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Abstract
Rutile and titanite commonly form by replacement of ilmenite in metamorphic rocks. Exhumed
orthogneiss from the Western Alps show that titanite is mostly stable below 1 GPa while rutile seems
to dominate within rocks recrystallized under higher pressures. We herein investigate phase relationships for four granitic compositions with variable CaO content at medium to high-pressure conditions
(0.7–1.6 GPa, 450–650 °C) with a focus on ilmenite breakdown and Ti-bearing species formation. Our
piston-cylinder experiments show that, in the investigated P-T range, ilmenite reacts during metamorphism above 1.2–1.4 GPa to form rutile. Below this pressure, titanite is the dominant Ti-bearing species for most granitoid compositions. We also show that the position of this reaction curve is strongly
influenced by the whole-rock Ca activity. For low-Ca activities, rutile may be stable down to 0.7 GPa
(and below) within ilmenite pseudomorphs while the titanite stability field may extend to pressures
>1.3 GPa for Ca-richer compositions. Both species may be stable in one single sample depending on
the local Ca activity gradients. The finding of metamorphic rutile within metagranitoids with CaO
contents >2 wt% can be considered, under certain conditions, as a reliable indicator of high-pressure
metamorphism. This study also highlights the importance of improving our knowledge of the phase
relationships between rutile and titanite as a function of P-T-X to better interpret the textural and
tectonic history in natural samples as well as the meaning of age values yielded by rutile and titanite
geochronometers.
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Introduction
Metamorphosed granites are a common rock type in
former convergent settings where high-pressure (HP) rocks are
exhumed (e.g., Proyer 2003; Massonne 2015). Evaluating the
pressure-temperature history of meta-acidic systems is notably
more difficult than for basic lithologies where high-pressure
recrystallization proceeds more efficiently and where mineral
assemblages are more suited for thermobarometric purposes.
In the absence of sodic clinopyroxene, silica substitution in
phengite crystals is commonly used as a geobarometer to estimate the pressure in metagranitic rocks (e.g., Evans and Patrick
1987; Angiboust et al. 2014). The presence of rutile [TiO2] is
sometimes used as an argument to support the former existence
of a high-pressure stage in such rocks (e.g., Gaggero et al. 2009).
Titanite [CaTiSiO5] rims around rutile or ilmenite [FeTiO3] are
generally interpreted as products of rutile re-equilibration during
exhumation (Carswell and O’Brien 1993; Harlov et al. 2006;
Lucassen et al. 2011; Pearce and Wheeler 2014). However, the
actual location of rutile and titanite-forming reactions in P-T-X
space remain poorly constrained.
Liou et al. (1998) studied the stability of titanite, rutile, and
ilmenite in a basaltic system between 600–1000 °C and up to
3 GPa. These authors found that rutile has a slightly positive
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reaction slope and is stable above 1.4–1.6 GPa in this temperature range. Below this curve, titanite is the stable phase in the
range 0.3–1.2 GPa and 600–700 °C and ilmenite stable above
700–750 °C over the same pressure range. However, the stability of these minerals is probably buffered by the existence of
other mineral species and by the presence of elements such as
Ca and Na (Liou et al. 1998). In particular, the whole-rock Ca
budget may significantly change the stability field of Ti-bearing
minerals as Ca enters the titanite structure as a major element.
As a consequence, the titanite stability field may expand toward
higher pressures for Ca-rich systems (Frost et al. 2001).
Titanite and rutile have been increasingly used as geothermometers and geospeedometers over the last 15 years to
understand the pressure-temperature-time (P-T-t) trajectories of
metamorphic rocks in collisional settings (Frost et al. 2001; Zack
et al. 2004; Kylander-Clark et al. 2008; Tropper and Manning
2008; Smye and Stockli 2014; Gasser et al. 2015). Despite the
importance of these accessory minerals in solving geodynamic
issues, experimental constraints on rutile-titanite-ilmenite phase
relationships as a function of P-T-XCa are lacking for metagranitic and metasedimentary systems (e.g., Luvizotto et al. 2009;
Meinhold 2010).
In this study, we document natural rutile-titanite-ilmenite
reaction textures in granitoid rocks buried and exhumed during regional metamorphism in the Western Alps. In response
to these natural observations, we performed a series of 11
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