Fe-XANES. It is interesting to
note, however, that the difference between the Fe”/Mg
olivine/melt distribution coefficients determined for
sample VG6820 (KD%Z}KE? =0-224) and the canonical
value of 0-30 (Roeder & Emslie, 1970) requires Fe’*/> Fe
in the silicate melt of the order of 0-25, which is even
higher than the value of 0-20 estimated by our DOVI/ melt OXYy-
barometer calibration. Resolution of these discrepancies
will require further work on many more samples.
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