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INTRODUCTION

In several silicate groups, notably the pyroxenes, amphiboles,
micas, and garnets, Ti is commonly a minor component, but in
some cases, it is present in substantial concentrations. Ordi-
narily Ti is assumed to enter the lattice in octahedral coordina-
tion. However, in the case of Al or Fe3+ deficiency, Ti may also
enter in tetrahedral positions. In the presence of Al, the substi-
tution of Ti in diopside can be described by the exchange Mg2+

+ 2 Si4+ = Ti4+ + 2 Al3+ (e.g., Yagi and Onuma 1967). Few ex-
perimental studies of clinopyroxene compositions investigat-
ing the substitution of Ti for Si have been carried out in the
absence of Al. Barth (1931) synthesized homogenous
clinopyroxene crystals in the system CaO-MgO-SiO2-TiO2

(CMST) at compositions (CaMgSi2O6)94(CaMgTi2O6)6 and
(CaMgSi2O6)90(CaMgTi2O6)10 (wt%). He suggested that Ti4+ can
replace Si4+ without accompanying replacement of other ions.
Segnit (1953) also assumed that Ti replaces Si in the diopside
structure to a small extent. On the basis of lattice parameters
and structural investigation, Schröpfer (1968) argued that Ti
substitutes for Si in diopside. For determination of unit-cell
parameters, Onuma et al. (1968) synthesized clinopyroxene
crystals along the join diopside (CaMgSi2O6)–Ti-diopside
(CaMgTi2O6) at compositions (CaMgSi2O6)95(CaMgTi2O6)5 and
(CaMgSi2O6)90(CaMgTi2O6)10 (wt%). Clinopyroxene in a suite

of leucitites and related differentiates from New South Wales
containing insufficient Si and Al to complete the occupancy of
the tetrahedral sites show a substitution of Ti for Si (Cundari
and Salviulo 1989). The presence of small amounts of Ti on
tetrahedral sites was also shown using crystal-structure refine-
ments of natural diopside by Carbonin et al. (1989).

In this paper we report the results of experiments in the
system CaO-MgO-SiO2-TiO2 (CMST) to study the substitution
of Ti4+ for Si4+ in diopside. To investigate the dependence on
pressure and temperature of the exchange of Ti for Si, we car-
ried out experiments at pressures from 1 atm to 2 GPa and tem-
peratures from 800 to 1200 °C.

EXPERIMENTAL TECHNIQUES

Within the system CaO-MgO-SiO2-TiO2 (CMST) (Fig. 1),
six mixtures along the join CaMgSi2O6–CaMgTi2O6 were made
using pure SiO2, MgO, CaCO3, and TiO2 certified reagents
(Table 1 and Fig. 2). The end-member CaMgTi2O6 was a me-
chanical mixture of CaO, MgO, and TiO2. The other mixtures
were homogenized to glasses and a part of these were crystal-
lized for several weeks at 1100 °C and 1 atm. Experiments
were carried out using a rapid quenching furnace for 1 atm
experiments, an internally heated gas-media apparatus for pres-
sures from 0.1 GPa to 0.7 GPa, and a piston-cylinder apparatus
for 2 GPa experiments. Samples were sealed in Pt capsules.
For runs at temperatures 800 to 1000 °C, H2O was added as a
flux. To obtain equilibrium, runs were interrupted and ground
several times. Additionally, some experiments were conducted
as reversed runs (compositional bracketing). Run times ranged
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ABSTRACT

To investigate the substitution of Ti4+ for Si4+ on tetrahedral sites in clinopyroxene, a series of Ti-
bearing clinopyroxene compositions was synthesized in the system CaO-MgO-SiO2-TiO2 (CMST) at
pressures from 1 atm to 2 GPa and temperatures from 800 to 1200 °C. Along the join
CaMgSi2O6(diopside)–CaMgTiSiO6, clinopyroxene crystallizes, depending on coexisting phases, as
binary solid solutions (diopside-CaMgTiSiO6) or ternary solid solutions (diopside-CaMgTiSiO6-
enstatite). The solubility of Ti increases with increasing temperature, whereas it decreases with
increasing pressure. The binary clinopyroxene has an invariant composition
(CaMgSi2O6)93(CaMgTiSiO6)7 (mol%) corresponding to a Ti content of 2.6 wt% at 1000 °C and 1
atm. Magnesium substitutes in the M2 site in ternary clinopyroxene and its solubility mainly in-
creases with increasing temperature. The substitution of Si4+ by the larger Ti4+ cation on tetrahedral
sites causes a linear increase in a, b, c, β, and V by 0.0020 Å, 0.0012 Å, 0.0016 Å, 0.01°, and 0.28 Å3

per mol% CaMgTiSiO6, respectively.


