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Experimental investigation into the substitution mechanisms and solubility of Ti in garnet
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Abstract
Garnet is a common and important mineral in metamorphic systems, but the mechanisms by which
it incorporates Ti—one of the major elements in the crust—are not well constrained. This study draws
upon garnets synthesized at a range of temperatures and pressures to understand Ti solubility and
the substitution mechanisms that govern its incorporation into garnet at eclogite and granulite facies
conditions. Garnets from these synthesis experiments can incorporate up to several wt% TiO2. Comparison of Ti content with deficits in Al and Si in garnet indicates that Ti is incorporated by at least two
substitution mechanisms (VITi4+ + VIM2+ ↔ 2VIAl3+, and VITi4+ + IVAl3+ ↔ VIAl3+ + IVSi4+). Increasing Ti
solubility is correlated with increasing Ca and Fe/Mg ratios in garnet, clinopyroxene and melt. The
complexity of the substitution mechanisms involved in Ti solubility in garnet makes practical Ti-ingarnet thermobarometry infeasible at present. However, a model fit to Ti partitioning between garnet
and melt can be used to predict melt compositions in high-grade metamorphic systems. Additionally,
the solubility and substitution mechanisms described here can help explain the presence of crystallographically aligned rutile needles in high-grade metamorphic systems.
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Introduction
Garnet is a common mineral in the crust and mantle, and
its chemical composition is crucial to our understanding of the
chemical, physical, and temporal evolution of the Earth. Its
utility extends from its major-element composition [e.g., Fe/Mg
exchange between garnet and other phases used in thermobarometry (Råheim and Green 1974; Ellis and Green 1979; Krogh 1988;
Pattison and Newton 1989)] to its trace elements [e.g., Sm-Nd
dating, Y zoning (Lanzirotti 1995; Baxter et al. 2002; Thöni
2002; Pyle and Spear 2003)]. Still, it behooves geoscientists to
develop new garnet-based petrogenetic tools to better constrain
our understanding of metamorphic processes. While extensive
work has been performed developing and applying garnet-based
petrogenetic tools, the utility of Ti in garnet remains unclear.
The fact that Ti activity is often buffered in natural metamorphic
systems by the presence of rutile—combined with its typically
trace or minor abundance in most garnets—makes Ti a potentially
useful element for developing novel petrogenetic tools involving
garnet. However, its utility is currently hampered by our limited
understanding of the mechanism of Ti substitution into garnet
and the factors influencing its solubility.
The generalized chemical formula for garnets is (X3Y2Z3O12).
While there are over 29 naturally occurring and hypothetical
garnet end-members, the majority of crustal garnets lie within
the pyralspite and ugrandite groups (Locock 2008). The former
is typified by octahedral Al and the later by dodecahedral Ca.
The X site is a dodecahedral site containing divalent cations
Ca, Fe, Mg, and Mn (denoted generically as M2+). The octahe* E-mail: mackerson@carnegiescience.edu
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dral Y site contains trivalent Al and Fe3+, and the tetrahedral Z
site is primarily tetravalent Si. Most crustal garnets maintain a
divalent-trivalent-tetravalent ratio of 3:2:3, but the addition of Ti
to the crystal structure of garnet has been demonstrated to move
these ratios out of stoichiometry (Huggins et al. 1977, sources
therein). Although site occupancy of most major elements in
garnet is well understood, Ti coordination and potential substitution mechanisms have been a subject of considerable discussion
beginning as early as Zedlitz (1933).
Several studies have suggested—based on the hypothetical end-member configurations of melanite and schorlomite
garnets—that Ti 4+ incorporation occurs primarily on the
tetrahedral Z site in garnet (Armbruster and Geiger 1993;
Scordari et al. 2003). Conversely—based on intra-crystalline
chemical variations (Gwalani et al. 2000; Chakhmouradian and
McCammon 2005; Grew et al. 2013; Proyer et al. 2013) and
XANES analyses of schorlomite garnets (Waychunas 1987)—
others have suggested that Ti incorporation occurs primarily on
the octahedral Y site. Substitution of Ti4+ onto the tetrahedral site
in garnet can be achieved through a simple Ti4+↔Si4+ substitution
with Si4+. However, octahedral Ti4+ requires a charge-balancing
mechanism for Al3+. Alternatively, Ti3+ could be incorporated into
the octahedral site, although most studies suggest Ti3+ in naturally
occurring garnets or terrestrial melts is negligible (Huggins et al.
1977; Gwalani et al. 2000; Chakhmouradian and McCammon
2005; Krawczynski et al. 2009; Grew et al. 2013).
While most continental metamorphic garnets contain minor
to trace amounts of Ti, crystallographically aligned rutile needles
from high-grade metamorphic garnets (primarily eclogites, granulites, and mantle xenoliths) indicate elevated Ti concentrations
(up to several wt% TiO2) at high temperatures and pressures. The

