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Distribution of cations and vacancies and the structure of defects in oxidized intermediate
olivine by atomic-resolution TEM and image simulation
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ABSTRACT

The Fe, Mg, and vacancy distributions in oxidized olivine of intermediate composition
and the crystal structures of associated planar defects were examined by a combination of
atomic-resolution transmission electron microscopy, image analysis, and image simulation.
Simulated images using various structures and site occupancies show that the defects are
not laihunite-like layers within an essentially normal olivine, but instead are integral parts
of a highly oxidized crystal with a high degree of cation and vacancy ordering and a
distorted olivine structure. A possible new structure was derived as a variant of previously
published refinements for oxidized fayalite (laihunite-3M), with one defect row per unit
cell instead of two. Details in high-resolution images are extremely sensitive to variations
in atomic positions and site occupancies. Semiquantitative constraints on relative magni-
tudes of electron densities provided by image simulation were combined with crystal chem-
ical constraints based on local charge balance and compositional constraints from analytical
electron microscopy in a series of linear equations, which were solved to provide several
candidate models for the distribution of Fe, Mg, and vacancies. Simulations using the new
structure and an occupancy model in which essentially all of the Fe is Fe31 in M2 sites
and all of the vacancies are in M1 sites match significant characteristics of HRTEM images
obtained at Scherzer defocus and at overfocused conditions. This ordering scheme is sim-
ilar to that of true laihunites and may result from differences in site and cation sizes.

INTRODUCTION

Numerous papers have addressed site occupancies and
ordering of divalent octahedral cations in olivines. Recent
examples include Redfern et al. (1997) for FeMn and
MgMn olivines, Chakraborty (1997) for FeMg olivines,
Müller-Sommer et al. (1997) for CoMg olivines, and
Chen et al. (1996) for NiMg olivines. In contrast, little is
known about the structural modifications required to ac-
commodate significant quantities of trivalent octahedral
cations. Laihunite, an intermediate-temperature oxidation
product of fayalite (Kitamura et al. 1984; Kondoh et al.
1985) is the best-known example of a mineral displaying
these modifications. Published laihunite compositions
vary, but follow the general formula MxFe Fe SiO4

21 31
223x 2x

(Kondoh et al. 1985), where M represents vacancies and
x ranges from 0.24 to 0.5 (Kondoh et al. 1985; Schaefer
1985; Kan and Coey 1985; Kitamura et al. 1984; Tamada
et al. 1983; Shen et al. 1986).

Naturally occurring laihunites have been identified in
igneous and metamorphic rocks from various locations
(summarized by Schaefer 1985). Laihunite-like materials
also have been produced synthetically by oxidizing
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FeMg, FeCo, FeMn, and FeCa olivines (Khisina et al.
1995, 1996; Iishi et al. 1989a, 1989b), but have not been
studied in detail.

Laihunite has a distorted olivine structure (monoclinic,
a 5 918 in the unconventional space group P21/b with
unique a axis) (Tamada et al. 1983; Shen et al. 1986).
One-layer, two-layer, and three-layer polytypes (where a
‘‘layer’’ corresponds to a distorted olivine unit cell) have
been identified (references in Kondoh et al. 1985). X-ray
refinements of the average structure (Tamada et al. 1983)
and three-layer polytype (laihunite-3M; Shen et al. 1986)
show a strongly layered structure in which the M1 sites
are occupied by Fe21 and vacancies in alternate layers
parallel to (001), while the M2 sites are predominantly
occupied by Fe31.

Banfield et al. (1990) interpreted periodic and nonper-
iodic planar crystallographic defects in oxidized olivine
phenocrysts from basaltic andesites from the Abert Rim
(south-central Oregon) as intergrowths of olivine and a
naturally occurring Mg-rich, laihunite-like material. The
defect-bearing areas are one of three distinct alteration
assemblages in the phenocrysts: a magnetite-silica assem-
blage inferred to represent high-temperature oxidation of
the olivine; the defect-bearing areas, which were inferred
to represent intermediate-temperature (400–800 8C) oxi-
dation; and a low-temperature assemblage formed by hy-
drothermal alteration and weathering (Banfield et al.


