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abstraCt

Pyroxene exsolutions and associated Fe–Ti oxides and spinels are described in a sample of olivine 
gabbro representing the Middle Zone of the Panzhihua layered intrusion, Southwest China, part of 
the Emeishan LIP. High-angle annular dark-field scanning transmission electron microscope imaging, 
electron diffraction, and energy dispersive spectroscopy reveal complex multi-stage exsolution relation-
ships in the host clinopyroxene. The studied assemblage is common in gabbroic rocks and comprises 
subcalcic diopside and lamellar clinoenstatite (<1 wt% Ca). Two sets of exsolved clinopyroxene lamel-
lae are observed. Only one is, however, well developed as lamellae oriented approximately parallel to 
(801) of diopside, making an angle of ~10 to 11° with the (100) planes, or the c axis, of both phases. 
These are the so-called “100” lamellae with a perfect fit along a-crystallographic axes when viewed 
down to [010] zone axis. Crosscutting exsolutions of Fe–(Ti) oxides are relatively common throughout 
the same host clinopyroxene. Apart from ilmenite and magnetite with variable Ti-content, hercynite 
is a minor yet ubiquitous phase. The nanoscale study indicates a sequence of fine-scale processes: 
from higher-T (~1030–1100 °C): (I) (clino)enstatite exsolutions in low-Ca diopside; followed by (II) 
slightly Ca-richer diopside overgrowths and high-T titanomagnetite exsolution in diopside; to lower-T 
(<450 °C) (III) titanomagnetite exsolutions into ulvöspinel + magnetite; followed by (IV) sub-solidus 
re-equilibration in clinopyroxenes and among Fe–Ti oxides + hercynite. Using exact phase boundary 
theory, pressures of lamellar exsolution within the host diopside are estimated as ~2 GPa with an error 
of ± ≤1 GPa. The present study of complex exsolutions in clinopyroxene demonstrates that a nanoscale 
approach can help constrain P-T-X evolution during formation of layered intrusions.
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introduCtion

Natural clinopyroxenes of intermediate composition within 
the CaMgSi2O6–CaFeSi2O6–Mg2Si2O6–Fe2Si2O6 quadrilateral 
are frequently observed to exsolve into lamellae of Ca-rich 
and Ca-poor composition, i.e., pigeonite in augite or diopside 
(Figs. 1a and 1b) (Buseck et al. 1980). The exsolution structure 
of pyroxene is not only found in terrestrial rocks (Moore et 
al. 2001) but also lunar and meteorite samples (Ferraris et al. 
2003). Analysis of pyroxene exsolution enables cooling rates 
and geological evolution to be constrained (McCallister 1978).

Augite with pigeonite exsolutions and vice versa are known 

from layered intrusions: e.g., Duluth Gabbro and Stillwater Com-
plexes, U.S.A.; Bushveld Complex, South Africa; Skaergaard 
Intrusion, Greenland (Robinson et al. 1971, 1977 and references 
therein; Nakajima and Hafner 1980; Kitamura et al. 1981). 
Relative lattice orientations between two exsolved phases can 
be used for application of the theory of optimal phase boundar-
ies (Bollman 1970; Robinson et al. 1971, 1977) and subsequent 
calculation of exsolution temperatures (Robinson et al. 1977) and 
pressures based upon them (Liu et al. 2007; Zhao et al. 2017).

Lattice orientation can be obtained by single-crystal X-ray 
diffraction, transmission electron microscopy (TEM), and elec-
tron backscatter diffraction (EBSD). Terminology to describe 
exsolution lamellae of “monoclinic pyroxenes in monoclinic 
pyroxene hosts” has varied in the literature. Robinson et al. 
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