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abstract

Ca-Na ordering and structural polarity of subcells in an intermediate plagioclase with modulated 
structure have been observed using Z-contrast imaging with an aberration-corrected scanning transmis-
sion electron microscope. Neighboring lamellar domains with I1 symmetry are related by inversion 
twin operation, instead of anti-phase domain boundaries (or APBs) as in all previously reported struc-
ture models. The boundaries between lamellar domains have I1 symmetry instead of C1 symmetry. 
Modulated plagioclase has unique Ca-Na and Al-Si ordering structure that is different from those in 
end-member structures of anorthite and low albite. The modulated structures of intermediate plagioclase 
are not metastable structures formed during phase transition, but instead thermodynamically stable 
structures at low temperature due to Ca-Na ordering within the subcells with I1 symmetry.
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introduction

Although plagioclase feldspars are the most abundant 
mineral in the Earth’s crust, their crystal structures and the 
formation mechanism of modulated structure in intermediate 
plagioclase have been an enigma for decades beginning with the 
first discovery of modulated structure in 1940 (Chao et al. 1940; 
Kirkpatrick et al. 1987; McConnell 2008; Smith and Brown 
1988). Low temperature intermediate plagioclase feldspars 
(~An25–An75) display major a-reflections (l = 2n, h+k = 2n) and 
extra satellite reflections (e- and f-reflections) that character-
ize incommensurate modulated structures, or e-plagioclase 
(Ribbe 1983; Smith and Brown 1988). The e-reflections are 
pairs of satellite diffraction spots neighboring b reflections (l 
= 2n+1, h+k+l = 2n), although the b-reflections do not appear. 
The f-reflections are pairs of weak satellite diffraction spots 
neighboring a-reflections (Ribbe 1983). Crystal structure mod-
els for modulated plagioclase still remain controversial. For 
example, multiple structure models have been proposed based 
on the exact same set of experimental data (Horst et al. 1981; 
Yamamoto et al. 1984). Modulated structure and its formation 
mechanism affect subsolidus phase relations in intermediate 
plagioclase feldspars (Carpenter 1994; Grove et al. 1983; 
Smith and Brown 1988). It is important to understand crystal 
structure of modulated structures in intermediate plagioclase. 
All proposed structure models based on X-ray diffraction and 
transmission electron microscopic studies can be categorized 
into two groups:

(1) Periodic alternating lamellae with anorthite (I1) struc-
ture in anti-phase relationship with a stacking vector of ½ c, 
or ½ [a+b]: An···An*···An··· (McConnell and Fleet 1963; 

Cinnamon and Bailey 1971; Megaw 1960; Steurer and Jagodz-
inski 1988; Horst et al. 1981; Wenk and Nakajima 1980). The 
symbols An and An* represent plagioclase lamellar domains 
with anorthite-like structure in anti-phase relationship. The 
boundaries (APBs) will have C1 symmetry.

(2) Periodic alternating lamellae with anorthite (I1) and 
albite (C1) structures. Anorthite-like lamellae are in anti-
phase relationship with albite-like domains at the boundary 
(i.e., anti-phase domain boundary or, APB) positions: 
An···Ab···An*···Ab···An··· (Grove 1977; Kumao et al. 1981; 
Nakajima et al. 1977; Kitamura and Morimoto 1977; Toman 
and Frueh 1976; Smith and Ribbe 1969; Yamamoto 1982; 
Yamamoto et al. 1984). This group of models displays density 
modulation (or compositional variation along the modulation 
direction) in addition to the anti-phase relationship.

All proposed models are based on anorthite and albite-like 
subunits. However, Al-Si ordering (like Al occupancy in T10 
site) and electron density mapping of Ca-Na atoms indicate that 
the incommensurate modulated structure is not a mixture of low 
albite and anorthite subunits based on the average structure of 
modulated plagioclase feldspars studied to date (Kitamura et al. 
1984; Ribbe 1983; Smith and Brown 1988; Wenk et al. 1980).

sample and eXperimental metHods
The studied bytownite sample is from an anorthosite in Roosevelt, Kiowa 

County, Oklahoma. The composition of plagioclase ranges from cAn65 to cAn75 

(Powell and Fischer 1976). A plagioclase crystal with cAn70 was selected for 

Z-contrast imaging analyses. Composition of the crystal grain was analyzed 

using X-ray energy-dispersive spectroscopy (EDS) methodology after acquir-

ing Z-contrast images. The k-factors for Na, Ca, and Al, which are required for 

quantitative EDS analyses of the plagioclase were determined using standards 

of albite and a synthetic anorthite. The crystal displays homogeneous modulated 

structure without any exsolution lamellae.

Scanning transmission electron microscopy (STEM) analyses were carried 

out using a FEI Titan 80-200 aberration-corrected STEM operated at 200 kV. 

American Mineralogist, Volume 100, pages 510–515, 2015

0003-004X/15/0203–510$05.00/DOI: http://dx.doi.org/10.2138/am-2015-5022      510 

* E-mail: hfxu@geology.wisc.edu


