
American Mineralogist, Volume 88, pages 556–566, 2003

0003-004X/03/0004–556$05.00      556

INTRODUCTION

The first pyroxene structure to be determined was C2/c di-
opside, CaMgSi2O6, which was followed two years later with
the determination of the structure of Pbca hypersthene, MgSiO3

(Warren and Bragg 1928; Warren and Modell 1930). These clas-
sic studies established that parallel chains of edge-sharing M1O6

octahedral groups and corner-sharing SiO4 tetrahedral groups
are the common skeletal components of all pyroxenes struc-
tures. Two decades later, Ito (1950) predicted the existence of
a P21/c structure and suggested that Pbca orthopyroxene was a
“space group twin” of this structure. Ten years later, Morimoto
et al. (1960) reported the crystal structures of clinoenstatite and
pigeonite in P21/c symmetry. About the same time, Smith (1959)
determined the structure of a Pbcn protopyroxene. Thompson
(1970) derived a number of ideal pyroxenes based upon anion
closest-packing considerations and, among other things, deter-
mined that the ideal form of the Pbcn structure exhibits P21cn
symmetry. Recently, Yang et al. (1999) observed a new pyrox-
ene structure with P21cn symmetry when pressure was applied
to the Pbcn protopyroxene Mg1.54Li0.23Sc0.23Si2O6.

Along with these original studies, the structures of a large
number of pyroxenes have been determined, and transforma-
tions involving symmetry changes have been documented as a
function of temperature, pressure, and composition. For in-
stance, kanoite (MnMgSi2O6) transforms from P21/c to C2/c
with increasing temperature, (Arlt and Armbruster 1997), spo-
dumene (LiAlSi2O6) transforms from C2/c to P21/c with in-
creasing pressure (Arlt and Angel 2000), and the symmetry of
(Ca,Mg)MgSi2O6 was observed to change from C2/c to P21/c

* E-mail: downs@geo.arizona.edu

Topology of the pyroxenes as a function of temperature, pressure, and composition as
determined from the procrystal electron density

ROBERT T. DOWNS*

Department of Geosciences, University of Arizona, Tucson, Arizona 85721-0077, U.S.A.

ABSTRACT

The distribution of bonds associated with the M2 sites in various well-ordered pyroxene minerals
is determined using a topological analysis of electron density in the manner proposed by Bader
(1998). Each M2 atom is bonded to 2 O1 and to 2 O2 atoms, and to zero, one, two, or four bridging
O3 atoms. Each of the symmetries displayed by pyroxenes have their own bonding systematics, and
each pyroxene-to-pyroxene phase transition involves a change in bonding to M2. As a function of
temperature or pressure, the bonding changes appear as a well-defined sequence of steps that can be
related to the degree of distortion from the ideal closest packing of anions. It is proposed that the
condition at which an individual phase transition occurs is related to M2-Si repulsion through a
shared edge. The bonding analysis should provide a qualitative means to interpret the behavior of all
pyroxene structures over T, P, and x, and may guide the interpretation of the changes in properties
observed by techniques other than X-ray diffraction, such as Raman spectroscopy.

along the diopside-enstatite join with increasing Mg content
(Tribaudino 2000). For a more general discussion and sum-
mary of the structure types and crystal chemistry of the py-
roxenes, the reader is referred to Bragg et al. (1965), Papike et
al. (1973), Cameron and Papike (1981), Deer et al. (1997), as
well as Yang and Prewitt (2000).

As reviewed by Pannhorst (1981), the gross topological fea-
tures of pyroxenes can be described by the stacking sequences
of the octahedral and tetrahedral layers. The variety of se-
quences can be summarized by observing the “skew”, “tilt”, or
direction of stagger of the octahedral layers (Cameron and
Papike 1981). This is illustrated in Figure 1 for the four main
symmetries adopted by the pyroxenes. The octahedra labeled
with “+” are oriented in a direction common to each other, while
the octahedra labeled with “–” are oriented in the opposite di-
rection from those labeled with “+”. Only transformations in-
volving symmetry changes between C2/c and P21/c and between
Pbcn and P21cn have been observed that do not change these
stacking sequences. The mechanism for stacking changes is
not completely understood, but it clearly requires extensive
changes in the M1-O and M2-O bonded interactions (Coe and
Kirby 1975; Yamanaka et al. 1985; Kanzaki 1991).

In some cases, single crystals are shattered by the transfor-
mations that involve a change in the stacking sequence. For
example, a single crystal of orthoferrosilite turned to powder
when it transformed at high pressure to C2/c clinoferrosilite
(Hugh-Jones et al. 1996). However, in other cases the crystals
remain intact. For example, a single crystal of orthoferrosilite
remained intact when it transformed to clinoferrosilite with
increasing temperature (Sueno et al. 1984), and a single crystal
of enstatite was preserved through ortho-clino-proto transfor-
mations when heated and quenched (Smyth 1974a). After go-




