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Abstract
It is commonly found that deformation twinning response to plastic deformation results in structural
variations at a twin boundary (TB). Chemical heterogeneity at a TB, compared to the host, however,
has rarely been reported. An augite sample with a high density of deformation twinning lamellae from
Lofoten, Norway was examined using high-resolution transmission electron microscopy (HRTEM)
and energy-filtered TEM (EFTEM) techniques to characterize both structural and chemical variations
at a TB.
HRTEM experimental results combined with high-resolution image simulation unambiguously
resolve the augite deformation TB structure as a half unit cell of orthopyroxene. EFTEM images at
TB demonstrate that Ca is depleted, whereas Fe is enriched at this sub-nanometer scale (0.9 nm) interface. In addition, distance-least-squares (DLS) program was applied to verify that the TB structure
is geometrically stabilized by substitution of Fe for Ca.
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Introduction
The general structure of pyroxenes is well established, and
a comprehensive review was provided by Cameron and Papike
(1980). The essential feature of the structure consists of a single
chain of linked SiO4 tetrahedra parallel to the c axis with octahedral cations of larger size sandwiched between the tetrahedral
ribbons. There are two distinct octahedral sites, M1 and M2 as
denoted in Figure 1. Here calcic pyroxene [augite-Ca(Mg,Fe)
Si2O6] is taken as an example. The M1 site is a fairly regular
octahedron, which is occupied by relatively smaller cations,
such as Fe and Mg. While the M2 is an irregular, eightfoldcoordinated site, it generally accommodates larger cations like
Ca. The dependence of the pyroxene structure on chemical
variations in the M1 and M2 sites can be demonstrated simply
in terms of octahedral stacking sequence + or – [+ and – are
indicators of octahedral skew as discussed in Thompson (1981)
and Veblen (1981)]. Documented pyroxene polymorphs show
that octahedral skew reversal (+ – in protoenstatite and + + – –
in othopyroxene) is only possible when the M2 site is occupied
by Fe and Mg cations. If Ca is the cation present at the M2
site, only one type of octahedral skew orientation (+ + or – – in
augite) is allowed (Cameron and Papike 1980). However, not
all pyroxene crystals consist of these perfectly periodic structure
types. There may be isolated “mistakes” in the ideal stacking
sequence, resulting in stacking faults or twinning (Veblen and
Buseck 1979; Thompson 1981).
Evidence shows that twins and stacking faults on the (100)
twin plane are far less abundant in calcic pyroxenes like augite
than they are in low-Ca types, such as pigeonite and orthopyrox-
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ene. Several cases of augite deformation twinning that has been
reported so far are either a result of shock loading in meteorites
or the product at high-pressure experiments (Wenk 1970; Kirby
and Christie 1977; Leroux et al. 2004). The paucity of such twinning in augite has been attributed to the high energies associated
with octahedral skew reversals in pyroxenes where the M2 site
is occupied by larger cations, i.e., Ca (Smyth 1974).
The structural mechanism of the augite (100) deformation
twin is similar to that of diopside, which was proposed by Kirby
and Christie (1977). They stated that the (100) octahedral chains
are sheared due to deformation, and tetrahedral chains act as
twin planes that bridge the region where the octahedral chains
are sheared in the twinned part and where they are not in the
host (Fig. 2). In addition, structural adjustment after twinning
needs a b glide twin operation, i.e., b/2 translation and reflection on (100), in the middle of the tetrahedral chain to preserve
tetrahedral coordination and chain structure of the layer. Hence,
the octahedral skews are reversed in the twinned diopside compared to those in the host. The twin boundary structure, unlike
diopside itself, is described characteristically as (+ –) in terms
of octahedral skew denotation.
However, tetrahedra at the (100) twin plane are extensively
distorted as a result of octahedral skew reversal when the M2
site is still occupied by Ca. Two indices commonly used to
characterize deviations from polyhedral regularity, i.e., quadratic
elongation, <λ>, and bond angle variance, σ2, defined as in Table
1, can be applied to quantitatively demonstrate that the current
twin boundary structure model is geometrically unfavorable
(Robinson et al. 1971). Like tetrahedral chains, which are located
between octahedral layers of opposite skew in orothopyroxenes,
distortions of the tetrahedra at an augite twin boundary would
be minimized by extensional rotation (straightening) of the
chains, which in return could result in chemical variations at M2
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