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abstraCt

The solubility of OH in pure synthetic rutile was experimentally constrained at 0.5–2.0 GPa 
and 500–900 °C, in equilibrium with four oxygen fugacity (ƒO2) buffering mineral assemblages: 
hematite-magnetite (HM), nickel-nickel oxide (NNO), cobalt-cobalt oxide (CCO), and iron-wüstite 
(IW). The hydroxyl concentration ([OH], in parts per million H2O by weight) of equilibrated rutile 
crystals was characterized by FTIR spectroscopy. Measurements at 1 GPa at individual ƒO2 buffers 
demonstrate that [OH] in rutile depends strongly on temperature: at HM, [OH] increases from 48 to 
267 ppm as temperature rises from 500 to 900 °C, whereas at NNO, [OH] increases from 108 to 956 
ppm over the same temperature range. The [OH] in rutile also increases strongly with decreasing ƒO2 

at any pressure and temperature, and exhibits a slight, linear, positive dependence on pressure at a 
given temperature and ƒO2. The observed systematic dependences on pressure, temperature, and ƒO2 
indicate that hydrogen substitutes into rutile as hydroxyl, (OH), via forward progress of the reaction 
Ti4+O2 + 1/2H2O = Ti3+O(OH) + 1/4O2. Our measured [OH] values are significantly greater than those 
determined in previous studies on finer-grained, polycrystalline rutile, which likely suffered diffusive 
loss of H during quenching. This is supported by our observation of narrow, OH-depleted rims on 
otherwise high-OH run products, pointing to minor but important diffusive H loss from crystal rims 
during quenching. Fitting of isothermal variations in composition with ƒO2 at 1 GPa and temperature 
indicates nearly ideal, multi-site mixing of the TiO2-TiOOH solid solution. A fit to the entire data set 
suggests standard volume, enthalpy, and entropy of the hydration reaction of, respectively, 1.90 ± 0.48 
cm3/mol, 219.3 ± 1.3 kJ/mol, and 19.9 ± 1.4 J/(mol∙K) (1σ uncertainty). These constraints form the 
basis for use of [OH] in rutile as a thermobarometer and oxybarometer in experimental and natural 
systems. The moderate to high [OH] in nominally anhydrous rutile at all investigated temperatures, 
pressures, and fO2 values imply that Ti3+ may be higher than previously suspected in some terrestrial 
geologic settings.
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introduCtion

Rutile is a common accessory mineral in many metamorphic 
and igneous systems, including eclogites and MARID mantle 
xenoliths (Vlassopoulos et al. 1993), mélanges associated with 
subduction zones (Sorensen and Grossman 1993), pegmatites 
and Barrovian metamorphic environments (Hammer and Beran 
1991), and plutonic rocks (Frindt et al. 2004). The presence of 
rutile in such diverse environments makes it useful in thermo-
barometry (e.g., Bohlen et al. 1983; Manning and Bohlen 1991; 
Zack et al. 2002, 2004a; Watson and Harrison 2005; Watson et 
al. 2006; Zack and Luvizottow 2006; Tomkins et al. 2007; Trop-
per and Manning 2008; Kapp et al. 2009). In addition, uranium 
concentrations in natural rutile may be high enough for U-Pb 
geochronometry (Corfu and Andrews 1986; Mezger et al. 1989, 
1991). Rutile also accommodates high field strength elements 

(HFSE), so it is an excellent monitor of mantle metasomatism, 
melt source, and mantle composition (e.g., Ryerson and Watson 
1987; Ayers and Watson 1991, 1993; Brenan et al. 1994; Stalder 
et al. 1998; Foley et al. 2000; Rudnick et al. 2000; Klemme et al. 
2005). Moreover, rutile’s resistance to mechanical and chemical 
weathering means it can be used to gain insights into sedimentary 
provenance (Force 1980; Zack et al. 2002, 2004b; Triebold et 
al. 2007). Rutile is also important for its catalytic and optical 
properties (e.g., Diebold 2003; Thompson and Yates 2006).

An important geochemical feature of rutile is that natural 
samples almost always contain significant amounts of water 
(Johnson 2006; Vlassopoulos et al. 1993). The highest con-
centrations of up to 3000 ppm H2O are found in high-pressure 
metamorphic rocks and mantle samples (e.g., Zhang et al. 2001, 
2004; Katayama et al. 2006; Chen et al. 2007; Zhao et al. 2007; 
Zheng 2009).

The atomic structure of rutile consists of chains of Ti4+ octa-
hedra aligned parallel to the crystallographic c-axis. The simple 
structure results in a high (tetragonal) symmetry. Studies using 
polarized infrared spectroscopy show that structurally bound 
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