
American Mineralogist, Volume 88, pages 1460–1470, 2003

0003-004X/03/0010–1460$05.00      1460

INTRODUCTION

The transport of water to depth by metamorphic minerals
during subduction provides a means by which water can be
recycled back into the Earth’s mantle. A portion of this sub-
ducted water is eventually returned to the crust/hydrosphere
following the dehydration of hydrous minerals at increasing
pressures and temperatures. This dehydration causes partial
melting of the overlying mantle and ultimately arc volcanism.
The amount of water associated with arc magmatism relative
to the amount subducted indicates that the slab does not com-
pletely release its water, and likely transports water to great
depth within stable hydrous phases (Peacock and Thompson
1993; Schmidt and Poli 1998; Iwamori 1998; Williams and
Hemley 2001). The behavior of metamorphic water-bearing
minerals that may be associated with subducting slabs is thus
relevant for understanding the differing fates of water during
subduction.

Clinozoisite and topaz represent two subduction-related and
water bearing minerals with notable high pressure stability
fields. Yet, they differ markedly in both their chemistry and
structure. Clinozoisite [Ca2Al2(Al1–xFe3+

x)(SiO4)3(OH)] is a
monoclinic member of the epidote group which accommodates
larger iron contents than orthorhombic zoisite, to which it is
related by a doubling of the a axis (e.g., Smyth and Bish 1988).
Clinozoisite occurs naturally in a variety of systems, including
hydrated metabasalts. Indeed, the importance of clinozoisite at
high pressures has been demonstrated within natural systems:
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Clinozoisite and topaz are examined to pressures of 36 and 24 GPa, respectively, at 300 K using
infrared spectroscopy. Both minerals metastably persist throughout this pressure range at ambient
temperature. Both stretching and bending vibrations of the silicate tetrahedra are tracked upon com-
pression and decompression of each phase, as are their hydroxyl-stretching vibrations. The hydroxyl-
stretching vibrations lie at 3650 cm–1 in topaz and 3351 cm–1 in clinozoisite and shift by 0.6 (±0.3)
cm–1/GPa and –5.1 (±0.9) cm–1/GPa, respectively. Therefore, the hydrogen bonding in clinozoisite
and topaz responds completely differently to pressure: hydrogen bonding increases in clinozoisite,
but decreases in topaz. The clinozoisite hydroxyl-stretching vibration also broadens by almost a
factor of six under compression. Both the clinozoisite peak shift and its pressure-induced broaden-
ing are simulated using a model of the hydrogen bond potential. The markedly different structural
responses of these two minerals to pressure are interpreted on crystal-chemical grounds, and demon-
strate that the bonding of hydrogen in possible subduction-related hydrous phases varies dramati-
cally, depending on crystal chemistry.

diamondiferous clinozoisite gneisses have recently been dis-
covered, in which the clinozoisite-bearing assemblage appears
to have accessed pressures greater than 4.0 GPa (Korsakov et
al. 2002). Moreover, clinozoisite and zoisite are important as
primary igneous minerals during the partial melting of eclogites
at depths of 30–60 km (Franz and Smelik 1995). Within syn-
thetic systems, zoisite has been observed to occur in synthetic
water-bearing model MORB systems at pressures up to 3.5 GPa,
and temperatures between 500 and 800 ∞C (Schmidt and Poli
1998). In pure calcium-aluminum-silicate hydrogen systems,
however, it is stable to 7 GPa and 1000 ∞C, beyond which it
breaks down to lawsonite-bearing assemblages (Schmidt and
Poli 1994). Typical densities for natural clinozoisite samples
fall in the range of 3.21 to 3.38 g/cm3, depending primarily on
iron content. Notably, the relative stability ranges of clinozoisite
relative to zoisite in both pressure-temperature and composi-
tion space are not fully resolved, due to kinetic effects (Jenkins
et al. 1985; Poli and Schmidt 1998; Brunsmann et al. 2002).
Theoretical, calorimetric and phase equilibria studies are in
accord that the energetic difference between the two phases is
small, and depends on the precise chemistry of the sample
(Winkler et al. 2001; Smelik et al. 2001; Brunsmann et al. 2002).
Structurally, clinozoisite contains chains of alumina octahe-
dra, and both Si2O7 units and isolated silicate tetrahedra (Fig.
1). The hydroxyl units are associated with the alumina octahe-
dra, and are hydrogen bound to a neighboring O atom. The
structural behavior of clinozoisite at high pressures and ambi-
ent temperatures has been investigated via single crystal X-ray
diffraction to pressures of 5 GPa (Comodi and Zanazzi 1997)
and powder diffraction to 14 GPa (Holland et al. 1996). These


