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Mechanisms and kinetics of Al-Si ordering in anorthite: I. Incommensurate
structure and domain coarsening
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Ansrnlcr

The first crystals to form on heating anorthite glass at temperatures of - I100-1400 "C
have substantial Al-Si disorder. This metastable disorder is reduced by prolonged an-
nealing, and the ordering process has been followed by transmission electron microscopy.
Ordering initially gives rise to an incommensurate superstructure with diffuse type e re-
flections in electron diffraction patterns. As a function of annealing time the e reflections
change orientation and become sharper and closer together. The measured spacings and
orientations of the incommensurate repeat are remarkably similar to those shown by
crystals of the ordered intermediate plagioclase feldspar solid solution and depend pri-
marily on the degree of order attained rather than on composition. At longer annealing
times, the incommensurate structure gives way to the stable 11 ordered state in an appar-
ently continuous manner; the activation energy for this transition was found to be 135 +

14 kcal/mol. Type b APDs then coarsen according to the expected rate law

6, - 66 : nk e-^H'/r.z")(t - to)

where n is constrained to have values betweet -2 and -2.6, k is between 0.44 x l0 a

A, /h1for  n:2)atd32.6426/h( forn:2.6) ,andAf/* isbetween l2 l  and l52kcal /mol .
A qualitative picture of the incommensurate structure as arising from the interaction of
two component ordering schemes with Cl and 1I symmetry is outlined. The order param-
eters for these two component structures could have strong interactions via their associated
elastic strains.
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with compositions between -An, and -Anrr. A prelim-
inary report of this IC structure has been given by Car-
penter and Salje (1989).

ExpnnrivrnNTAl. METHoDS

All the observations presented in this paper and the
accompanying paper (Carpenter, l99lb) were made on
anorthite crystals synthesized from 250 g of glass. This
glass was produced at the National Physical Laboratory
by melting reagent grade SiO, and AIrO, with natural
calcite at -1680 "C in a Pt bucket for -3 h. The melt
was stirred at an intermediate stage before being poured
into a steel mold and then allowed to cool in air. The
resulting block of clear glass was finally annealed at -800

"C for -30 min to relieve internal stresses. Electron mi-
croprobe analysis of a section of the glass showed that,
within normal experimental uncertainty limits, the com-
position was stoichiometric CaAlrSirOr.

Crystallization of the glass was carried out at temper-
atures of I100, 1200, 1300, and 1400'C. Approximately
0.4,0.45, or 0.5 g batches of glass, sawn into cubes with
edge dimensions of -2 mm, were wrapped in Pt foil en-
velopes, placed in Pt buckets, and lowered into standard
vertical resistance furnaces. Temperature was monitored
throughout each annealing experiment with a PtlPt, l3olo
Rh thermocouple placed within a few millimeters of the
sample, and uncertainty is considered to have been +3
"C. Typically, several minutes elapsed before a sample
reached the desired annealing temperature after it had
been lowered into a hot furnace. The time scale for ex-
periments of less than - 15 min is therefore somewhat
arbitrary, and these experiments were deemed to have
started when the temperature close to the sample was
within -25 "C of the desired annealing temperature, usu-
ally 1.25 or 1.5 min after loading. The same procedure
was followed for every heat treatment, so that all the
crystalline anorthite produced at a given temperature
should have experienced similar crystallization condi-
tions. Quenching was achieved simply by raising the
bucket rapidly out of the furnace and allowing it to cool
in air. The product from each experiment consisted of an
aggregate of white cubes that were slightly sintered to-
gether; the edges and corners of the cubes also became
rounded during the annealing period. Complete details of
times and temperatures for each sample are given in Ta-
ble I ofCarpenter (1991b).

A single cube was selected from each product, set in
epoxy resin, and mounted as a normal thin section. Op-
tical examination showed that the cubes typically had a
rim of crystals radiating in from the edges and a core of
crystals with random orientations (Fig. l). The crystals
tended to show nonuniform extinction, though in prod-
ucts from the higher temperature annealing experiments,
small crystals with more regular extinction could be dis-
tinguished on a scale of -40 pm (Fig. l). The core and
rim textures presumably represent two types of nucle-
ation ofanorthite from the glass at the cube surfaces and
randomly in the central portion. Relict glass was ob-

l l l l

Fig. l. Optical micrograph showing part of a thin section of
one ofthe cubes ofanorthite with a distinct core and rim texture.
In the rim, individual crystallites are oriented with their long
axes perpendicular to the surface, whereas in the core they ap-
pear to have random orientations. (Sample no. ANC74, 0.25 h,
1400 "c.)

served optically only in crushed fragments from the prod-
ucts of the two shortest annealing experiments at 1100
"C (ANC 19, l5 min;ANC 66, 20 min). Klein and Uhl-
mann (1974) have described the kinetics of crystallization
of anorthite from glass under comparable conditions in
more detail.

A Cu disc or Ti grid was glued to each cube that had
been prepared as a thin section. The disc and sample were
removed from the thin section and thinned with high
energy Ar ions. The thinned crystals were then examined
in an AEI EM6G electron microscope operated at 100
kV. Bright field images revealed the presence of abundant
grain boundaries and subgrain boundaries, isolated dis-
locations, and pervasive submicroscopic lamellar twin-
ning. As already reported by Kroll and MiiLller (1980) and
John and Miiller (1988), the twinning follows the albite
twin law with {010} as the twin plane. The scale of twin-
ning varied to some extent as a function of annealing
temperature, but there was also considerable variation
within each sample. Crystals prepared at I100 .C tended
to have a preponderance of the finest twins, whereas
coarser twins tended to predominate in crystals synthe-
sized at 1400'C (illustrated in Figs. 2aand 2b). In every
sample examined, however, individual twins that were
wider than -0.25 p.m were found and could be used to
obtain selected area diffraction patterns. The twinning
textures did not appear to change significantly with an-
nealing time at a given temperature.

Approximately ten diffraction patterns were recorded
from each sample. These were generally exposed on the
photographic plate for longer than normal to facilitate the
detection of weak and diftrse superlattice reflections. The
sublattice a reflections at h + k: even, /: even positions
were typically strong and sharp except where the fine-

CARPENTER: AI-Si ORDERING IN ANORTHITE, I



tt12 CARPENTER: Al-Si ORDERING IN ANORTHITE. I

Fig. 2. Electron optical images of anorthite crystals synthesized from glass. (a) Finest scale of twinning observed (ANC66, 20
min, ll00'C). (b) Coarser twins in sample no. ANCI0 (1 min, 1400 "q. (c) Dark field image using a b reflection, showing fine
scale APDs (ANC38, 1.5 h, 1400 "C). (d) As c showing coarser APDs (ANC35, 408 h, 1400 eC). Note that in c and d the twins do
not appear to influence the APD distribution. (Scale bar : 0.25 pm in each micrograph.)

scale twinning gave rise to streaking along bx. Many dif-
fraction patterns with nonstandard orientations showed
the presence of more or less diffi.rse pairs of e reflections
about the h + k: odd, / : odd positions. The orientation
and length of a vector 2s describing the separation of
these reflections was measured wherever possible. Dif-
fraction patterns from crystals annealed for relatively long
times contained sharp or diffi.rse b reflections instead of
e reflections. Diffuse c reflections (h + k: even, /: odd)
were present in all the diffraction patterns with appro-
priate orientations, and d reflections (h + k: odd, / :
even) were observed in some diffraction patterns from
the most ordered crystals.

When b reflections were observed, they were used to
obtain dark field images of the associated antiphase do-
main (APD) textures. As illustrated by Kroll and Miiller

(1980) and in Figures 2c and 2d, these b APDs have an
equidimensional appearance and show no obvious inter-
actions with twin boundaries. Only at grain boundaries
has evidence of heterogeneous nucleation or coarsening
of the APDs been observed (e.g., see Fig. lOa of Kroll
and Miiller, 1980). An average APD size was measured
from each micrograph as the average spacing between
antiphase boundaries (APBs) along straight lines placed
randomly across the micrograph. Average values from
approximately five micrographs were then used to cal-
culate a mean value and its standard deviation for the
sample (Table l). Dark field images using pairs of e re-
flections were not obtained, largely because these reflec-
tions were weak and diffuse in comparison with the b
reflections.

Also present in every sample examined by TEM were



small inclusions located at grain boundaries. They rep-
resented less than lolo of the sample and varied in size
between a few hundred Angstroms in the shorter, low
temperature experiments and a few thousand Angstroms
in the longer, high temperature experiments. Weak and
diffuse lines close to -23.94 and -24)2 2d, correspond-
ing to spacings of -3.72 and -3.69 A, were also ob-
served in X-ray powder photographs from most of the
synthetic samples. These could not be indexed either on
the basis of triclinic anorthite or the orthorhombic and
hexagonal polymorphs described by Davis and Tuttle
(1952), Tak6uchi and Donnay (1959), and Tak6uchi et
al. (1973). Similar powder lines from an unknown phase
in the system MgO-Al.O.-SiO, were tentatively inter-
preted by Schreyer and Schairer (1962) as arising from a
petalite-type structure. Electron diffraction patterns from
the inclusions gave characteristic repeat lengths of -7.8
and -8.0 A, however, which do not appear to be com-
patible with the lattice parameters of petalite itself, as
given by Effenberger (1980). The extra powder lines may
result from some other phase not identified by TEM, of
course, and the inclusions remain unidentified. Their
presence is probably owed to small concentrations of MgO
derived from the natural calcite used as a starting mate-
rial for preparing the glass. The apparent grain size ofthe
inclusions coarsened with annealing temperature, and their
number markedly decreased, suggesting that their total
volume remained fixed. They are not thought to have
influenced any of the experimental results presented in
this paper or in the accompanying paper (Carpenter,
1991b ) .

No X-ray or electron-optical evidence was found for
the presence of the hexagonal or orthorhombic poly-
morphs of CaAlrSirO, in any of the experimental prod-
ucts.

INcovrvrBNsuRATE oRDERTNG

Pairs of e reflections were observed most clearly in dif-
fraction patterns containing b* and [101]x where I is 3,4,
5, 6, or 7. The orientation ofthe vector 2s between them
was therefore measured in these sections of the reciprocal
lattice as the angle between b* and s. Some diffraction
patterns with different zone axes, but still containing both
members of each pair, then allowed the orientation of s
to be measured uniquely in three dimensions. The real
space dimension of the IC structure, l2s | ', was obtained
by measuring the distance between a pair of e reflections
in the diffraction patterns and applying a known camera
constant. (Note that | 2s | 

-' gives the spacing between the
periodic antiphase boundaries and that the wavelength of
the IC repeat is actually 2/ l2sl.)

The e reflections observed in diffraction patterns from
anorthite crystals synthesized in the shortest experiment
at 1100 "C (15 min) are exceedingly weak and diffuse.
With longer annealing, they become stronger and sharper,
and their orientations and spacings change systematical-
ly. An illustrative sequence is shown in Figure 3, and the
complete data are given in Table I of Carpenter (l99lb).

l l l 3

TraLe 1. Observed domain diameters, 6, for type b APDs in
synthetic anorthite crystals prepared from glass

Annealing Annealing
time temperature

Sample no. (h) fC) 6 (A)

ANC38
ANC39
ANC36
ANC9
ANC35
ANC48
ANC43
ANC4
ANC45
ANC59
ANC28
ANC31

1 . 5
8.25

48
179
408

1102
48

1 1 3
400

1077
400

1 063

1400
1400
1 400
1 400
1400
1400
1300
1300
1 300
1300
1200
1200

203 + 32
324 + 42
6 1 1  +  1 1 6

1024 + 130
1540  +  141
2283 + 290

189 + 21
223 + 32
468 + 59
673 + 120
140 + 14
169 + 24

The orientation of s rotates from approximately within
the b*-[ 03]* plane to approximately within the b*-[ I 06]*
plane but remains within the range of orientations shown
by s in natural intermediate plagioclase crystals (Fig. a).
The range of l2s | ' in the synthetic anorthite crystals,
-25-90 A, also matches the range of values found for
natural plagioclase crystals, though the largest value re-
ported for a natural sample is 85 A (Mclaren, 1974).The
sequence of structural states with increasing annealing time
in the synthetic crystals mimics the effect of changing
composition toward anorthite in the natural solid solu-
tion. In the last stages ofthis sequence, the e reflections
are replaced by b reflections that are initially slightly
elongate or diffuse but then become sharp (Fig. 3).

Comparison of the relationship between b* n s and
l2sl-' shows that the diffraction characteristics of the
natural and synthetic crystals are not identical, however
(Fig. 5). For orientations and spacings corresponding to
crystals with compositions -Anrr--Aorr, the two sets of
data are indistinguishable. They diverge at values of | 2s I 

-t

> 40 A when s for the synthetic anorthite crystals shows
no further rotation with increasing l2sl '. The e reflec-
tions from synthetic anorthite crystals also tend to be
weaker and more diffuse than those from their natural
counterparts, and no freflections (pairs ofreflections about
the sublattice reflections) have yet been observed in an-
orthite.

Type c and d reflections arising from the 1I = PI tran-
sition show some variation with heat treatment. Crystals
which give the weakest and most difiirse e reflections also
give the weakest and most diffuse c reflections. The latter
are elongate in the characteristic manner for anorthite
crystals quenched from high temperatures (see Smith and
Brown, 1988). Type d reflections were not observed in
these diffraction patterns. As the e reflections become
sharper, so also do the c reflections, and the first (very
weak) d reflections appear approximately at the stage when
the e reflections give way to b reflections. The c and d
reflections remain elongate and diffuse even when the b
reflections are sharp.

These observations vary somewhat from the electron
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Fig. 3. Representative selection ofportions ofdiffraction pattems showing e and b reflections (central) and elongate c reflections
(top and bottom). The most disordered state in this sequence is represented by diffraction pattern (a) with highly difuse e reflections,

and the most ordered state by diffraction pattern (e) with a relatively sharp b reflection. The e reflections become proglessively

sharper, as well as rotating and becoming closer together, with increasing Al-Si order.

diffraction results presented by John and Miiller (1988)
for synthetic anorthite crystals produced under similar
conditions. John and Miiller reported the presence of dif-
fuse b reflections but apparently did not observe diffuse
e reflections. It is possible that the latterwere overlooked,
however, because the appropriate nonstandard reciprocal
lattice sections were not recorded. For example, e reflec-

106-

Fig. 4. Stereographic projection to represent the orientation
ofthe IC vector s in synthetic anorthites. Each point represents
the b€st estimate for a single sample, and an arrow indicates the
direction of change of orientation of s with annealing time. The
error bar indicates an uncertainty of -t5'. The approximate
limits of the orientations of s in natural intermediate plagioclases
are indicated by a continuous line (after Grove, 1977; Smith and
Brown. 1988).

tions in highly disordered crystals are some distance out
ofthe b*-c* plane ofthe reciprocal lattice, and a diffrac-
tion pattern in this orientation would therefore show only
a reflections and diffuse c reflections, as observed by John
and Miiller. In orientations closer to the plane of the e
reflections, the diffuse intensity could appear to be at and
around the b positions.

The transition with annealing time of the IC structure
with e reflections to the commensurate structure with b
reflections appears to be continuous within the resolution
of the present experiments. Two samples (ANC72, 47
min at I 400'C; ANC73, 192 h at I 200'C) were prepared
in an attempt to pinpoint the changeover more precisely.
When the e reflections become very close together, how-
ever, it is not easy to distinguish pairs ofreflections that
are truly discrete from single elongate b reflections' The
interpretation and measurement of l2sl-' is thus much
less reliable in this interval. Furthermore, some regions
of anorthite in these two samples appeared to give b re-
flections, whereas others apparently gave e reflections,
suggesting some variation in the degree of order within
individual cubes of product material. To prepare a time-
temperature-transition (TTT) diagram for the transition,
the boundary between IC and 11 fields has been placed
immediately after samples which give at least one dif-
fraction pattern containing suspected e reflections. (The
apparently out-of-sequence presence of diffirse reflections
in two difraction patterns from ANC45 has been exclud-
ed from this analysis.) On an Arrhenius form of TTT
diagram (Fig. 6), the transition can then be represented
by a straight line giving an activation energy, AII*, of 135
+ 14 kcal/mol. This value of Al1* probably reflects a
rate-determining step involving Al-Si exchanges between
tetrahedral sites and is in the same range as the value of
123 + 5 kcal/mol obtained by Grove et al. (1984) for the
homogenization of Huttenlocher exsolution lamellae in
natural crystals of anorthite-rich plagioclase.
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Fig. 6. Arrhenius form of a TTT diagram, showing the tran-
sition from crystals with e reflections to crystals with b reflec-
tions. The straight line drawn in by eye gives an activation en-
ergy of 135 kcal/mol with an uncertainty of + 14 kcal/mol.

there is considerable scatter between samples given ap-
proximately the same heat treatment. Two ofthe samples
(ANC46 and ANCIT) show a split population of values
of l2s I and b* n s, and one sample that was predomi-
nantly ordered with sharp b reflections (ANC45) quite
unexpectedly and out of sequence also gave two diffrac-
tion patterns with diffuse e reflections. A possible expla-
nation for this heterogeneity relates to the degree oforder
that is incorporated into the crystals as they nucleate and
grow. Crystallization almost certainly occurs while the
cubes of glass are being heated from room temperature
to the furnace temperature and may not occur uniformly
in the core and rim zones. Either a greater range of crys-
tals, in terms of their positions within the cubes, have by
chance been examined in the 1300 "C samples, or crys-
tallizalion at this temperature is especially sensitive to
the time-temperature pathway followed by the glass.

a a a

a a a

a a a a a a a
1 o

lzg l (A)  +o

10 20 30 40 50 60 70 80 90

!isr.r
Fig. 5. Variation of spacing, l/l2sl, with orientarion, b* A

s, for the IC structure as measured from electron diffraction pat-
terns for synthetic anorthites. Continuous lines represent the ap-
proximate limits of the equivalent variation in natural inter-
mediate plagisslasgs for compositions indicated in mole percent
anorthite component. The anorthite and intermediate plagio-
clase data are indistinguishable for compositional equivalents of
-Anro-- An55. @ata given in full in Table I of Carpenter, I 99 1b.)

The size, 6, of type b APDs that develop once the
synthetic anorthite crystals have achieved 11 order ap-
pears to be related to the repeat distance of the last e
modulations. This is seen most conveniently in a plot of
l2sl and l/d against the logarithm of annealing time, I
(Fig. 7). The earliest crystals have relatively small real
space distances for the incommensurate repeat and the
ordering process is characterized by a steady increase in
this length. Growth of type b APDs takes over as the
domain coarsening mechanism when the spacing between
periodic APBs of the IC structure (l2sl-') exceeds -90
A, tne coarsest repeat observed. In the absence of dark
field images of the APB distribution in the IC structure,
it is possible only to speculate that the APBs of the 11
crystals are inherited from the IC structure by the loss of
a preferred orientation. Wenk and Nakajima (1979, 1980)
and Wenk et al. (1980) have discussed how such a tran-
sition might occur from a microstructural point of view,
but they were considering natural plagioclase feldspars
with compositions close to -An6s.

At I100, 1200, and 1400 "C, the variation of l2s I with
ln I is approximately linear. No theoretical justification
for this can be offered at present, but as shown in Car-
penter (l99lb), the square ofthe macroscopic order pa-
rameter also varies approximately linearly with ln l. The
degree of Al-Si order evidently controls the repeat dis-
tance of the IC structure. Variations of l2s I in samples
annealed at - 1300 oC are not so clear cut (Fig. 7) since

i o.o3.3
ol

- o,o2
d

- l a

o.ot

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 7

Int (hrs)

Fig. 7. Variation of l/6 and l2sl with the natural logarithm
of annealing time (t), where 6 is the mean size of type b domains.
The transition between structures with e and b domains could
be continuous, though the data for 1300 "C annealing experi-
ments show a considerable scatter.
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Fig. 8. Kinetic data for coarsening of type b APDs. (a) The
domain size variations are consistent with (d, - dfi) proportional
to annealing time, I - to. The APD size at time / is represented
by 6 and 6o is the "initial" domain size at time /0. Equivalent
plots of(6r3 - 6fr3) and (6ru - 6A9 against I - to also give straight
line relationships. (b) Arrhenius plots of the logarithm of the
slopes from a as a function of l/T for three different values of
n. At n : 2.6 the three data points no longer lie on a straight
line.

APD co.cnsENrNc

Isothermal APD coarsening is expected to follow a well-
established rate law ofthe form

where 6 is the average domain diameter, do is the initial
dornain diameter at time to, AII* is an activation energy,
R is the gas constant, and t - /o is the annealing time.
For APD coarsening in metals, a value of n : 2 is typi-
cally found (English, 1966; Poquette and Mikkola, 1969;
Sakai and Mikkola, 197 l; Sauthoff, 1973; Ardell et al.,
1979: Allen and Cahn. 1979). whereas observed values
of n > 2 are usually rationalized in terms of the dragging
effects of impurity atoms adsorbed on the APBs (Ling
and Starke, 1971; Rase and Mikkola,1975; Bley and Fa-
yard, 1976; Morris eL al., 19761, Allen and Krzanowski,
1982). Among oxide and silicate systems, Nord and Law-
son (1988) found n : 2.44 for twin domain coarsening
in crystals of composition IlmroHemro in the ilmenite-
hematite solid solution series, Carpenter (1979) measured
n x l0 for APD coarsening in pigeonite, and Carpenter
(1981) suggested a value of n = 8 to explain APD sizes
in natural omphacite.

In testing the coarsening law for APDs in anorthite
using the data given in Table l, it was necessary to choose
values of do and lo to allow for the early stages of IC
ordering. A value ofDo: 90 A was selected since it is the
largest value of | 2s | 

-' observed. Values of lo were then
estimated for each temperature from the curves shown in
Figure 6 as the time at which l2sl : l/90 A-' was reached.
This gives /o: l8l h at 1200 "C,6.7 h at 1300 "C, and
0.5 h at 1400'C. Alternative values of do and lo do not
have a critical influence on the following analysis.

Figure 8a shows that, within experimental error, (62 -

dfr) is linear with I - to. l-arger values of n cannot be
excluded, however, and the upper limit for n that is still
compatible with the observed coarsening is -2.6. Miiller
et al. (1984) suggested n : 2.75 for APD coarsening in
anorthite at 1430 oC, but they had fewer observations to
consider. Arrhenius plots of the slopes from (d" - dB)
against r yield activation energies of 123 a 2 kcal/mol
for n : 2, 139 ! 5 kcal/mol for n: 2.3, and -l52kcaU

mol for n : 2.6 (Fig. 8b). The results for n : 2.6 do not
give a strictly linear Arrhenius relationship, confirming
this as being an upper boundary for the value ofn. Values
of n in the lower range are also more likely, given that
the activation energy for the "e" - Il transition is 135
+ 14 kcaUmol and that for the overall ordering rate it is
124 + - 15 kcal/mol (Carpenter, l99lb). In Equation l,
the coefficient k has units of length squared per unit time
i f  n :2;  va lues of  0.44 x l0-4 -  2.40 x l0-4 Ar lh ( :
1.22-6.67 x l0 24 cm2ls). 0.021-0.342 A't/hand -32.6
A,u/h are obtained from the intercepts (at l/T: 0) in
Figure 8b for n: 2,2.3, and 2.6, respectively.

On an atomic scale, APD coarsening is achieved by
exchange of Al and Si between tetrahedral sites at the
APBs. The measured activation energy presumably in-
dicates the energy barrier for this process and is compa-
rable with the activation energy for Na + Si + Ca + Al
interdiffusion in Ca-rich plagioclase (Grove et al., 1984).
A physical explanation of the phenomenological param-
eter k is not so readily apparent. Allen and Cahn (1979)
proposed that k depends on a geometrical coefficient re-

13
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lating the square of the mean curvature of the APBs to
the square of their surface area, the gradient energy for
the order parameter, Q, and a kinetic coefficient relating
dQ/dt to dG/dQ. They concluded that, for second or high-
er order transitions, k does not depend explicitly on the
energy of the APBs. On the other hand, Ardell et al. (1979)
developed a model in which k varies with the APB sur-
face energy and the inverse ofthe order parameter, along
with some other parameters. In the case of anorthite, some
suggestion of how the energy of the APBs varies with
temperature is provided by calorimetric data (Carpenter,
I 99 I b), and at I 200 "C the APB energy per unit area may
be a factor of approximately 2 less than at 1400 "C. If
this energy did appear explicitly in the k term, it would
cause the coarsening at 1200'C to be slower, relative to
the rate at 1400 "C, than would be predicted by a purely
Arrhenius temperature dependence. The data do not pro-
vide sufficient constraints on the coefficients to distin-
guish between these models, but if the surface energy is
important, the real activation energy might be - 10- I 5olo
less than the apparent values obtained from Figure 8b.

Close adherence to a parabolic rate law would be con-
sistent with ideal behavior of the APBs in anorthite, that
is, with no impurity drag effects. A definitive determi-
nation of the precise value of n must await further ex-
periments, however, preferably using starting crystals of
anorthite prepared with some constant domain size.

DrscussroN

The IC structure that develops under nonequilibrium
conditions in anorthite has a well-defined orientation and
repeat distance that can be followed as a function ofan-
nealing time and temperature. Its close resemblance to
the ordered superstructure of intermediate plagioclase
feldspars sheds new light on some of the issues still out-
standing with regard to the stability and structural evo-
lution ofthe natural samples. There is now general agree-
ment that IC structures owe their stability to interactions
between at least two ordering processes (see reviews by
Bruce and Cowley, 198 l; Heine and McConnell, 1984;
McConnell, 1988). In this context, models of the IC
structure of plagioclases characteristically involve inter-
actions between albiteJike and anorthite-like slabs or
some combination of Al-Si ordering with Na-Ca ordering
(see recent reviews by Horst, 1984; Kitamura and Mori-
moto, 1984; McConnell, 1988; Smith and Brown, 1988).
One of the difficulties in developing such models has been
that, in addition to analyzing the expected ordering pro-
cesses, it has been necessary to consider the possibility of
compositional modulations. The IC structure has even
been compared with structures arising from spinodal un-
mixing (e.9., Morimoto, 1979; Fleet, l98l). The existence
of closely analogous superstructures in pure CaAlrSirO,
strongly suggests that the compositional variable can only
be of secondary importance in determining the ordering
pattems, however, and the primary problem may be re-
duced to one ofpure order-disorder.

The first question to address concerns the nature of the
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two interacting ordering processes that occur in pure an-
orthite. Because of the low symmetry of the system and
the known behavior of many end-member feldspar phases,
the choice of possible order parameters seems to be re-
slricted to three. One component must be Ollol for the CI
+ 1I Al-Si ordering transition, but the second could be
either Q for the C2/m + CI displacive transition or
Qll for rhe C2/m = CI Al-Si ordering transition. The
coupling mechanism is likely to be a result of the com-
mon strain such that a change in one order parameter
causes a lattice distortion that then influences the second
order parameter and vice versa (Salje, I 985, I 987a, 1987b;
Salje et al., 1985; Salje and Devarajan, 1986; Putnis et
al.,1987; Carpenter, 1988; Carpenter, l99la). The like-
lihood of coupling between Q, QSJ, ar;d Q[[ and its pos-
sible strength may be assessed qualitatively by inspection
of the spontaneous strain components associated with each
order parameter. Salje et al. (1985) showed that in albite

Q o -xo = -cos a* (2)

and

Q S l o - x u = c o s 7  ( 3 )

where xo and xu are components of the spontaneous strain
tensor for the C2/m = CI transition and a* and,7 are
lattice parameters. In this case, x t, x2, x3, and x, are iden-
tically zero. All six components of the strain tensor for
the Cl + 1l transition can be nonzero, although it is
found experimentally that the strain accompanyrng Q"f,
has x,-x, small relative to x6 (Carpenter, l99lb). Dis-
tortions accompanying the displacive C2/m = CI tran-
sition in anorthite should not be fundamentally different
from those accompanying the same transition in albite,
and intuitively, therefore, coupling between GJ and Q!"L
via xu might be anticipated. The relative unimportance
ofxo and hence of Q is borne out by the insensitivity of
cos a* to order-disorder changes in both anorthite itself
and in the intermediate plagioclases (see Fig. l2b of Car-
penter, 1988, for example). Furthermore, xu is positive
(r > 90") for Cl ordering and negative (r < 90') for 1I
ordering so that Cl and 1l schemes are likely to coexist
only in an IC configuration. A qualitative description of
the IC ordering in anorthite could therefore involve mod-
ulations in Qfo' and 0ll with energetically favorable cou-
pling terms. This is, of course, close to the albiteJike-
anorthite-like slab models except that only the degree and
symmetry of the Al-Si ordering varies with distance
through the crystal.

The next question concerns the possible evolution of
the IC structures with temperature, pressure, and com-
position. In anorthite, the vector s changes continuously
with increasing Al-Si order and the trend is toward the
1l structure, i.e., increasing QlA. The same trend is well
known in the intermediate plagioclases; l2s l-' increases
in natural ordered samples as the stability field of the 1I
structure is approached by adding CaAlrSirO, in solid
solution. If the magnitude of Q!"\ really is the dominant
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factor, then it seems likely that at a fixed composition, of
-Anu, say, the real space repeat distance of the IC struc-
ture should increase during cooling, in line with normal
expectations of increasing equilibrium order with falling
temperature. Volume changes associated with any type
of ordering in calcic plagioclases are relatively small (Car-
penter et al., 1985; Carpenter, l99lb), and it is unlikely
that pressure would have much direct influence on the
stability ofthe possible ordered structures.

From Figure 5 it is clear that the orientation and mag-
nitude of the IC vector s are interdependent. The same
is also true for the intermediate plagioclase structure, and
many suggestions have been made as to how this inter-
dependence may be rationalized. The overlap in Figure
5 between natural feldspars and synthetic anorthite again
suggests that composition need not be the main factor.
Fleet ( I 98 l, I 982, I 984) has shown that the orientational
behavior can be addressed from a macroscopic point of
view by taking alternating albite-rich and anorthite-rich
slabs and finding the interface between them that has the
lowest energy. A judicious selection of lattice parameters
leads to calculated orientations that are in reasonable
agreement with the observed orientations. The lattice pa-
rameters are far more sensitive to structural state than to
composition, however. For example, in the relatively dis-
ordered "high" plagioclase series, a, b, c, aand B vary by
less than -0.50/o (using the data set of Carpenter et al.,
1985). The value of 7 changes by just over l0l0, but much
of this is probably due to 1l ordering in the Ca-rich mem-
bers. On the other hand, the total variation possible be-
tween different structural states is -0.5-1.00/o for a, b, c,
a, and B and -4o/o for 7. In other words, when selecting
parameters to test lowest energy interface models, it is
the structural state of the slabs and not their composition
that is critical. There are no symmetry constraints on the
orientation of s, and the elastic energy of the modulations
must play some role in determining its dependence on
QSi and, Q!"1.

It should be stressed that not all the features ofordering
in intermediate plagioclase feldspars are reproduced by
the metastable IC ordering in anorthite. In particular, f
reflections have not been observed in the synthetic sam-
ples, and there is a marked divergence between the l2s | '

against b* A s relationships at a composition equivalent
of -Anr, (Fig. 5). No satisfactory explanation of these
differences can be put forward here, but it is tempting to
speculate on another aspect of the observed behavior.
The "e" - 11 transition with time in anorthite appears
to be continuous, with the APBs of the IC structure de-
veloping into APBs of the 11 structure by the loss of their
preferred orientation. Might a continuous pathway be
available also for the equilibrium transition "e" = Il
suggested for some intermediate compositions by Car-
penter (1986)? More evidence is required, but the ques-
tion has important implications for the form of the pla-
gioclase phase diagram.

Kinetic aspects ofthe ordering in anorthite are proba-
bly less controversial. First, it is evident that the IC struc-

ture can be kinetically favored when ordering occurs un-
der nonequilibrium conditions in the equilibrium stability
field of the 1l structure. This applies both to anorthite
(this paper) and to some intermediate plagioclase feld-
spars (Carpenter, 1986). An activation energy of -120-

150 kcal/mol appears to be characteristic of the ordering
reaction, APD coarsening, and Na + Si '= Ca * Al in-
terdiffusion in calcic plagioclases under dry conditions at
I atm pressure. The rate-determining step presumably
involves breaking of Al-O or Si-O bonds. As discussed
at greater length in Carpenter (l99lb), correlations be-
tween the local exchanges over a longer range to give
incommensurate or commensurate ordering are probably
influenced by the bending of semiflexible Al,Si-O-Al,Si
linkages.
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