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INTRODUCTION

Hydrous phases in subduction zones are potential agents that 
can transport water to the deep earth. Properties of these hydrous 
minerals, especially elastic moduli, are necessary to model 
seismic wave speeds and hence place constraints on recycling 
of H2O through subduction zones (Hacker et al. 2003). Zoisite 
Ca2Al3Si3O12(OH) is a hydrous mineral containing 2 wt% water 
that is potentially important in subduction zones. It has a large 
stability Þ eld that extends up to 5.0 GPa at 700 °C and 6.6 GPa 
at 950 °C in the CaO-Al2O3-SiO2-H2O (CASH) system (Poli and 
Schmidt 1998). In the basalt + H2O system, zoisite remains stable 
to pressures of 3.1 GPa at 650 °C (Forneris and Holloway 2003). 
Breakdown of zoisite at this pressure may be a source of ß uid 
release at 100�120 km depth depending on the thermal structure 
of the subducting slab (Poli and Schmidt 1995).

Zoisite belongs to epidote group [Ca2(Al,Fe)3Si3O12(OH)], 
which occur in high- and ultrahigh-pressure metamorphic rocks 
from a wide variety of geological settings, including continental 
collisions and subduction zones (Hacker et al. 2003; Enami et al. 
2004). Figure 1 shows the crystal structure of zoisite (Fesenko et 
al. 1955; Fesenko et al. 1956; Dollase 1968). Zoisite is the only 
member of the epidote group that is orthorhombic, instead of 
monoclinic. However, the structures of all epidote minerals are 
similar. Monoclinic epidotes, including clinozoisite, have two 
distinct edge sharing octahedral chains that run along [010]. The 
octahedral sites are mainly occupied by Al but can also contain 
Fe3+. Zoisite has only one type of octahedral chain parallel to 
[010] made up of edge sharing octahedra designated M1,2. The 
second octahedral site, M3, is more distorted and is attached to 
M1,2 by edge sharing. The parallel octahedral chains are linked 
by SiO4 and Si2O7 tetrahedral groups for both types of epidote 
minerals. Calcium ions reside in two large positions between 

the octahedral chains and exhibit sevenfold coordination. Hy-
drogen is bonded to an oxygen in the octahedral chains (Franz 
and Liebscher 2004). 

Zoisite is structurally related to some other Ca-Al silicates that 
may also be important in subduction zones, including lawsonite 
CaAl2Si2O7(OH)2·(H2O) and pumpellyite Ca2MgAl2(SiO4)(SiO7)
(OH)2·(H2O). The lawsonite structure, for example, also consists 
of chains of edge-sharing AlO6 octahedra but linked by Si2O7 
groups only. The large cavities are occupied by Ca atoms and 
H2O molecules. 

Only a limited amount of Fe3+-Al substitution is observed in 
zoisite and so it is chemically more restricted to compositions close 
to end-member Ca2Al3Si3O12(OH) compared with the monoclinic 
epidotes. The highest Fe3+ content found in zoisite is XFe = 0.21�0.23 
(Vogel and Bahezre 1965; Brunsmann et al. 2000). 

Knowing the bulk modulus of zoisite is necessary to calculate 
seismic wave velocities and for volume determination at high 
pressures in phase equilibria calculations. The bulk modulus has 
been determined from static pressure-volume measurements us-
ing X-ray diffraction in both multi-anvil apparatus and diamond 
anvil cells (Holland et al. 1996; Comodi and Zanazzi 1997; Paw-
ley et al. 1998; Grevel et al. 2000). Existing results show large 
discrepancies. The zero-pressure isothermal bulk modulus KT0 
ranges from 102(6.5) GPa (Comodi and Zanazzi 1997) to 279(9) 
GPa (Holland et al. 1996). Neglecting the anomalous result of 
Holland et al. (1996), the range of possible bulk moduli for zoisite 
translate into a 3% uncertainty in the bulk sound velocity at 6 
GPa (Hacker et al. 2003). Even more importantly, the shear and 
compressional sound velocities are unknown because of lack of 
constraint on the shear modulus. For the monoclinic epidotes, a 
large range of bulk moduli have also been reported from previ-
ous experiments ranging from 106.2 to 207 GPa (Ryzhova et al. 
1966; Holland et al. 1996; Qin et al. 2003).

In this study, we used Brillouin scattering and X-ray diffrac-
tion to determine the full elastic tensor of zoisite. In doing so, we * E-mail: zhumao@princeton.edu
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ABSTRACT

The single-crystal elastic constants of zoisite Ca2Al3Si3O12(OH) were determined by Brillouin 
scattering at ambient conditions. The elastic tensor was obtained by an inversion of acoustic velocity 
data for three different crystal planes. The aggregate bulk modulus, shear modulus, and Poisson�s ratio 
are KS0 = 125.3(4) GPa, G0 = 72.9(2) GPa, and σ0 = 0.26(1) for the VRH (Voigt-Reuss-Hill) average, 
respectively. The maximum azimuthal anisotropy of zoisite is 22% for compressional velocity and 
33% for shear velocity. The maximum shear splitting is 21% along the [001] direction. Our results 
resolve the discrepancies in bulk modulus and axial compressibilities reported from static compres-
sion studies, and provide the Þ rst experimental constraints on the shear modulus. Trends in the elastic 
moduli of minerals in the CaO-Al2O3-SiO2-H2O (CASH) system are evaluated.
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