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abstract

Vanadium is a multivalent element that can speciate as V2+, V3+, V4+, and V5+ over a range of geologi-
cally relevant oxygen fugacities (fO2). The abundance of V in planetary materials can be exploited as a 
proxy for fO2 when its partitioning behavior is known. The mineral rutile (TiO2) is an important carrier 
of the high field strength elements Nb and Ta in the solid Earth, but it can also incorporate substantial 
quantities of vanadium (up to ~2000 ppm; e.g., Zack et al. 2002). However, little work has been done 
to systematically investigate how the partitioning of V in rutile-bearing systems changes as a function 
of both fO2 and composition. We measured the partitioning of V and 19 other trace elements (Sc, Cr, Y, 
Zr, Nb, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu, Hf, and Ta) between rutile and three silicate 
melt compositions equilibrated at 1 atm pressure, 1300 °C and fO2 values from two log units below the 
quartz-fayalite-magnetite oxygen buffer (QFM-2) to air (QFM+6.5). Rutile/melt partition coefficients 
(DV

rt/melt) change dynamically over an eight-log unit range of fO2 and are greatest at fO2 = QFM-2 in all 
compositions. Vanadium solubility in rutile declines continuously as fO2 increases from QFM-2 and 
approaches unity in air. Trace-element partitioning between rutile and melt is also correlated with 
melt composition, with the greatest values of Drt/melt measured in the most polymerized melt systems 
containing the least TiO2. We do not find any circumstances where V becomes incompatible in rutile. 
Our results indicate that rutile is a considerable sink for V at terrestrial fO2 values and will contribute 
to the retention of V in refractory slab residues in subduction zones. In agreement with previous work, 
we find that DTa

rt/melt > DNb
rt/melt under all conditions investigated, suggesting that rutile fractionation does 

not lead to low Nb/Ta ratios in Earth’s continental crust.
Keywords: Rutile, oxygen fugacity, vanadium, partitioning, trace element

introduction

Oxygen fugacity (fO2) is a thermodynamic parameter that in-
fluences, to a first order, the structure of the planet, the chemistry 
of rocks and ores, and mass transfer between terrestrial reservoirs 
(Frost and McCammon 2008). Oxygen fugacity also controls 
the speciation of multivalent elements in planetary materials 
and their distribution between phases, which can be used as a 
proxy for fO2. Vanadium (V) is a trace element that may have up 
to four valence states (V2+, V3+, V4+, and V5+) in silicate materials 
(Fig. 1). Vanadium oxygen barometers (oxybarometers) have 
been experimentally calibrated for a wide variety of mineral-melt 
systems to investigate how V partitioning shifts as a function of 
fO2 (Canil 1997, 2002; Canil and Fedortchouk 2001, 2002; Toplis 
and Corgne 2002; Mallmann and O’Neill 2009; Laubier et al. 
2014; Arató and Audétat 2017; Shishkina et al. 2018; Sossi et 
al. 2018; Wang et al. 2019)

The partitioning of vanadium between rutile (TiO2) and other 
phases has an excellent potential to serve as an oxybarometer 
for metamorphic rocks. Tetravalent vanadium is dominant in 
silicate melts at oxygen fugacities relevant to the Earth’s upper 
mantle and crust (Sutton et al. 2005; Borisov 2013; Lanzirotti et 
al. 2018) and has the same valence and an ionic radius similar to 
Ti4+ (0.58 and 0.605 Å in octahedral coordination, respectively; 
Shannon 1976). Tetravalent vanadium may readily substitute 
for Ti4+ in rutile, and the incorporation of “bulk” or total V in 

rutile should vary as the amount of V4+ changes. However, only 
two previous studies have investigated the partitioning of V be-
tween rutile and silicate melt under controlled oxygen fugacity 
(Klemme et al. 2005; Mallmann et al. 2014). The combined data 
set of Klemme et al. (2005) and Mallmann et al. (2014) show V 
solubility in rutile is redox-controlled over a 12 log-unit range 
in fO2, but scatter in their experimental data suggests a secondary 
influence on the behavior of vanadium that was not investigated 
as an experimental variable.

Quantifying the partitioning of trace elements between rutile 
and melt is also crucial for evaluating the flux of cations through 
the subduction factory. Rutile is known to concentrate the high 
field strength elements (HFSE) Nb and Ta in the solid Earth 
(e.g., Rudnick et al. 2000; Zack et al. 2002; Xiao et al. 2006; 
Meinhold 2010; Tang et al. 2019). The strong compatibility of 
these elements in rutile produces complementary liquids depleted 
in the HFSE during melting or dehydration—a common feature 
of arc magmas in subduction zones (e.g., Gill 1981; Rudnick et 
al. 2000; Elliott 2003; Kelemen et al. 2003; Turner and Lang-
muir 2015; Tang et al. 2019). This observation has motivated an 
abundance of studies investigating the partitioning of Nb and Ta 
between rutile and melt (McCallum and Charette 1978; Green 
and Pearson 1987; Ryerson and Watson 1987; Wendlandt 1990; 
Jenner et al. 1993; Foley et al. 2000; Green 2000; Horng and 
Hess 2000; Schmidt et al. 2004; Klemme et al. 2005; Xiong et 
al. 2005; Bromiley and Redfern 2008; John et al. 2011; Xiong 
et al. 2011; Mallmann et al. 2014). However, rutile can concen-
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