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Effect of isovalent Si,Ti substitution on the bulk moduli of Ca(Ti12xSix)SiO5 titanites
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ABSTRACT
The equations of state of A2/a titanite phases of CaTiSiO5, Ca(Ti0.5Si0.5)SiO5, and CaSi2O5
have been determined from high-pressure X-ray diffraction measurements. The isothermal
bulk moduli are K0,T 5 131.4(7) GPa (for P . 3.6 GPa), 151.9(1.6) GPa, and 178.2(7)
GPa, respectively, for a second order Birch-Murnaghan equation-of-state (i.e., with K9 5
]K/]P 5 4). Refinements of third order equations-of-state yielded values of K9 that did not
differ significantly from 4. The complete substitution of Si for Ti in the octahedral sites
of the titanite structure, therefore, results in approximately a 30% increase in bulk modulus
and a 13% increase in density. The large stiffening of the structure can be attributed to
the absence of rigid-unit modes from the structure and the direct involvement of cationcation interactions in the compression of the structure.

INTRODUCTION
Isovalent substitutions of octahedral cations in minerals
usually have a relatively small effect on the bulk moduli.
Examples include olivines in which the change in K0 from
Mg2SiO4 to Fe2SiO4 amounts to 4% (Isaak et al. 1989,
1993) and orthopyroxenes in which the bulk modulus
changes by 8% from MgSiO3 to FeSiO3 (Weidner et al.
1978; Bass and Weidner 1984; Hugh-Jones and Angel
1997). However, the effect of similar isovalent substitution
mechanisms involving octahedral silicon—which might be
important at mantle pressures and especially in perovskites
of the lower mantle—have been hampered by lack of samples. Existing data on the effect of the exchange of Si and
Ti in Ca(Ti,Si)O3 perovskites suggest that in this case, despite the presence of structural phase transitions, the
change in bulk modulus for complete exchange of Si for
Ti is around 20% (Sinelnikov et al. 1998). The recent discovery of a titanite-structured phase of CaSiSiO5 (Angel
1997) and a complete solid solution between it and titanite,
CaTiSiO5, at high temperatures and pressures (Knoche et
al. 1998) provides another opportunity to examine the effect of an Si for Ti exchange on the elasticity of solids.
Therefore, the equations of state of the two end-members
and one intermediate composition of this solid solution
have been measured by a combination of high-pressure,
single-crystal, and powder diffraction.

EXPERIMENTAL

METHODS
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vil cells (Allan et al. 1996) using T301 steel gaskets and
a 4:1 mixture of methanol:ethanol as pressure medium.
Measurements on the CaSi2O5 composition were performed with the same single-crystal used for the original
determination of both the room-pressure triclinic structure
(Angel et al. 1996) and the monoclinic structure (Angel
1997). A ruby chip for approximate pressure measurement and a quartz crystal as an internal diffraction pressure standard were also loaded into the pressure cell. Diffraction experiments were performed on a Huber
four-circle diffractometer. Full details of the instrument
and the peak-centering algorithms are provided by Angel
et al. (1997). The effect of crystal offsets and diffractometer aberrations were eliminated from refined peak positions by the eight-position centering method of King and
Finger (1979). Unit-cell parameters determined by a
least-squares fit to the corrected setting angles of reflections showed no deviations from symmetry-constrained
values greater than one estimated standard deviation. The
values of symmetry-constrained unit-cell parameters obtained by vector-least-squares (Ralph and Finger 1982)
are reported in Table 1.
Intensity data were also collected from this crystal in
the monoclinic form at room pressure in air (Angel 1997)
and at four pressures in the diamond-anvil pressure cell
using an Enraf-Nonius CAD4 diffractometer. Details of
data collection and reduction procedures followed those
described in detail in Miletich et al. (1998), among others.
Refined coordinates for the A2/a structure of CaSi2O5 at
high pressure are provided in Table 2 and selected bond
lengths in Table 3.
At pressures in excess of 5.9 GPa the diffraction peaks
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