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ABSTRACT

Motivated by the recent discovery of albitic clinopyroxene, we assess the molar volume systematics
of vacancy-stabilized, high-pressure clinopyroxenes. Previous assessments used the Ca-Eskola com-
ponent M2(Ca0.5□0.5)

M1AlTSi2O6 (where□ denotes a vacancy) as an end-member and were limited to
compositions with≤50% vacancies in theM2 site. The discovery of albitic jadeite calls for extension of
the solid solution space toward an end-member with entirely vacant M2 sites, M2

□
M1SiTSi2O6, i.e., sil-

ica in the C2/c pyroxene structure. Based on our new and compiled data, we fit a model for volumes of
clinopyroxenes in an 11-component subsystem. We tested two different scenarios: ideal mixing and
symmetric excess volumes. Ideal mixing is easily rejected, as the correlation between vacancy concen-
tration and volume at standard conditions is clearly nonlinear. The symmetric excess volume model,
however, yields an adequate fit to the data when using three excess terms (Hd-En, Hd-Di, and Hd-Jd).
The estimated molar volume of the clinopyroxene-structured silica end-member, which has one octa-
hedrally coordinated silicon atom per formula unit, is 60.77 ± 0.75 cm3/mol on a six-oxygen formula
basis, slightly smaller than that of coesite (61.73 cm3/mol) but much larger than that of stishovite
(41.44 cm3/mol). We also obtained a molar volume of 62.16 ± 0.75 cm3/mol for the Ca-Eskola com-
ponent, modestly larger than earlier estimates extrapolated with an ideal mixing assumption from nat-
ural samples (60.52 ± 0.73 cm3/mol) or experiments (60.87 ± 0.63 cm3/mol). The proposed volume
model provides a partial basis for assessing the formation conditions of vacancy-stabilized pyroxenes.

Keywords: Albitic jadeite, molar volume, vacancy-rich clinopyroxenes, high-pressure phase,
Ca-Eskola

INTRODUCTION

Minerals of the clinopyroxene group occur in numerous set-
tings in the mantles and crusts of terrestrial planets andmeteorite
parent bodies (e.g., Papike 1996; Treiman 2005; Papike et al.
2009; Ma et al. 2015; Lunning et al. 2015; Zhang et al.
2022). In part, their ubiquity can be attributed to the composi-
tional freedom accommodated by the C2/c pyroxene structure,
which hosts one large and distorted octahedral M2 site, one
smaller and more regular octahedral M1 site, and two tetrahedral
sites per six-oxygen formula unit. In particular, beginning from
the quadrilateral end-member diopside (M2CaM1MgTSi2O6),
there are several crystal-chemical means to accommodate
Al3� in the structure. The Tschermak substitution
(M1AlTAl)(M1MgTSi)–1 leads to the M2CaM1AlT(AlSi)O6 end-
member, which has been identified in nature as themineral kush-
iroite (Kimura et al. 2009). Alternatively, the Eskola substitution
(M2

□
M1Al)(M2CaM1Mg)–1 (where □ denotes a vacancy) leads,

after 50% substitution, to the “Ca-Eskola” component
M2(Ca0.5□0.5)

M1AlTSi2O6. The Tschermak substitution is

favored at low pressure (LP) and elevated temperature, whereas
the Eskola substitution mechanism is favored by elevated pres-
sure. Aluminum can also be charge-coupled to M2Na, leading to
the jadeite end-member or to recrystallization into other space
groups within the larger clinopyroxene family, such as ompha-
cite (McCormick 1986; McCormick et al. 1989; Schroeder-
Frerkes et al. 2016; Knapp et al. 2013, 2015; Konzett et al.
2008; Wood and Henderson 1978; Smyth 1980; Katayama et al.
2000). The Ca-Eskola and kushiroite components can be related
by a reaction involving a silica phase such as quartz, coesite, or
stishovite:

2 M2�Ca0.5□0.5�M1AlTSi2O6

⇌ M2CaM1AlT�Al0.5Si0.5�2O6 + 3 SiO2 (1)

Recently, Ma et al. (2022) described natural occurrences
of albitic jadeite, a clinopyroxene with vacancies onM2 coupled
to excess Si cations hosted on M1, M2(Na,Ca,□1/4)M1(Al,Si)
TSi2O6. Thus, this phase has clinopyroxene structure but
feldspar stoichiometry. This mineral forms from diaplectic
(i.e., shock-amorphized) feldspar glass along the albite-anorthite
join through shock metamorphism. It has been observed in sher-
gottites, terrestrial impactites, and L-chondrites (Ma et al. 2020,
2022; Baziotis et al. 2022a, 2022b, 2023; Stähle et al. 2022) that
experienced pressures in excess of 18–22 GPa. This observation
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