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Abstract
An estimate of TiO2 activity (aTiO2

melt-sat) is necessary for the application of trace-element thermo-
barometry of magmatic systems where melts are typically undersaturated with respect to rutile/anatase. 
Experiments were performed in the system SiO2-Na2O-TiO2 to develop two independent methods of 
estimating aTiO2

melt-sat—one based on the commonly applied rutile-saturation technique and another utiliz-
ing a novel Ti-in-tridymite thermometer. It is demonstrated that the rutile-saturation model can lead 
to an overestimate of aTiO2

melt-sat relative to TiO2 activity calculated using the solubility of Ti in tridymite 
(SiO2) coexisting with rutile. Overestimation via the rutile-saturation technique is due to variations 
in the solubility mechanisms of Ti in the melt phase as a function of Ti content. In natural systems, 
overestimates of aTiO2

melt-sat will lead to an underestimation of crystallization temperatures by Ti-based 
trace-element thermobarometers. Although this study is not directly applicable to natural systems, it lays 
the groundwork for future research on natural composition magmas to constrain TiO2 activity in melts.
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Introduction
Over the past decade, trace-element thermobarometry has 

emerged as a powerful tool to determine the thermal and baro-
metric histories of igneous and metamorphic rocks. The ther-
modynamic basis for trace-element thermobarometry requires 
constraints on the activities of the chemical species involved in 
the reactions that define the thermobarometers. For example, the 
Ti-in-quartz thermobarometer (Thomas et al. 2010) is based on 
the reaction TiO2

rutile = TiO2
quartz. Given an equilibrium constant 

Keq ≈ aTiO2
quartz/aTiO2

rutile (ai
x is the activity of component x in phase i) 

and by assuming the low concentration of TiO2 in quartz is 
within the Henry’s Law region such that aTiO2

quartz = kXTiO2
quartz (where 

k is a Henry’s Law constant and X is the mole fraction of TiO2 
in quartz) and rutile is nearly pure (aTiO2

rutile ≈ 1), the equilibrium 
Gibbs free energy expression provides a functional form through 
which experimental data can be fit to arrive at the experimentally 
calibrated expression:

RTlnXaTiO2
quartz = –60 952 + 1.520T – 1741P + RTlnaTiO2

melt-sat  (1)

that relates the amount of Ti in quartz to temperature, pressure, 
and the aTiO2

melt-sat (see Wark and Watson 2006; Ferry and Watson 
2007; Ghiorso and Gualda 2013; Hofmann et al. 2013 for further 
discussion).

In expression 1, aTiO2
melt-sat is TiO2 activity expressed relative 

to rutile saturation in the melt as opposed to aTiO2 = 1 when the 
system is pure TiO2. Practically, this means that in a silicate melt 
at rutile saturation, adding more titania to the melt will result in 
the crystallization of an equimolar quantity of rutile within the 

system while the TiO2 content of the melt remains constant. So, 
in the presence of rutile, this melt is saturated in TiO2 (Ghiorso 
and Gualda 2013). When rutile and quartz grow in equilibrium, 
aTiO2

melt-sat = 1. However, most quartz- and zircon-bearing igneous 
and metamorphic rocks do not contain rutile, in which case the 
system is undersaturated relative to TiO2 (aTiO2

melt-sat < 1) and aTiO2
melt-sat 

must be estimated by other means.
In rutile-undersaturated systems, aTiO2

melt-sat needs to be estimated 
by independent means to apply Ti-based trace-element thermo-
barometers. Several different methods have been proposed to 
estimate aTiO2

melt-sat in rutile-undersaturated systems. These include 
rutile-saturation modeling that relies on the assumption that there 
is a linear relationship (Henry’s Law behavior) between aTiO2

melt-sat 
and the amount of TiO2 (XTiO2

melt ) dissolved in the melt (Hayden and 
Watson 2007; Gaetani et al. 2008; Shane et al. 2008; Kularatne 
and Audétat 2014), compositions of co-crystallizing cubic and 
rhombohedral iron-titanium oxides (Wark et al. 2007; Ghiorso 
and Gualda 2013), MELTS and rhyolite-MELTS calculations 
(Thomas and Watson 2012; Kularatne and Audétat 2014), or by 
assuming that aTiO2

melt-sat is buffered by the presence of titanium-rich 
mineral phases (e.g., titanite and ilmenite, Wark and Watson 
2006; Thomas et al. 2010).

In many cases, utilizing multiple techniques to estimate 
aTiO2

melt-sat can result in a range of values for aTiO2
melt-sat For example, 

aTiO2
melt-sat estimates for the Bishop Tuff range from ~0.15 by using 

MELTS to characterize melt inclusions (Thomas and Watson 
2012) to ~0.69 from equilibrium between rhombohedral and 
cubic iron-titanium oxides (Ghiorso and Gualda 2013). The 
value from rutile-saturation model estimates falls in the middle 
(~0.55). At 200 MPa and 100 ppm Ti in quartz, this range of 
aTiO2

melt-sat yields temperature estimates between ~608 and 793 °C. 
This discrepancy highlights the need for novel mechanisms to 
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