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INTRODUCTION

The Al2SiO5 polymorphs kyanite, andalusite, and sillimanite 
have been extensively studied due to their abundance in meta-
pellitic rocks and their use as thermobarometers (e.g., Kerrick 
1990). The polymorphs are also of interest because their crystal 
structures can accommodate aluminum in four-, Þ ve-, and six-
fold coordination with oxygen. In sillimanite, for example, an 
orthorhombic polymorph with space group Pbnm, half of the 
aluminum is found in edge-sharing octahedral chains that run 
parallel to [001] with adjacent tetrahedral chains consisting of 
alternating tetrahedral AlO4 and SiO4 groups (Fig. 1a). Andalusite 
is also orthorhombic (space group Pnnm) and, similar to silli-
manite, one-half of the aluminum atoms occupy chains of AlO6 
running parallel to [001]. However, the other half occurs in AlO5 
polyhedra which are cross-linked by SiO4 tetrahedra (Fig. 1b). 

Accurate equation-of-state measurements for minerals such 
as the Al2SiO5 polymorphs are important because they provide 
vital input for thermodynamic databases from which phase 
equilibria can be calculated. The equation of state of sillimanite 
was examined by Yang et al. (1997) using single-crystal X-ray 
diffraction and by Friedrich et al. (2004) using synchrotron 
powder X-ray diffraction (Table 1). These studies determined 
isothermal bulk moduli, KT0, of 171(7) GPa and 176(11) GPa, 
respectively, from P-V data collected to 5.29 GPa (Yang et al. 
1997) and 46 GPa (Friedrich et al. (2004). In both studies, the 

pressure derivative of the bulk modulus, K', could not be con-
strained and was assumed to be equal to four. Yang et al. (1997) 
also reanalyzed Ralph et al.�s (1984) P-V data for andalusite that 
was collected to 3.7 GPa and determined that KT0 = 151(3) GPa 
(also with K' constrained to be 4), contrasting with the original 
determination of KT0 = 135(10) GPa. It should be noted that the 
study of Ralph et al. (1984) was one of the Þ rst high-pressure 
studies of a single crystal in a diamond anvil cell (DAC) using 
X-ray diffraction. Vaughan and Weidner (1978) determined the 
adiabatic bulk modulus, KS, from Brillouin spectroscopy mea-
surements of andalusite and sillimanite to be 158 GPa and 166 
GPa (Reuss bound values), respectively. Theoretical calculations 
of the bulk modulus for andalusite and sillimanite have also been 
reported by Matsui (1996), Oganov et al. (2001), and Winkler et 
al. (2001). Matsui (1996) reported a bulk modulus of 175 GPa 
for sillimanite and 104 GPa for andalusite based on molecular 
dynamics calculations. Oganov et al. (2001) calculated the bulk 
moduli of andalusite and sillimanite to be 145.3 and 160.1 GPa 
with K' values of 3.88 and 2.69, respectively, using the VASP 
(Vienna Ab Initio Simulation Package) program, while Winkler 
et al. (2001) calculated bulk moduli of andalusite and sillimanite 
to be 145 and 159 GPa, respectively, using the CASTEP (CAm-
bridge Serial Total Energy Package) program. 

Even though these polymorphs have been extensively 
studied, it is clear from the preceding discussion that there is 
a considerable spread in the values of KT0, especially for anda-
lusite. In addition, the previous X-ray diffraction experiments 
of both polymorphs assumed K' = 4. Recent improvements in 
determining both the volume and pressure in single-crystal X-ray 
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ABSTRACT

The equations of state and structures of andalusite and sillimanite have been determined using 
high-pressure single-crystal X-ray diffraction. A third-order Birch-Murnaghan equation-of-state Þ t to 
14 P-V data points measured between 1 bar and 9.8 GPa for andalusite yields values of KT0 = 144.2(7) 
GPa and K' = 6.8(2). A similar analysis for sillimanite involving a Þ t to 13 P-V data points between 1 
bar and 8.5 GPa results in KT0 = 164(1) GPa and K' = 5.0(3). The axial compression of both structures 
is nonlinear and highly anisotropic (~60%) with the c-axis being the least compressible axis in both 
structures. The axial moduli determined with a parameterized form of the third-order Birch-Murnaghan 
equation of state are: Ka0

 = 163(1) GPa, Kb0
 = 113.1(7) GPa, and Kc0

 = 297(1) GPa with K'a0
 = 2.1(3), 

K'b0
 = 5.08(19), and K'c0

 = 11.1(4) for sillimanite, and Ka0
 = 99.6(7) GPa, Kb0

 = 152.2(9) GPa, and Kc0
 = 

236(3) GPa with K'a0
 = 5.83(19), K'b0

 = 7.6(3), and K'c0
 = 5.5(9) for andalusite. The major compression 

mechanism in both structures involves shortening of bond lengths within the AlO6 octahedra with 
volume reductions of 7.4% and 5.1% in sillimanite and andalusite, respectively, over the pressure 
ranges studied. In andalusite there is also signiÞ cant compression of the AlO5 polyhedra and, to a 
lesser degree, the SiO4 tetrahedra that display reductions of 5.0% and 3.1% in volume, respectively. 
In sillimanite there is no signiÞ cant compression of either the AlO4 or SiO4 tetrahedra which behave 
as rigid, incompressible units.

Keywords: Andalusite, sillimanite, high-pressure studies, equation of state, XRD data, single 
crystal, crystal structure


