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INTRODUCTION

Water is perhaps the most important unconstrained compo-
sitional variable in the Earth�s interior. Nominally anhydrous 
phases in the mantle are likely to compose a signiÞ cant reser-
voir of water in the planet�s interior (Bell and Rossman 1992; 
Hirschmann et al. 2005). Water incorporation into the nominally 
anhydrous phases of the mantle has a major effect on their 
physical properties such as density, seismic velocities, electrical 
conductivity, strength, and rheology. Water in these phases also 
controls the temperature of the onset of melting and so controls 
igneous activity and geochemical differentiation. Relative water 
solubility in these phases can also shift phase boundaries and thus 
depths of discontinuities (Wood 1995; Smyth and Frost 2002; 
Frost and Dolejs 2007). 

The pyroxene minerals are major constituents of maÞ c and 
ultramaÞ c rocks of the upper mantle. Orthopyroxene, Pbca, 
coexists with clinopyroxene in lherzolites, peridotites, and 
pyroxenites to depths of about 150 km. The common ortho-

LETTER

Crystal chemistry of hydration in aluminous orthopyroxene

JOSEPH R. SMYTH,1,* KATRIN MIERDEL,2 HANS KEPPLER,3 FALKO LANGENHORST,4                       
LEONID DUBROVINSKY,3 AND FABRIZIO NESTOLA5

1Department of Geological Sciences, University of Colorado, Boulder, Colorado 80309 U.S.A.
2Institut für Geowissenschaften, Universität Tübingen, D-72074 Tübingen, Germany

3Bayerisches Geoinstitut, Universität Bayreuth, D-95440 Bayreuth, Germany
4Institut für Geowissenschaften, Friedrich-Schiller-Universität Jena, Burgweg 11, D-07749 Jena, Germany

5Dipartimento di Geoscienze, Università di Padova, Corso Garibaldi 37, I-35137 Padova, Italy

ABSTRACT

Hydrogen incorporation in aluminous orthopyroxene may control the generation of melt and domi-
nate the seismic properties at the base of the Earth�s lithosphere. To clarify the substitution mechanism 
of H, we have synthesized, characterized, and reÞ ned the crystal structure of this potentially signiÞ cant 
variant of orthopyroxene. The experimentally produced crystals are small needles up to approximately 
20 × 20 × 100 μm in size. Electron microprobe chemical analysis indicates about 11.7 wt% Al2O3. 
FTIR spectra indicate 7500 ppmw H2O with absorbance features qualitatively similar to natural mantle 
orthopyroxenes. TEM imagery indicates that the phase is pure orthopyroxene with low concentrations 
of defects and inclusions. Cell-parameter reÞ nement from single-crystal X-ray diffraction gives a = 
18.1876(7) Å; b = 8.7352(7) Å; c = 5.1789 (5) Å, V = 822.79(11) Å3, which is 1.2% smaller than 
pure Mg anhydrous orthoenstatite. The crystal structure has been reÞ ned from single-crystal X-ray 
intensity data measured using a rotating anode X-ray generator, micro-focused X-ray beam, and CCD 
detector system. The reÞ ned structure indicates about 5% vacancy in M2 and signiÞ cant Al occupancy 
in both M1 and T2, consistent with its composition, (Mg0.95,0.05)M2, (Mg0.79Al0.21)M1, (Al0.25Si0.75)T2 SiT1 

O6. The existence of hydrous orthopyroxene in the mantle could absorb water released from olivine 
on decompression to delay the onset of melting in the spinel stability region in mantle peridotite 
compositions.
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pyroxene is usually En90Fs10 in composition with 2 to 3 mol% 
wollastonite component and coexists with olivine of about 
Fo90Fa10 composition and a clinopyroxene of about Di80Hd10En10 
composition. Orthopyroxenes from mantle xenoliths containing 
spinel or garnet are also typically quite aluminous with 2 to 11 
wt% Al2O3 (Takeda 1972; Arai and Abe 1995). Orthopyroxene 
typically constitutes 10 to 25 modal percent of such rocks. At 
temperatures and pressures higher than 7 GPa and 800 °C, the or-
thorhombic pyroxene transforms to a high-pressure clinoenstatite 
(Angel and Hugh-Jones 1994), which, like orthopyroxene, forms 
a phase distinct from the calcic clinopyroxene. The high-pres-
sure clinoenstatite is space group C2/c at mantle conditions but 
quenches to P21/c (e.g., Smyth 1969; Arlt et al. 1998; Tribaudino 
et al. 2002). The calcic clinopyroxene has symmetry C2/c under 
all conditions. Peridotites and lherzolites commonly have an ac-
cessory aluminous phase, which can be feldspar at low pressure 
(<1.0 GPa), spinel at intermediate pressure (1 to 2.5 GPa), and 
garnet at higher pressures. 

Natural clinopyroxenes from high-pressure rocks can also 
contain a signiÞ cant hydrous component, with H contents cor-
relating with the so-called Ca-Eskola component, CaAl2Si4O12. * E-mail: joseph.smyth@colorado.edu


