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abStract

Nano-precipitates of Guinier-Preston zones (or G.P. zones) occur in slowly cooled orthopyroxenes 
(OPX). Due to their nanometer sizes and intergrowth with host OPX, both X-ray diffraction and high-
resolution TEM imaging cannot provide a consistent structure model for the G.P. zone precipitates. 
Combining Z-contrast imaging and density functional theory (DFT) methods, a correct crystal structure 
for the G.P. zone precipitates can be obtained, because Z-contrast imaging can reveal positions and 
occupancies of atoms directly. The crystal structure for the G.P. zone has P21/c symmetry with 4 types 
of tetrahedral chains (OA1, OA2, OB, OC). The structure can be considered as periodic stacking of 
half unit cells of enstatite sub-layers and of diopside sub-layers in a twinning-like relationship along 
a-axis. The G.P. zones that precipitate out from their host Ca-bearing OPX at low temperature are 
metastable with respect to end-members of enstatite and diopside.
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introduction

Guinier-Preston zones (or G.P. zones) in orthopyroxenes 
(OPX) are nanometer-scale precipitates with composition be-
tween OPX and diopside (Di) (Champness and Lorimer 1973, 
1974; Buseck et al. 1980; Nord 1980; Takeda et al. 1982; Smyth 
and Swope 1990; Heinemann et al. 2000). The plate-like pre-
cipitates have thickness of one to several unit cells along a-axis 
(Nord 1980; Takeda et al. 1982; Langenhorst et al. 2006). It was 
proposed that the OPX crystals with G.P. zones are products 
of extremely slow cooling of their host rocks, especially those 
with multi-layer G.P. zones in extraterrestrial rocks (Nord 1980; 
Takeda et al. 1982; Smyth and Swope 1990).

It was proposed that multi-layer G.P. zones (i.e., several unit-
cells wide along a-axis) have structure with Pbc21 symmetry 
(Nord 1980; Buseck et al. 1980). The structure consists of two 
half-unit cell layers (or sub-layers) of diopside (Di) and enstatite 
(En) with ideal stoichiometry of CaMgSi2O6·(Mg,Fe)2Si2O6, or 
Ca(Mg,Fe)3(Si2O6)2. Ca atoms are ordered in octahedral strips 
with opposite skews (Nord 1980). However, Smyth and Swope 
(1990) proposed P21/c symmetry for G.P. zones with Ca atoms in 
octahedral trips with same skews within diopsode-like sub-layers. 
Reported unit-cell parameters for the Mg-rich G.P. zones are: a 
= 18.40, b = 8.83, c = 5.18 Å, and E = 90.0q (Smyth and Swope 
1990). A recent study indicates that the Ca atoms are disordered 
in diopside sub-layers based on high-resolution TEM (HRTEM) 
images (Langenhorst et al. 2006). The crystal structure for the 
G.P. zones in OPX still remains controversial.

We report new results from Z-contrast images of an OPX 
with G.P. zones, and a crystal structure model for multi-layer 

G.P. zones based on observed cation positions and ab initio 
calculation using density functional theory (DFT) methodol-
ogy. Scanning transmission electron microscopy (STEM) uses 
a high-angle annular dark-field (HAADF) detector to give the 
most highly localized 1s Bloch state imaging, which eliminates 
most of the obvious effects of dynamical diffraction (Kirkland 
2010; Pennycook 2002). Z-contrast images are HAADF images 
with atomic resolution. Multiple diffraction effects that appear 
in high-resolution transmission electron microscopic (HRTEM) 
imaging can be eliminated or minimized in Z-contrast imag-
ing, because Z-contrast imaging uses non-coherent elastically 
scattered electrons at high-scattering angle (Fig. 1a). Using a 
HAADF detector and annular bright-field (ABF) detector, both 
a Z-contrast image and an annular bright-field image can be 
obtained simultaneously (Fig. 1). Bright spots in the Z-contrast 
image correspond to positions of atom columns. The contrast is 
roughly reversed in ABF image (Figs. 1b and 1c). The intensity 
of Z-contrast images depends on the atomic number of atom and 
occupancy in the site through Zn (Kirkland 2010; Pennycook 
2002). The power “n” depends on experimental conditions. For 
the instrument used to acquire our images (FEI Titan 80-200 
aberration corrected scanning/transmission electron microscope), 
n values are 1.70, 1.97, 2.27, and 2.15 for camera lengths of 77, 
128, 160, and 196 mm, respectively (Shi 2013). Local composi-
tion and occupancy may be obtained from measured intensities. 
We can obtain positions of atoms directly over a large range of 
thickness, with Z-contrast to help distinguish columns of different 
atoms and their occupancies along the beam direction.

SampLe and eXperimentaL metHodS
Orthopyroxene megacrysts were collected from a norite pegmatite in Black 

Hill of Chengde, Hebei Province, North China. The OPX appears brown in color 
with (100) parting. The reported chemical formula for the OPX is
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