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A periodic antiphase structure model for the intermediate plagioclases (An,; to An;;)
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Abstract

Diffraction-pattern evidence and characteristics of transmission electron microscope images
suggest that the intermediate plagioclase superstructure is periodic antiphase in nature. A
description of the supercell utilizes the [T, ¢ = 14A subcell, and idealized models are
constructed for Angs, Ango, Ang, and An,,. In the idealized models, intermediate plagioclase is
a one-dimensional periodic antiphase structure that is slab-like and has a repeat unit of ds.
Each slab consists of two halves of equal thickness that have identical ordering schemes but
bear an antiphase relation to each other. The fault vector for this periodic antiphasing is R =
1/2 (a + b). Each half of the slab is composed of an albite-like layer that is Na-rich and has a
low-albite tetrahedral ordering scheme, and an anorthite-like layer that is Ca-rich and has
idealized /1, ¢ = 14A anorthite ordering. The antiphasing is detectable only through differ-
ences between successive anorthite-ordered regions.

The change in orientation and thickness of the slabs is revealed by the variation in location
and spacing of class e satellite reflections in the intermediate-plagioclase diffraction pattern.
Gay (1956) and Cole er al. (1951) characterized the orientation of class e reflections in An,s to
An,; intermediate plagioclase. Reexamination of their measurements shows that the slab
orientation for all compositions is nearly perpendicular to (100). Thus, the supercells are
described by one translation that is nearly normal to (100) and two other translations that lie
in (100) and vary in length and orientation. Models are constructed in the (100) projection
which provide a simplified illustration of changes in the periodic antiphase structure as a

function of composition.

Introduction

Idealized models of intermediate plagioclase for
Angs, Ange, Ang, and Ang are constructed by assum-
ing that the superstructure is a one-dimensional peri-
odic antiphase structure and that each periodic anti-
phase domain consists of an anorthite-like and an
albite-like region. The existence of periodic anti-
phasing was suggested by Sgrum (1951) and can be
inferred from the diffraction pattern of intermediate
plagioclase. Defect structures observed in transmis-
sion electron microscope (TEM) images (McConnell
and Fleet, 1963; McConnell, 1974; Morimoto et al.,
1975a, b; Grove, 1976a, 1977) are also consistent with
the existence of periodic antiphase domains. Struc-
tural analyses based on X-ray intensity data are con-
sistent with the presence of Ca-rich and Na-rich do-
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mains (Toman and Frueh, 1976a, b; Kitamura and
Morimoto, 1975).

Reevaluation of the data of Gay (1956) and Cole et
al. (1951) indicates that the orientations of the peri-
odic antiphase boundaries for all intermediate plagio-
clases are nearly perpendicular to (100). Therefore, a
supercell description is chosen that has one axis per-
pendicular to (100) and two axes lying in (100). This
supercell is used to construct idealized structures for
Angs, Ang,, Ang, and An,; plagioclase.

Diffraction geometry of intermediate plagioclase

The diffraction pattern of intermediate plagioclase
contains class a reflections (h + & = 2n,/ = 2n) and a
pair of e satellites that surround the position of the
class b reflections (A + k = 2n + 1,/ = 2n + 1) which
are absent. In plagioclase with anorthite content
greater than An;; a pair of f satellites surround a
reflections. The e satellites are interpreted to result
from a special type of superstructure that contains
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Fig. 1. (a) Orientation of s as a function of composition. Stereographic projection with b vertical. Numerals indicate the chemical com-
position of intermediate plagioclase. Data from Cole et al. (1951), Gay (1956), and Grove (1976a). (b) Deviation of s from (100).
Stereographic projection using Ang cell dimensions. b axis is vertical. Dashed line indicates measurement uncertainty of Gay (1956). x’s

are the orientations assumed in the construction of Figs. 4 and 5.

antiphase domains with /T symmetry. The antiphase
vector is the translation R = 1/2(a + b) that is lost in
the transition from (CTT, ¢ = 7A) to (IT, ¢ = 14A)
symmetry (Miiller ez al., 1972, 1973; McLaren and
Marshall, 1974). Weak and diffuse class ¢ (h + k =
2n,1 =2n+ 1)anddh + k = 2n + 1,1 = 2n)
reflections have also been noted in the diffraction
patterns of intermediate plagioclase (Cole et al.,
1951). These reflections are not treated in detail inthis
discussion. They may represent the formation of
short-range ordered An-rich domains with PI, ¢ =
14A symmetry, and probably develop at low temper-
atures as the result of late-stage ordering processes.
The size and orientation of the intermediate-
plagioclase supercell varies as a function of composi-
tion. The change in periodicity and orientation of the
superstructure was characterized by Bown and Gay
(1958), who described the positions of the two class e
reflections about a b reciprocal lattice position by the
vectors s and —s drawn from the b position to each e
satellite: s = dha* + 6kb* — dlc* and —s = —dha* —
0kb* + 6ic*. The class freflections are located about
class a reflections by a vector of magnitude and orien-
tation 2s or —2s. The change in orientation of s as a
function of composition is shown in stereographic
projection using the data of Gay (1956), Cole et al.
(1951) and Grove (1976b) (replotted in Fig. la using
reciprocal lattice dimensions of Ang intermediate

_ plagioclase). Bown and Gay noted that the orienta-

tion of s changed from being approximately parallel
to [103]* for Any, to approximately parallel to [032]*
for An,;. They also determined the magnitude of s,
the spacing between an e satellite, and the position of
a b reciprocal lattice point and its reciprocal value
1/]s|, or d,.

Characteristics of a periodic antiphase structure

A one-dimensional periodic antiphase structure
consists of two slabs that are equal in thickness and
bear an antiphase relation to one another. In inter-
mediate plagioclase the slabs are oriented per-
pendicular to s, and a complete repeat unit has a
thickness d,. In one d, unit an antiphase boundary is
encountered twice. For a periodic antiphase structure
it is convenient to use the magnitude 2s and its recip-
rocal ds (2s is referred to as t and d,, as T by Smith,
1974, p. 150-176, 483-496). It is only necessary to
consider ordering schemes for a d, region, since the
ordering scheme in the other d, region that makes up
the complete d, superstructure repeat is identical, but
is in antiphase relation to the first dy, region. d, also
corresponds to the reciprocal of the spacing between
an e satellite pair or an q reflection and an f satellite
and is the periodicity observed in TEM superlattice-
fringe images. The spacing d,, is plotted as a function
of bulk plagioclase composition in Figure 2, using the
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Fig. 2. Values of dy, plotted as a function of chemical composi-
tion. Circles are from Gay (1956), triangles from Cole et al. (1951),
and squares from Grove (1976a). x’s are values assumed in con-
struction of Figs. 4 and 5.

data from Gay (1956), Cole et al. (1951), and Grove
(1976b).

One-dimensional periodic antiphase structures
were first identified in copper-gold alloys by Johann-
son and Linde (1936) [AuCull] and Scott (1960)
[AuCu;ll], and are characteristic of many binary al-
loy systems (Sato and Toth, 1965). The diffraction
patterns of the alloys are quite similar to that of
intermediate plagioclase. In addition, defect struc-
tures observed in TEM images of both intermediate
plagioclase and binary alloys are very similar. The
TEM images of superlattice fringes and of super-
structure defects observed in the alloys CuAull and
CuAull (Glossop and Pashley, 1959; Pashley and
Presland, 1959; Marcinkowski and Zwell, 1963) bear
a striking similarity to those observed in intermediate
plagioclases (McConnell and Fleet, 1963; McCon-
nell, 1974; Grove, 1977).

A simplified calculation can be performed to show
that the diffraction pattern of intermediate plagio-
clase is consistent with the existence of a periodic
antiphase structure. The calculation assumes; (1) the
structure is a periodic antiphase structure with I, ¢ =
14A subcell symmetry, and (2) the antiphase vector is
1/2(a + b). The calculation follows that of Johann-
son and Linde (1936) and for simplicity the cell of
plagioclase is chosen so that the ¢ translation is paral-
lel to s and the superstructure repeat M is an integral
number of unit cells. Thus, the superstructure is a
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slab that has a thickness of M cells. In one repeat unit
of the superstructure the M/2 cells along ¢ bear an
antiphase relation to the remaining M/2 cells. The
structure of each M/2 cell layer is the same, but one
layer is out-of-phase with respect to the other by the
antiphase vector 1/2(a + b). Therefore, the total
scattering amplitude of the crystal can be described
by:
M/2

. /
Etm = [I.F.][Fsubce]l] [Z €EXp <127T ";‘17)
m=1

M

+ exp(im[h + k]) Z )HexP <i27r_r/ln—/[1>:l

m=(M/2

where the expression includes the interference func-
tion (I.LF.) for the superstructure and a term that
sums over the M subcells (wherem = 1,2, 3, .- M)
of the superstructure. [F subcell] is the structure fac-
tor for each I T subcell, and M /2 of the subcells are in
an antiphase relation to the first M/2 subcells. Four
cases must be considered for /T symmetry;

(1) h + k = 2n where ] = nM (n an integer) with /
even. Then,

M/2

Et,()t = [I-F-][FsubceII] [Z cexXp (127rnM) +

m=1

i exp (i27rnM):| = [LLF.] i [Fsubcen]

m=(M/2)+1
(i.e., there will be a reflections)

(2) h = k # 2n wherel = nM (n an integer) with /
odd. Then,

Eio = [I-F-][Fsubcell]

[nﬁf exp (i2xnM) + exp (ir[h + k])

m=1

rv_: exp (i27rnM)} = [I.F.]

m=(M/2)+1
M2 M
[Z [Fsuncen] — Z [Fsubcenl | = 0
m=1 m=(M/2)+1

(i.e., there will be no intensity in the b reflection
position).
For [ # nM (the positions of satellite reflections),

| — exp (iwl)

1 — exp (1’277 ﬁ)
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The expression for the scattering amplitude becomes:
Et()t = [I‘F~][Fsubcell][l — C€Xp (i?l'[h + k])]
1 — exp [in!]

1 — exp |:i27r JAZ]

B)h+k=2n
Eror = 0
(i.e., no satellites about g reflections as a result of the
antiphasing)
@ h+ k#2n
for / even
Eror =0
and for /[ odd
4
Eio = [I-F-][Fsubcell] | — ex [’.2” le
Ly M

(i.e., intensity in the position of the b reflections)

The calculation correctly predicts the observed dif-
fraction patterns for intermediate plagioclase and
shows that class a and e reflections are present and b
reflections are absent as the result of periodic anti-
phasing. The calculation does not explain the pres-
ence of fsatellites. Satellites analogous to /°s found in
the Cu-Au alloys have been accounted for by dis-
tortions in individual antiphase domains (Glossop
and Pashley, 1959). The satellites about a reflections
have the periodicity of one periodic antiphase do-
main, and their presence may be related to changes in
atomic positions caused by the distortions expected
to occur in an individual domain near an antiphase
boundary as well as by the process of ordering Ca
and Na in subcells.

A description of the intermediate plagioclase supercell

Megaw (1960a, b, c) proposed a cell description
and a structure model for intermediate plagioclase
and redefined the C1, ¢ = 7A cell to a primitive cell
with the translations 1/2[311], 1/2[110], and a. This
cell has been modified by Kitamura and Morimoto
(1975), who kept the first two translations and chose
a third that changed in orientation and magnitude as
a function of composition. 1/2[311} was chosen be-
cause Bown and Gay (1958) determined this to be the
pole of the plane containing all s vectors. The Megaw
cell adequately describes the structure, but a cell de-
scription that shows the changes in superstructure
size and orientation in two dimensions would be use-
ful. In this way it may be possible to get some insight
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on superstructure ordering schemes that are consis-
tent with the symmetry of the plagioclase subcell.
The orientation of s is replotted (Fig. 1b) with
respect to the direct lattice translations of the 14A
cell. The striking relation between the orientation of
the s vectors and (100) is evident, and two axes of
variable magnitude are chosen in this plane as re-
quired by the superstructure size for a particular
composition. The lattice translation [401] is nearly
perpendicular to (100) and is chosen as the third
translation direction. The deviation of s from (100) is
less than +5° (Fig. 3b) over the range Ang to Ang,
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Fig. 3. (a) Angle between s and the b axis. (b) Deviation of s
from (100) in degrees. Calculated as a*-s. (c) angle between s and
the ¢ axis. Symbols are the same as in Fig. 2.
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and within +10° over the entire range (the uncer-
tainties involved in the film measurement are on the
order of £10°, Gay, 1956). A value of s determined
by McLaren (1974) for An,; is omitted, because val-
ues for 64, 6k and 8/ are unpublished at the time of
writing.

Modeling the periodic antiphase structure

Previous models

The reader is referred to Smith and Ribbe (1969)
and Smith (1974, p. 150-174, 483-496) for an up-to-
date review of structural models for intermediate
plagioclase, but some of the more significant contri-
butions to understanding the intermediate plagio-
clase structure will be briefly summarized. From the
time of Chao and Taylor (1940) to the present, the
idea of albite-like and anorthite-like domains has
been included in structural models. Some X-ray con-
firmation of the existence of compositional segrega-
tions comes from average structure refinements (in
the C17, ¢ = 7A cell) of intermediate plagioclases.
The analyses show that average cell tetrahedral-site
occupancies are consistent with the presence of low
albite-ordered regions in the supercell (Phillips et al.,
1971; Toman and Frueh, 1973a; Ribbe, 1975). On
prolonged heating the e and f reflections become
diffuse and weak and eventually disappear (Gay and
Bown, 1956; Bown and Gay, 1969; McConnell,
1974), suggesting that the atomic arrangements in-
volve the ordering of Al and Si atoms in tetrahedral
sites. Average structure refinements have also re-
sulted in large anisotropic temperature factors for the
alkali atom sites, interpreted as positional disorder
from Ca and Na ordering within the superstructure.
Superstructure analyses by Toman and Frueh (1971;
1972; 1973a; b, c¢; 1976a, b) and Kitamua and Mori-
moto (1975) have succeeded in identifying the atomic
coordinates of alkali atoms in individual subcells of
the supercell, and show that alkali positions occupied
predominantly by Ca in one portion of the structure
alternate with regions occupied by Na. The structural
analysis of Kitamura and Morimoto (1975) has also
deduced the existence of periodic antiphasing.

A model based on the (100) projection

An idealized model is constructed using the infer-
red periodic antiphase nature of the superstructure
and the (100) projection. The existence of albite-like
and anorthite-like domains relies on the results of
structural analyses. Supercells are chosen for the
compositions Ang, Ang, Ang, and An,;, because

these compositions can be modeled using integral
numbers of subcells in their supercell. The experi-
mentally determined values (Fig. 3a, ¢) for the orien-
tation of s are plotted on (100) along with the experi-
mentally derived values of dy (Fig. 2), and an
appropriate supercell is chosen (Fig. 4). The choice is
not intended to be totally rigorous. Since there is
quite a spread in reported values of s, some artistic
license is exercised in the choice of cell. A continuum
of supercell sizes and orientations exists in natural
intermediate plagioclase, and the arguments made in
following sections that model the superstructure in
terms of ideal structural units are intended to point
out the symmetry constraints on the supercell and the
periodic antiphase relations. It is not the purpose of
the discussion to prove that the real intermediate
plagioclase superstructure corresponds to the ideal
model composed of an integral number of ideally-
ordered cells.

Alkali site ordering scheme

The (100) projection is plotted along with crys-
tallographically-distinct Ca(00) and Ca(0z) alkali
sites in the /1 cell for Ang, Ans, Ang, and Ang
supercells (Fig. 5). Lines plotted perpendicular to s
and hence parallel to the position of the periodic
antiphase boundaries are spaced every d,,, the repeat
unit of each periodic antiphase domain. (The periodic
antiphase boundaries are vertical in this projection.)
Once the orientation and spacing between periodic
antiphase boundaries are determined, a structure can
be guessed by filling crystallographically similar sites
with either Ca or Na atoms in a manner that results
in alternating anorthite-rich and albite-rich bands.
Knowing the bulk composition of the phase, the cor-
rect proportions can be placed in one dy repeat unit.
Note that by plotting the alkali sites it is possible to
choose the number of subcells in one supercell repeat
unit. The vertical cell dimension lies within the peri-
odic antiphase boundary for all compositions. The
other two translations are in the (100) plane, one
chosen parallel to the periodic antiphase boundary
(Ang; = b, Ang = 3b + ¢, Angs = 3b + 2¢, Any = 3b
+ 4c) and the third translation chosen parallel to ¢
(Ang; = 3¢, Ang, = 4c, Ang = 6¢, Angs = 12¢). The
complete cells are shown in Figure 4, and ordering
schemes for one-half of the cell are shown in the
alkali site projection (Fig. 5).

It is only necessary to show a dy unit of the com-
plete cell (d), since the ordering scheme proposed for
the first portion is in antiphase relation to the second
portion by R = '(a + b). For the alkali sites this
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Fig. 4. Cells chosen to describe the intermediate-plagioclase
superstructure. A complete d, unit is shown in the (100) projection.

means that the atomic positions of the Na atoms in
the first dp, portion and the second faulted d,, portion
are indistinguishable. The atomic positions of Ca in
the second faulted do portion will be displaced with
respect to the atoms in the first dys region by the
deviation of crystallographically distinct Ca, sites
and Ca, sites in an IT cell from their CT average
position. Thus, the two dy portions have the same

ordering scheme, but in terms of atomic site coordi-
nates the positions of the Ca atoms in the first d,,
portion of the cell will not superimpose with the
second portion. If the Na-rich portion of the super-
structure has the albite structure, there will be no
difference between the first d,, albite-like region and
the second d,, albite-like region.

Consequences of periodic antiphasing

The consequence of periodic antiphasing in terms
of the alkali atom positions is to slightly shift the Ca
atoms. The small differences in alkali site positions
between a dy, unit and its faulted equivalent are not
known in detail, but the IT aspects of the tetrahedral
equipoints show the antiphasing very well. There are
four crystallographically-distinct tetrahedral sites in
ideal low-albite, of which T,0 contains all the Al
atoms and Tym, T,0 and T,m contain only Si. The
loss of symmetry that results in ordering anorthite on
the /71, ¢ = 14A scheme generates two crystallo-
graphically distinct sites, 7,00 and T,0z, etc. for a
total of eight crystallographically distinct tetrahedral

(100)

“ % [ o © [ o
t*. . . - -
'Foe % % [ % [ o

Fig. 5a. (100) projection of the alkali sites using the /T cell. Small
circles are Cagoo, large circles are Cag,oo. Superstructure periodicity
and orientation are taken from Figs. 2 and 3; b and ¢ axes lie in
plane of paper, [401] is vertical. Ang. (b) Ans, (c) Ang (d) Ay,
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Fig. 5b. (100) projection, Ang,.
(100)

Fig. 5c. (100) projection, Ang,.

Fig. 5d. (100) projection, Ang.

sites. In an ideally ordered IT, ¢ = 14A anorthite
structure, half the sites contain Al, half contain Si,
and all 7-O-T" bonds are the type AI-O-Si. No
change results when the antiphase vector [R = Y3(a +
b)] operates on the albite-ordered region, because
Ya(a + b) is a symmetry element of the CT, ¢ = 7A
albite ordering scheme. However, the effect of carry-
ing out the antiphase operation on the IT anorthite-
ordered framework is to reverse the Al/Si occu-
pancies of the tetrahedral sites and change the posi-
tions of the oxygen atoms.

An example of the tetrahedral-site distribution for
an idealized An,, superstructure is shown in Figure 6.
Tetrahedral sites that contain Al are shown in gray,
and those containing Si are white. Choose a tetrahe-
dral site in the anorthite-ordered region (e.g., a in
Fig. 6) that contains Si, now translate to the anorthite
region in the next periodic antiphase domain. The
tetrahedral site occupancy is reversed (a’ now con-
tains Al), and Si-bearing tetrahedra in the first anor-
thite region are occupied by Al in the antiphase-
related region. Carrying out a similar operation in an
albite ordered region (b) and the next fault-related
albite region (b') shows that antiphasing does not
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Fig. 6. (100) projection showing the tetrahedra in the An,, superstructure model. Dark tetrahedra contain Al. Light tetrahedra contain
Si. The positioning of the APB is arbitrary and only needs to be chosen within the albite region.

affect this CT-ordered portion of the supercell unit. It
does not seem necessary to designate any particular
plane within the superstructure as an antiphase
boundary (APB), and it seems adequate to choose it
somewhere inside the albite region and then at the
same position in each successive d, unit. The many
beam direct-lattice images of Morimoto et al. (1975a)
splendidly show this aspect of the intermediate
plagioclase structure. Their Figures 2 and 3 show
regions in which antiphasing is not detectable (albite-
like) and regions in which it is present (anorthite-
like). A result of connecting the low albite-ordered
and IT anorthite-ordered frameworks is to generate

Al-O-Al bonds (marked by x’s in Fig. 6). This is an
unavoidable consequence, because the aluminum-
bearing T,0 sites in albite will connect to tetrahedra
in the anorthite portion that contain both Al and Si
atoms, and the ideal model results in AI-O-Al bonds.
Al-O-Al bonds are avoided when possible, as shown
by the existence of only Al-O-Si bonds in I and PI-
ordered anorthite (Megaw et al., 1962) and margarite
(Bailey, 1975). The evidence from Kitamura and
Morimoto’s structure solution suggests that the com-
position of the Ca-rich and Na-rich regions of the
structure are Ang, and An,, respectively. This may
give rise to an averaging in the real structure of
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intermediate plagioclase and allow Al-O-Al bonds to
be successfully avoided. Thus, the problem of gener-
ating Al-O-Al bonds at every albite-anorthite inter-
face encountered by this ideal model suggests that the
real intermediate plagioclase structure does not ap-
proach the idealized configuration of pure Ca and Na
regions.

The superstructure models allow some speculation
on the compositional range over which intermediate
plagioclase is present. The idealized model for Ang,
represents a lower limit for a scheme consistent with
anorthite-albite regions ordered on /1 subcell sym-
metry. The next most likely ordering scheme is pure
C1, ¢ = 7A albite. Since the assumption of pure albite
and pure anorthite domains is probably incorrect,
intermediate-plagioclase structures may exist for
compositions less calcic than Angs, but a careful char-
acterization of the peristerite two-plagioclase inter-
growths must be made before absolute limits can be
set. It appears that one could construct larger and
larger ordered periodic antiphase structures for the
calcic intermediate plagioclase, and evidence for
long-period superstructures is suggested by the large
dys measured in an An,; specimen by McLaren
(1974). Transmission electron microscope studies
(Grove, 1977) confirm that the same limit set by Cole
et al. (1951) of An,; is a likely upper limit for inter-
mediate plagioclase. In addition, the TEM observa-
tions reveal that plagioclase with bulk composition in
the range Ang to Ang, consists of complex two-phase
intergrowths of /T bytownite and intermediate
plagioclase of variable s. Ang intermediate plagio-
clase and Ang, bytownite (PI, ¢ = 14A) intergrowths
are found in plagioclase samples that cooled under
metamorphic conditions, and this coexisting pair
may represent the closest approach to equilibrium,
[The results of Voll may indicate that even greater
degrees of equilibration exist (Smith, 1972).] Thus,
any plagioclase in the Ang to An,; range must be
characterized carefully, since it may be a two-phase
intergrowth consisting of intermediate plagioclase
and a calcic bytownite.
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