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ABSTRACT
Subduction zone or arc magmas are known to display a characteristic depletion of High Field Strength 
Elements (HFSE) relative to other similarly incompatible elements, which can be attributed to the presence 
of the accessory mineral rutile (TiO2) in the residual slab. Here we show that the partitioning behavior 
of vanadium between rutile and silicate melt varies from incompatible (~0.1) to compatible (~18) as a 
function of oxygen fugacity. We also confirm that the HFSE are compatible in rutile, with D(Ta) > D(Nb) 
>> (D(Hf) >/~ D(Zr), but that the level of compatibility is strongly dependent on melt composition, with 
partition coefficients increasing about one order of magnitude with increasing melt polymerization (or 
decreasing basicity).  Our partitioning results also indicate that residual rutile may fractionate U from Th 
due to the contrasting (over 2 orders of magnitude) partitioning between these two elements. We confirm 
that, in addition to the HFSE, Cr, Cu, Zn and W are compatible in rutile at all oxygen fugacity conditions.

Key words: arc magma, HFSE, partition coefficient, redox, rutile.
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INTRODUCTION

Despite their similar compatibility during mantle 
melting, the High Field Strength Elements (HFSE: 
Nb, Ta, Zr and Hf) display a characteristic depletion 
relative to the Rare Earth (REE) and Large Ion 
Lithophile (LILE) elements in subduction-related 
or arc magmas (see Tatsumi and Eggins 1995). In 
fact, this geochemical signature has long been used 
as a distinctive feature of arc magmas, yet its reason 

remains controversial. Some authors argue that 
HFSEs are less mobile than LILEs and REEs and that, 
because of this, fluids produced by slab dehydration 
are depleted in these elements (e.g. McCulloch and 
Gamble 1991, Keppler 1996). However, recent 
experimental evidence indicates that the mobility of 
HFSEs during slab dehydration may approach that 
of light REEs and LILEs at increasing pressures 
and salute contents of fluids, which would then 
require the presence of a residual phase in the 
sources of arc magmas that could selectively retain 
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the HFSEs to explain their depletion (e.g. Brenan 
et al. 1995, Stalder et al. 1998, Ionov and Hofmann 
1995, Tiepolo et al. 2000).

Rutile (TiO2) is considered the prime candidate 
to retain HFSEs in residual subducted slabs since it 
has been shown to be a ubiquitous accessory phase in 
eclogites (e.g. Rudnick et al. 2000, Zack et al. 2002) 
and to incorporate large amounts of HFSEs (Green 
and Pearson 1987, Zack et al. 2002). Experimental 
studies have demonstrated that HFSEs are indeed 
compatible in rutile, but their partitioning behavior 
appears to be strongly dependent on melt composition 
(Horgn and Hess 2000, Klemme et al. 2005). In 
principle, the partitioning of HFSEs between rutile 
and silicate melt may also be influenced by the 
presence of other trace-element cations, which can 
either compete for crystallographic sites and/or allow 
for coupled substitution mechanisms such as M2+ + 
M5+ = Ti4+ + M3+, or M2+ + 2 M5+ = 3 Ti4+, or 4 M5+ + 
[ ] = 5 Ti4+;  where Mx+ is a metal cation of specified 
valence and [ ] is a vacancy (Horng and Hess 2000).

Vanadium is a multivalent element which 
can occur as V2+, V3+, V4+ and V5+, depending 
on oxygen fugacity (fO2), in geological settings 
(e.g. Mallmann and O’Neill 2009, 2013). In its 
quadrivalent and pentavalent states, vanadium 
shows the same geochemical characteristic that 
defines the HFSEs, which is high ionic charge/
ionic radius ratio. Hence, at appropriate redox 
conditions, vanadium should behave similarly to 
the HFSEs. Interestingly, the transition between 
the various vanadium valence states occurs over 
the range of oxygen fugacities inferred for the 
genesis of terrestrial magmas. Assuming that arc 
magmas are indeed formed under more oxidizing 
conditions than mid-ocean ridge and island arc 
magmas (e.g. Kelly and Cottrell 2009, Cottrell 
and Kelley 2011, Evans 2012), one would expect 
the partitioning behavior of V between rutile 
and silicate melt to vary considerably during 
the genesis of these different types of terrestrial 
magmas. To what extent the partitioning of 

vanadium between rutile and silicate melt changes 
as a function of oxygen fugacity and, particularly, 
what is the indirect effect of changing oxygen 
fugacity (and vanadium partition coefficients) 
on the partitioning behavior of the homovalent 
HFSEs remains to be tested. 

In this paper we report the results of an 
experimental study aimed at determining the effect 
of oxygen fugacity on the partitioning of trace 
elements between rutile and silicate melt. High 
temperature and pressure partitioning experiments 
were carried out over a range of oxygen fugacities 
(from 10-12 to 10+4.3 bars at 1300°C) sufficiently 
large to cover the transition from V3+ to V4+ to 
V5+ and, most importantly, the redox conditions 
inferred for terrestrial magmas. 

MATERIALS AND METHODS

STARTING MATERIALS

We studied three compositions (SKHDAN1, 
SKHDRH1 and SM20), selected from the work of 
Klemme et al. 2005, which are known to equilibrate 
rutile and silicate melt at atmospheric pressure (1 bar) 
between 1250 and 1300°C (Table I). All compositions 
were prepared by combining appropriate amounts of 
reagent-grade oxides (SiO2, TiO2, Al2O3, MgO, Fe2O3) 
and carbonates (CaCO3, Na2CO3 and K2CO3) to make 
5 g of material. Composition SKHDAN1 was doped 
with 3 different cocktails of trace elements (to make 
3 different starting materials labeled SKHDAN1-a, 
SKHDAN1-b, and SKHDAN1-c): the first containing 
250-500 µg g-1 of the HFSEs Zr, Hf, Ta and Nb (i.e. 
only homovalent trace elements of valence 4+ and 5+); 
the second also containing, in addition to the HFSEs 
listed above, about 250-500 µg g-1 of V (a multivalent 
element); and the third containing 250-500 µg g-1 of 
several trace-element cations of various valence states, 
namely Zr, Hf, Ta, Nb, V, Th, Sc, U, Ga, Y, Fe, P, 
Cr, Li, Ni, Cu, Zn, Ba, Sr, Pb, In, Sb, Sn, Co, Ta, W. 
This last cocktail of trace elements was also added to 
compositions SKHDRH1 and SM20.
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ONE-ATMOSPHERE HIGH TEMPERATURE GAS-MIXING 

EXPERIMENTS

Charges for one-atmosphere (i.e. 1-bar) experiments 
were prepared by mixing about 100 mg of powder of 
each composition with a gel made from polyethylene 
oxide and water, and mounting the resulting sludge 
on either Pt or Re wire loops; the choice of wire 
depends on the target oxygen fugacity of a particular 
experiment (see Mallmann and O’Neill 2009).  Five 
compositions were suspended together from a Pt 
“chandelier”. The samples were introduced in the 
furnace at a temperature between 600 and 900°C 
(pre-conditioned with the desired gas mix). The 
temperature was then increased at a rate of 6°C min-1 

to 1425-1450°C. This temperature was maintained 
for 1 hour, and then slowly cooled at a rate of 6 to 
12°C h-1 until the target equilibrium temperature of 
1300°C had been reached. The slow cooling from the 
superliquidus temperature is necessary to minimize 
nucleation points and therefore grow fewer but 
larger crystals. Experiments were then held under 
these conditions for approximately 2 days and then 
dropped-quenched in water. All experiments were 
carried out in a GERO HRTV 70-250/18 vertical 
tube (high-purity 99.9% alumina) furnace at the 
Instituto de Geociências, Universidade de São 
Paulo, Brazil (Fig. 1). Gas flows were controlled 
by Aalborg mass flow controllers of 10, 100 
and 200 SCCM calibrated for CO, CO2 and O2. 
Oxygen fugacity imposed by gas mixing was 
calculated using thermodynamic data compiled in 
Kress et al. (2004), and checked before starting 
the experimental campaign with a SIRO2 C700+ 
solid zirconia electrolyte oxygen sensor. Results 
are shown in Fig. 2, and indicate accuracy better 
than 0.1 log fO2 units. Temperature at the hot zone 
was checked with the help of a type B (Pt70Rh30-
Pt94Rh6) thermocouple internal to the tube prior to 
the experiments. The furnace hotspot, identified 
via a temperature vertical profile, spans over 5cm 

  SKHDRH1 SKHDAN1 SM20
SiO2 55.98 45.80 40.37
TiO2 20.01 23.70 32.38
Al2O3 12.00 15.30 7.60
Na2O 6.41 6.10 9.80
K2O 5.60 3.10 1.55
CaO --- 6.00 2.31
MgO --- --- 1.90
FeO --- --- 4.09

TABLE I 
Starting compositions in cg/g.

Figure 1 - Schematic drawing (a) and photograph (b) of the one-atmosphere vertical tube furnace with drop-quench mechanism 
and attached gas mixing system used in this study. MFC - mass flow controller.
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vertically with temperature variability within ±2°C 
(Fig. 3). During the experiments, temperature was 
controlled by a type B thermocouple external to 
the muffl e tube, feeding into a Eurotherm PID 
controller. A summary of experimental conditions 
is given in Table II.

HIGH PRESSURE AND TEMPERATURE PISTON-CYLINDER 

EXPERIMENTS

In order to achieve conditions more oxidizing 
than those accessible via pure O2 gas at 1 bar, 
each of the 5 starting compositions were loaded 
into 2.3 mm Pt capsules along with PtO2 and 
equilibrated at 1 GPa and 1300°C (Table II). Under 
the pressure and temperature conditions of these 
experiments, PtO2 breaks down to Pt and suffi cient 
O2 to produce a partial pressure equal to the 
confi ning pressure, buffering the oxygen fugacity, 
which was calculated to be ~ 10+4.3 bars from the 
equation of state of pure O2 given by Belonoshko 

and Saxena (1991). The 5 capsules containing 
the samples and PtO2 were placed inside a rod of 
crushable MgO, with interstitial spaces between the 
capsules fi lled with alumina cement. The MgO rod 
containing the 5 capsules was then placed inside 
a ¾” NaCl-Pyrex-graphite pressure assembly and 
equilibrated at pressure and temperature using a 
Bristol-type end-loaded piston cylinder apparatus 
housed at the Institute of Geosciences, University 
of São Paulo, Brazil (Fig. 4). Temperature was 
monitored using a type B thermocouple protected 
by high-purity alumina tubing. As for the 1-bar 
experiments, temperature was fi rst raised above or 
near the liquidus and slowly cooled to the target 
temperature of 1300°C to promote the growth of 
fewer but larger crystals. After about 2 days at 
the equilibrium temperature, the experiment was 
quenched by switching off the power supply.

ANALYTICAL PROCEDURES

Recovered experimental charges were mounted in 
epoxy resin, grinded to expose the phases, polished, 
and then etched/cleaned for a few minutes in an 
ultrasonic bath with a dilute (1:10) solution of 
Citranox and distilled water in order to better reveal 
the crystals at the surface in refl ected light. The major 
and trace element composition of experimental 
run products were analyzed by a JEOL JXA 8900 
electron microprobe, and by a 193 nm Resonetics 
M50-E excimer laser ablation (LA) system coupled 
to a single collector quadrupole Thermo X-Series 
2 mass spectrometer (ICP-MS), respectively. Both 
instruments are housed at the Steinmann Institut, 
Universität Bonn, Germany. 
The crystalline phase present in all experimental 
samples was determined to be rutile after qualitative 
(EDS) electron microprobe spectral analyses, and 
further assumed to have a stoichiometric TiO2 
composition. Silicate melt quenched to glasses were 
analyzed by electron microprobe in WDS mode 
at 15 kV acceleration voltage, 10nA beam current 
and 10 micron beam diameter. Calibrations for Ca, 

Figure 2 - Comparison between oxygen fugacity determined 
by CO-CO2 gas mixing and measured by a SIRO2 C700+ solid 
zirconia electrolyte oxygen sensor in the vertical tube furnace. 
All measurements were obtained at 1300°C (at the sensor) with 
air as reference. The root mean square deviation (RMSD) of 
the linear regression is 0.09 log units, which we take to roughly 
indicate the precision of the oxygen fugacity set by gas mixing.
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Run Type exp./
pressure

Wire loop/
capsule

T (°C)
sup.

Duration 
(h)

at sup.

Cooling
rate

(°C/h)

T (°C)
eq.

Duration 
(h)

at eq.
CO

Gas mix
CO2 O2

log 
fO2(% full scale x MFC range)

SP280613 GMF / 1bar Re 1450 1 6 1300 42 48.0x200 6.9x10 --- -14.0
SP040713 GMF / 1bar Re 1450 1 6 1300 40 22.0x200 10.0x10 --- -13.0
SP070713 GMF / 1bar Re 1450 1 6 1300 40 22.0x200 31.6x10 --- -12.0
SP220713 GMF / 1bar Re 1450 1 6 1300 45 22.0x200 100.0x10 --- -11.0
SP300713 GMF / 1bar Re 1450 1 6 1300 45 22.0x200 15.9x200 --- -10.0
SP070813 GMF / 1bar Pt 1450 1 6 1300 40 9.6x200 22.0x200 --- -9.0
SP100813 GMF / 1bar Pt 1450 1 6 1300 46 61.0x10 22.0x200 --- -8.0
SP050313 GMF / 1bar Pt 1450 1 9 1300 36 19.2x10 22.0x200 --- -7.0
SP020313 GMF / 1bar Pt 1450 1 9 1300 53 13.3x10 48.0x200 --- -6.0
SP270213 GMF / 1bar Pt 1425 1 6 1300 45 4.2x10 48.0x200 --- -5.0
SP180213 GMF / 1bar Pt 1425 1 12 1300 51 --- 30.0x200 --- -3.4
SP130813 GMF / 1bar Pt 1450 1 6 1300 43 --- 30.0x200 --- -3.4
SP210213 GMF / 1bar Pt 1425 1 12 1300 58 --- 32.0x200 4.3x15§ -2.0
SP250713 GMF / 1bar Pt 1450 1 6 1300 45 --- --- air* -0.7
SP240213 GMF / 1bar Pt 1425 1 12 1300 46 --- --- 25.0x300 0.0
PC100813 PC / 1 GPa Pt 1425 1 12 1300 48 --- --- --- 4.3

TABLE II
Experimental conditions.

GMF = gas mixing furnace, PC = piston cylinder. § MFC oscillating in the fi rst 12 hours, then stable to 0.5%. 
*Furnace open to air. ¶ Starting mixes loaded in Pt capsules with PtO2.

Figure 3 - Vertical temperature profi le determined for the 
vertical tube furnace with a type B thermocouple placed 
inside the tube. All measurements were obtained at 1200°C 
(set by a type B thermocouple external to the tube) in air. 
All temperature values presented in the paper have been 
corrected for the 3°C offset between the internal and external 
thermocouples. Uncertainty in temperature is expected to be 
less than ±2°C at the hot zone.

Mg, Al, Si and Fe were obtained on BCR silicate 
glass standard, for Na on an in-house Jd-Di eutectic 
silicate glass, and for Ti on rutile. Accuracy and 
reproducibility were checked using the VG2 basaltic 
glass standard. The close to 100% totals obtained in 
all silicate glasses suggest that under the operation 
conditions Na loss was not an issue during analysis.

The trace element compositions of silicate 
glasses and rutile were determined by laser-
ablation ICP-MS using the following isotopes: 7Li, 
23Na, 24Mg, 27Al, 29Si, 31P, 39K, 43Ca, 45Sc, 47Ti, 
51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 71Ga, 
85Rb, 88Sr, 89Y, 90Zr, 93Nb, 115In, 118Sn, 119Sn, 121Sb, 
123Sb, 138Ba, 178Hf, 181Ta, 184W, 208Pb, 232Th, and 
238U. Data for Li, P, Rb, In, Sn, Sb and Pb are not 
presented because these elements were either too 
incompatible or too volatile under the experimental 
conditions. The laser was ope rated with a frequency 
of 10 to 15 Hz using a spot size that varied from 
20 to 100 microns in diameter, depending on the 
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size of the phase and whether melt inclusions were 
present. Count rates were normalized to either 
29Si (for silicate melts) or 47Ti (for rutile) with 
concentrations defined by electron microprobe and 
stoichiometry, respectively. Normalized counts 
were then transformed into concentrations using the 
NIST-SRM 610 silicate glass as external reference 
standard assuming the concentrations given in 
Jochum et al. (2011). The standard NIST-SRM 612 
silicate glass was used to monitor the variability 
and accuracy of measurements. For each phase, 
we collected between 5 and 15 individual spot 
analyses, with each spectrum consisting of 20 
seconds of background measurements and 40 
seconds of sample integration (Fig. 5). However, 
in many cases, due to the severity of cross-
contamination between the rutile and silicate 
glass signal, either because of the small size of 
rutile crystals, presence of melt inclusions in 
rutile, or presence of micro-crystals of rutile in 
the silicate melt, several individual spot analyses 
had to be discarded (Fig. 5). To assess the level 
of contamination we monitored the signals of 
29Si, 23Na, 138Ba and 47Ti, and only considered 
spectrum that showed no or very little signal cross- 

contamination. For many samples we could not 
obtain “clean” uncontaminated analyses of either 
rutile and silicate melt, hence the gaps in the data 
presented in the paper.

RESULTS AND DISCUSSION

In total, our study resulted in 80 individual expe
rimental samples, which produced upon quenching 
euhedral to subhedral rutile crystals of sizes ranging 
from about 1 to 500 microns and homogeneous silicate 
glass. No other phase was observed. Examples of 
typical run products are illustrated in Fig. 6. The 
major element composition of silicate glasses 
(only selected samples for which trace element 
contents in both rutile and silicate melt could be 
determined) is presented in Table III. The trace 
element composition of silicate glasses and rutile 
of selected samples is presented in Table IV, and 
rutile/silicate-melt partition coefficients, calculated 
by dividing the concentrations of trace elements, is 
given in Table V. Composition SM20 yielded the 
largest rutile crystals, hence we were able to analyze 
all experiments in the oxygen fugacity series. 
Composition SKHDRH1 yielded extremely small 
rutile crystals, which we were not able to analyze for 

Figure 4 - Schematic drawing (a) and photograph of the Bristol-design end-loaded piston cylinder apparatus used in this study. 
Schematic drawing courtesy of Charles Clapham (University of Bristol).
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trace elements and therefore have no data to present. 
Composition SKHDAN1 also yielded very small 
rutile crystals, but we were able to collect at least 
one “clean” rutile analysis in a few samples with 
this composition, which cover the various doping 
cocktails we used at oxygen fugacities ranging from 
reduced to intermediate to oxidized.

Calculated rutile/silicate-melt partitioning 
coeffi cients (Table V) are in good agreement with 
literature data. Specifi cally, our experiments with 
composition SM20 at 1300°C and log fO2 of -3.4 
(SP130813-3 and SP180213-5) resulted in partition 
coeffi cients that are consistent with those reported 
by Klemme et al. (2005) for their equivalent 
experiment RT10-20, attesting for attainment 

of equilibrium. We note, however, that there is 
a systematic change in partitioning coeffi cients 
calculated for experiments with composition SM20 
as a function of oxygen fugacity (Fig. 7). While this 
behavior is normally assumed to be due to changes 
in valence states, we observe that such changes 
occur even for trace-element cations which are 
known from previous studies to display a constant 
valence state (i.e. homovalent elements) over 
the range of oxygen fugacity conditions covered 
in our experiments (Fig. 7a). This change must 
therefore result from the effect of another variable, 
which we identifi ed to be melt composition. There 
is a systematic change in melt major-element 
composition with oxygen fugacity, with noticeable 

Figure 5 - Examples of laser time-resolved laser-ablation ICP-MS spectra recorded in this study. a) “Clean” rutile spectrum. b) 
“Clean” silicate glass spectrum. c) Mixed rutile (15-22 sec) and silicate glass  (36-45 sec) spectrum. In this case, the laser drilled 
trough the rutile crystal and reached the silicate glass, resulting in a mixed signal from around seconds 22 to 36. d) Completely 
mixed signal between rutile and silicate melt where it is diffi cult to extract a “clean” rutile and/or silicate glass signal. This 
spectrum was not integrated.
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decrease in Ti and Na and increase in Si, Al, Ca and 
Mg with decreasing fO2, which results in a gradual 
increase in melt polymerization from oxidized to 
reducing conditions as evidenced by melt descriptors 
such as optical basicity (Λ) and NBO/T (Table III, 
Fig. 8).  The most likely explanation for this change 
is the progressive loss of Na by volatility with 
decreasing fO2. Despite our efforts, we also noted 
that a signifi cant proportion of Fe was lost to Pt wire 
in experiments at log fO2 -7, -8 and -9 (Table III), 
hence these specifi c experiments with composition 
SM20 should be interpreted with caution. 

PARTITIONING AND SPECIATION OF HETEROVALENT ELEMENTS

Klemme et al. (2005) reported rutile/silicate-melt 
partition coeffi cients for vanadium, noting that the 
lowest values were obtained for the most oxidizing 
experiments. However, they found no consistent trend 
with oxygen fugacity. Our results for composition 
SM20 show a systematic increase in V partition 
coeffi cients from ~ 0.04 to ~ 19 towards reducing 
conditions (Fig 7b). However, as noted previously, 
there is a systematic change in melt composition 
concomitant with the change in oxygen fugacity that 
most certainly affected the partitioning of all elements 

Figure 6 - Backscattered electron (BSE) images of representative experiments. a) Typical experimental 
product obtained for composition SM20 in 1-bar high-temperature experiments containing rutile crystals 
(light gray) and silicate melt quenched to glass (dark grey). White areas are Pt wire remnants. Dark 
surroundings are epoxy. b) Example of 1-bar high-temperature experimental product obtained with 
composition SKHDRH1. Rutile crystals produced with this composition were too small to be analyzed 
by laser-ablation ICP-MS. c) Detail showing rutile crystals containing melt inclusions. d) Example of 
experiment at high-pressure with PtO2.  
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1619RUTILE/SILICATE-MELT PARTITIONING

Figure 7 - Rutile/silicate-melt partition coeffi cient obtained for HFSEs (a) and several heterovalent elements 
(b) plotted against oxygen fugacity. Note that the systematic change in Zr, Hf, Nb and Ta partition coeffi cients 
with oxygen fugacity is in fact due to a concomitant change in melt composition (see Fig. 8) and not changes 
in valence states. 

Figure 8 - Rutile/silicate-melt partition coeffi cient obtained for HFSEs 
plotted against the optical basicity of the silicate melt. See text for details 
on linear regressions.
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with composition SM20. In order to separate these 
two effects, we fitted the partitioning data obtained for 
quadrivalent homovalent cations (Zr4+, Hf4+, Ti4+ and 
Th4+) for each individual experiment with composition 
SM20 to the lattice strain model of Blundy and Wood 
(1994), and then extracted a theoretical estimate for 
the partitioning of V4+ by taking its ionic radius in VI-
fold coordination and substituting it into the Blundy 
and Wood’s equation. The results are illustrated in Fig. 
9, and show that at low oxygen fugacity, the measured 
partition coefficients of V agree well with the modeled 
parabola for the other quadrivalent element, but as fO2 
conditions increase, the partition coefficients become 
progressively smaller. Taking the difference between 
the theoretically calculated partition coefficient for V4+ 
(determined by the lattice strain fits) and the measured 
V partition coefficient and plotting these values as a 
function of oxygen fugacity, we could then evaluate 
the sole effect of oxygen fugacity on the vanadium 
rutile/silicate partitioning (Fig. 10). The results show 
a relatively constant value from log fO2 of 0 up to 
-7, and then a pronounced increase towards more 
reducing conditions. The transition is better fitted with 
a slope of 0.25 rather than 0.5, indicating a 1-electron 
redox processes and therefore a change from V4+ to 
V5+ (see Mallmann and O’Neill 2009 for a theoretical 
background). Surprisingly, even at the most reducing 
conditions, there is no indication for the presence of 
V3+ in our rutile/silicate partitioning experiments.
Other well-known heterovalent elements included in 
our study for which we were able to collect data are 
Cr, Fe, W and U. Results obtained for composition 
SM20 are plotted as a function of oxygen fugacity in 
Fig. 7b. Tungsten gives relatively constant partition 
coefficients (~ 9) from log fO2 of 0 to -7, which are 
interpreted as reflecting W6+ based on recent results 
obtained by Fonseca et al. (2014) for other phases, 
and then shows a constant increase from about 
log fO2 of -7 towards reducing conditions, likely 
due to the presence of small amounts of W4+. The 
partition coefficient obtained for W at log fO2 of 
+4.3 is almost an order of magnitude lower, which 

could indicate a significant pressure effect on W 
partitioning since this experiment was carried out 
at a pressure of 1 GPa. Iron behaved as would be 
expected for an element with transition from 2+ to 
3+ valence states, with partitioning data plotting 
along a sigmoidal-shaped function of slope of o.25 
with a plateau at the oxidizing end defining the 
partitioning of Fe3+ as ~ 0.1, and a plateau at the 
reducing end defining the partitioning of Fe2+ as ~ 
0.026. Chromium, with expected transition from 
2+ to 3+ (Berry and O’Neill 2004), and uranium, 
with expected transition from 4+ to 5+ to 6+ (Berry 
et al. 2008), do not show a clear trend with oxygen 
fugacity. This may be due to the superimposed 
effects of oxygen fugacity and melt composition.

PARTITIONING OF HOMOVALENT ELEMENTS

Partitioning data for a number of homovalent 
trace element cations were determined. Among 
the trivalent cations, Sc is the least incompatible 

Figure 9 - Partition coefficients of quadrivalent cations and 
vanadium between rutile and silicate melt plotted as a function 
of ionic radius in VI-fold coordination. The lines are best fits 
for quadrivalent cations to the lattice strain model (Equation 2 
of Blundy and Wood, 1994). Ionic radius taken from Shannon 
(1976), with assumed uncertainty of 0.002 Å. Error bars are 
not shown for clarity.
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(average Ds ~ 0.36), followed by Al and Ga (average 
Ds ~ 0.02) and then Y (average Ds ~ 0.003), although 
there is a systematic change with composition, 
with Ds increasing by a factor of 4 with increasing 
melt polymerization. Among the divalent cations, 
Cu and Zn are compatible and strongly affected 
by melt composition, with Ds ranging from about 
unity to 10-20 as melt polymerization increases. 
All the other divalent cations (Mg, Ca, Mn, Co, Ni 
and Sr) give Ds < 0.1. All monovalent cations (Na, 
Ba, K) are highly incompatible in rutile, and their 
partition coefficients should be seen as maximum 
due to the potential contamination of rutile LA-ICP-
MS analyses with melt inclusions. The HFSEs are 
all compatible in rutile, with partition coefficients 
for Zr (1.1-7.6), Hf (1.4-10.7), Nb (7.4-90) and 
Ta (16-206) showing a range that is in agreement 

with previous experimental studies (see Figure 1 in 
Klemme et al. 2005). The absolute values, however, 
vary quite significantly with melt composition. In 
particular, there is an increase in Ds for all HFSEs 
from less to more polymerized melts (Fig. 8). We 
did not observe, however, any systematic difference 
in HFSEs partition coefficients determined for 
experiments with compositions SKHDAN1a, b and 
c. In other words, the type of trace element doping 
appears to have no effect on HFSE incorporation 
into rutile. Finally, as previously reported by 
Klemme et al. (2005), (D = 10-5 – 10-3) is at least 
2 orders of magnitude more incompatible in rutile 
than (D = 0.12 – 1.1).

SOME PETROLOGICAL IMPLICATIONS

As previously noted in other experimental studies, 
melt composition has a  strong effect on the parti
tioning of HFSE between rutile and silicate melt. 
Rutile/melt partition coefficients increase with 
increasing melt polymerization. Linear regressions 
of our experimental data at 1-bar for compositions 
SM20 and SKHDAN1 give (Fig. 8):

DRt/melt = – 109Λ + 65 (r2 = 0.76)Zr

DRt/melt = – 1187Λ + 703 (r2 = 0.92)Nb

DRt/melt = – 155Λ + 93 (r2 = 0.75)Hf

DRt/melt = – 3091Λ + 1856 (r2 = 0.70)Ta

where Λ is the optical basicity of the melt as defined 
by Duffy (1993). Hence, the amount of HFSE that 
can be incorporated (or retained) in rutile will be 
strongly dependent on the composition of the 
partial melts. 

An interesting result of this study is the fact 
that Ta and Nb, both with valence 5+, are more 
compatible in rutile than Zr and Hf, which have 
valence 4+ and therefore do not require charge 
balance to substitute for Ti4+ in rutile. This indicates 
that the most important factor in the incorporation 
of trace elements in mineral phases is the size of the 
cation rather than its charge, since Ta5+ and Nb5+ 

Figure 10 - Absolute difference between partitioning coefficients 
calculated for V4+ using the lattice strain model fits to other 
quadrivalent cations (see Figure 6) and the measured partition 
coefficients for V between rutile and silicate melt plotted against 
oxygen fugacity. The lines are best fits of the data to an equation 
of the same functional form as Equation 15 in Mallmann and 
O’Neill (2007), assuming a redox transition between 1 electron 
(fO2 raised to the coefficient of 0.25; solid line) and 2 electrons 
(fO2 raised to the coefficient of 0.5; dashed line). QFM refers to 
the quartz-fayalite-magnetite buffer at 1300°C and 1 bar. 
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both have ionic radii in octahedral coordination 
closer to Ti4+ than Zr4+and Hf4+. In this connection, 
our results do not indicate any change in HFSE 
partition coefficients due to the presence of other 
trace elements, as evidenced by results obtained 
with composition SKHDAN1 doped with different 
cocktails of trace elements. 

Finally, Th is about 2 orders of magnitude more 
incompatible than U in rutile, a result that may have 
implications for interpreting U-series disequilibria, 
particularly because U is a heterovalent element 
and Th is not.
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RESUMO

Magmas produzidos em zonas de subducção possuem 
um característico empobrecimento em elementos de 
elevado potencial de ionização (HFSE) em comparação 
com outros elementos de incompatibilidade similar. Essa 
assinatura geoquímica pode ser atribuída a presença 
do mineral acessório rutilo (TiO2) como fase residual. 
Dados experimentais obtidos nesse estudo mostram 
que o coeficiente de partição de vanádio entre rutilo e 
líquidos silicáticos varia entre ~0,1 (incompatível) e ~18 
(compatível) em função da fugacidade de oxigênio. Os 
resultados experimentais confirmam ainda que HFSE são 
compatíveis em rutilo, com coeficientes de partição (D) 
para Ta > Nb >> Hf >/~ Zr, porém fortemente dependentes 
da composição do líquido silicático. Coeficientes de 
partição para HFSE aumentam aproximadamente 
uma ordem de magnitude com aumento do grau de 
polimerização do líquido silicático (ou decréscimo 
da basicidade). Os resultados experimentais também 

indicam que a presença de rutilo como fase acessória 
residual pode resultar no fracionamento de U relativo 
a Th devido a diferença (~ duas ordens de magnitude) 
entre os coeficientes de partição desses dois elementos. 
Também confirma-se com os resultados desse estudo 
que além dos HFSE, Cr, Cu, Zn e W são compatíveis em 
rutilo em qualquer fugacidade de oxigênio.

Palavras-chave: magmas de arco, elementos de elevado 
potencial de ionização, coeficientes de partição, redox, rutilo.

REFERENCES

BELONOSHKO A AND SAXENA SK. 1991. A molecular dynamics 
study of the pressure-volume-temperature properties of 
supercritical fluids: II. CO2, CH4, CO, O2 and H2. Geochim 
Cosmochim Acta 55: 3191-3208. 

BERRY AJ AND O’NEILL HStC. 2004. A XANES determination 
of the oxidation state of chromium in silicate glasses. Am 
Mineral 89: 790-798.

BERRY AJ, O’NEILL HStC AND FORAN GJ. 2008. The oxidation 
state of uranium in mantle melts. Goldschmidt Conference, 
Abstract. Geochim Cosmochim Acta 72: A79-A79. 

BLUNDY J AND WOOD B. 1994. Prediction of crystal-melt 
partition coefficients from elastic moduli. Nature 372: 
452-454.

BRENAN JM, SHAW HF, RYERSON FJ AND PHINNEY DL. 1995. 
Mineral-aqueous fluid partitioning of trace elements at 
900°C and 2.0 GPa – Constraints on the trace element 
chemistry of mantle and deep crustal fluids. Geochem 
Cosmochim Acta 59: 3331-3350.

COTTRELL E AND KELLEY KA. 2011. The oxidation state of Fe 
in MORB glasses and the oxygen fugacity of the upper 
mantle. Earth Planet Sci Lett 305: 270-282.

DUFFY FA. 1993. A review of optical basicity and its applications 
to oxidic systems. Geochim Cosmochim Acta 57: 3961-3970.

EVANS KA. 2012. The redox budget of subduction zones. Earth 
Sci Rev 113: 12-32.

FONSECA ROC, MALLMANN G, SPRUNG P, SOMMER JE, 
HEUSER A, SPEELMANNS IM AND BLANCHARD H. 2014. 
Redox controls on tungsten and uranium crystal/silicate 
melt partitioning and implications for the W/U and Th/U 
ratio of the lunar mantle. Earth Planet Sci Lett 404: 1-13.

GREEN TH AND PEARSON NJ. 1987. An experimental study 
of Nb and Ta partitioning between Ti-rich minerals 
and silicate minerals at high pressure and temperature. 
Geochim Cosmochim Acta 51: 55-62.

HORGN WS AND HESS PC. 2000. Partition coefficients of Nb 
and Ta between rutile and anhydrous haplogranite melts. 
Contrib Mineral Petrol 138: 176-185.

IONOV DA AND HOFMANN AW. 1995. Na-Ta-rich mantle 
amphiboles and micas: Implications for subduction related 
metasomatic trace element fractionation. Earth Planet Sci 
Lett 131: 341-356.



An Acad Bras Cienc (2014) 86 (4)

1629RUTILE/SILICATE-MELT PARTITIONING

JOCHUM KP ET AL. 2011. Determination of reference values 
for NIST SRM 610-617 glasses following ISO guidelines. 
Geost Geoanal Res 35: 397-429.

KELLEY KA AND COTTRELL E. 2009. Water and the oxidation 
state of subduction zone magmas. Science 325: 605-607.

KEPPLER H. 1996. Constraints from partitioning experiments 
on the composition of subduction zone fluids. Nature 380: 
237-240.

KLEMME S, PROWARTKE S, HAMETNER K AND GUNTHER 
D. 2005. Partitioning of trace elements between rutile 
and silicate melts: Implications for subduction zones. 
Geochim Cosmochim Acta 69: 2361-2371.

KRESS V, GHIORSO M AND LASTUKA C. 2004. Microsoft 
EXCEL spreadsheet-based program for calculating 
equilibrium gas speciation in the COHS-Cl-F system. 
Comput Geosci 30: 211-214.

MALLMANN G AND O’NEILL HStC. 2007. The effect of oxygen 
fugacity on the partitioning of Re between crystals and 
silicate melt during mantle melting. Geochim Cosmochim 
Acta 71: 2837-2857.

MALLMANN G AND O’NEILL HStC. 2009. The crystal/melt 
partitioning of V during mantle melting as a function of 
oxygen fugacity compared with some other elements (Al, P, 
Ca, Sc, Ti, Cr, Fe, Ga, Y, Zr and Nb). J Petrol 50: 1765-1794.

MALLMANN G AND O’NEILL HStC. 2013. Calibration of an 
empirical thermometer and oxybarometer based on the 
partitioning of Sc, Y and V between olivine and silicate 
melt. J Petrol 54: 933-949.

MCCULLOCH MT AND GAMBLE JT. 1991. Geochemical and 
geodynamical constraints on subduction zone magmatism. 
Earth Planet Sci Lett 102: 358-374.

MILLS KC. 1993. The influence of structure on the physicochemical 
properties of slags. ISIJ International 33: 148-155.

RUDNICK RL, BARTH M, HORN I AND MCDONOUGH W. 2000. 
Rutile bearing refractory eclogites: Missing link between 
continents and depleted mantle. Science 287: 278-281.

SHANNON RD. 1976. Revised effective ionic radii and 
systematic studies of interatomic distances in halides and 
chalcogenides. Acta Crystallog Section A 32: 751-767.

STALDER R, FOLEY SF, BREY GP AND HORN I. 1998. Mineral 
aqueous fluid partitioning of trace elements at 900-1200oC 
and 3.0-5.7 GPa: New experimental data for garnet, 
clinopyroxene, and rutile, and implications for mantle 
metasomatism. Geochim Cosmochim Acta 62: 1781-1801.

TATSUMI Y AND EGGINS S. 1995. Subduction zone magmatism. 
Frontiers in Earth Science Series, 1st Edition, Blackwell, 
Cambridge, USA.

TIEPOLO M, VANNUCCI R, OBERTI R, FOLEY S, BOTTAZZI 
P AND ZANETTI A. 2000. Nb and Ta incorporation and 
fractionation in titanian pargasite and kaersutite: Crystal 
chemical constraints and implications for natural systems. 
Earth Planet Sci Lett 176: 185-201.

ZACK T, KRONZ A, FOLEY S AND RIVERS T. 2002. Trace element 
abundances in rutile from eclogites and associated garnet 
mica schists. Chem Geol 184: 97-122.




