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Abstract

The crystal structure of anorthite has been refined using data collected at 4lO'C and 830"C.
Although at these temperatures the type 'c' reflections are nearly unobservable, the refine-
ments yield results similar to those for primitive anorthite at room temperaure. The structure
on the unit cell level is therefore still primitive with 16 symmetrically nonequivalent Si and Al
atoms. Calculation of 264 'c' refl,ection intensities using the position and thermal parameters
of the structure at25" (Wainwright and Starkey, l97l),41O', and 830"C indicate that (1)
both the Ca and the alumino-silicate framework atoms contribute to the diminution of 'c'

reflection intensity with increasing temperature, and (2) the overall intensity decrease (cal-
culated) due solely to the changes in atom position and thermal motion, while following the
general trend of the observed decreases, is too small to account for the total decrease over the
range 25410'C. This suggests that within this temperature range another process, possibly
a variation in domain texture, may also be taking place.

fnfioduction

The crystal structure of a primitive anorthite
displaying sharp'a','b', 'c', and'd' type reflections
was determined using film methods by Kempster
et al (1962) and subsequently described by Megaw
et al (1962). They found that the anorthite unit cell,
space group Pl, was composed of four subcells
related by three pseudosymmetry operations; body-
centering, C-centering, and cf2 translation. The
minor atomic coordinate differences between pseudo-
symmetrically related subcells give rise to the weak
but sharp 'b','c', and't subsidiary reflections, with
the 'b' reflections having an additional contribution
due to topochemical differences in the Si/Al distri-
bution between the subcells related both by c/2
translation and C-face-centering. This crystal structure
has recently been refined by Wainwright and Starkey
(1971) using over 7000 counter-measured reflections.

The relative intensities and diffuseness of the 'c'

reflections in primitive and transitional anorthite
have been shown to be a function of both composi-
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tion and temperature. Smith and Ribbe (1969) have
comprehensively reviewed the experimental results
and have summarized the interpretations. Therefore,
only a brief resum6 of the more significant relations
will be given in this paper. fn general, as the CaAl
content of anorthite decreases, the intensities of the
'c' reflections decrease while they become increas-
ingly diffuse. Fleet et al (1966) refined the structure
of a "body-centered anorthite" of composition An66
which exhibited no observable 'c' or 'd' reflections.
Appleman (1972) has refined the structure of a
lunar plagioclase of composition An6a having 'c' re-
flections which were too weak and diffuse to measure,
but lacking observable 'd' reflections. Both of these
refinements were carried out using only 'a' and'b'
reflections and all show that each atom position is
best approximated by a "split" atom pair, such that
each "half atom" of the pair is related to the other
by a body-centering translation, (a * b + c) /2.
The general interpretation is that the crystal is com-
posed of a mosaic of primitive anorthite domains re-
lated to each other by a body-centering translation
across domain boundaries which parallel Qil)
(Ribbe and Colville, 1968). The electron micro-
scope studies of Miiller et al (1972) have shown
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that the difiuseness of the 'c' reflections at room tem-
perature is a function of domain size; the more dif-
fuse the 'c' reflections the smaller the domains.

The variation of 'c' reflections in anorthite as a
function of temperature is more complex. Laves and
Goldsmith (1954) demonstrated that the diffuseness
of the 'c' reflections could be increased by quench-
ing from high temperatures (950-1350"C) in much
the same way that the diffuse 'c' reflections of a vol-
canic transitional anorthite are produced by natural
quenching. The structure of a transitional anorthite
was refined by Ribbe and Megaw (1962). Although
weak and diftuse 'c' reflections were present, they
were omitted from consideration since their intensi-
ties could not be accurately determined. Except for
slight differences in temperature factors, the structure
was indistinguishable from that of primitive anor-
thite. Brown et al (1963) and Bruno and Gazzomi
(1967) using film techniques at high temperatures,
observed a continuous and reversible change in the
diftuseness of the 'c' reflections as a function of tem-
perature, with the temperature of disappearance
varying from 125 to 350'C depending upon the com-
position and thermal history of the sample. Foit and
Peacor (1967b), using a single-crystal difiractometer
technique, confirmed the previously observed changes
in diffuseness and intensity and also showed that
they occurred simultaneously with temperature
change. However, these results were ambiguous as
to whether the 'c' reflections were truly absent above
350"C or were merely too weak and diffuse to be ob-
served. Czank et al (1970) found that the intensities
of the 'c' reflections diminish rapidly between 25 and
230"C, but that for some reflections a very small
residual intensity is observable to temperatures above
1500'c.

These observations at high temperatures, like
those made with varying composition, have been in-
terpreted using a domain model. An essential aspect
of this model is the increase in the number of do-
mains related by the body-centering vector (corre-
sponding to a decrease in domain size) as an equili-
brium function of temperature (Czank et aI, I97O;
Laves et al, l97O). However, recent electron micro-
scope studies of anorthite conducted at high temper-
atures (Nord, personal communication; Wenk, per-
sonal communication) revealed no change in the
number or the position of the domain boundaries as
a function of temperature. The domain boundaries
which were imaged using the diffuse 'c' reflections
merely "faded" away with increasing temperature
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such that above -400oC, they were no longer ob-
servable. Upon cooling to room temperature the
domain boundaries reappeared in the same (pre-
heating) position. While the "fading" of the domain
boundaries is correlated with the marked increase in
the diffuseness of the'c'reflections, the reappearance
of the original texture on cooling has been interpre-
ted to indicate that the domain texture has under-
gone no actual change as a function of temperature
at least up to 600oC (Nord, personal communica-
t ion).

The interpretation of the nature of the change in
the anorthite structure with increasing temperature
is further complicated by the 2?Al nuclear quadrupole
resonance (n.q.r.) data of Brinkman and Staehli
( 1968a,b ) . They observed spectra indicative of eight
symmetrically non-equivalent Al sites at low tem-
peratures, as consistent with the X-ray diffraction
results for primitive anorthite. In the temperature
range 250-350"C (temperature depending upon
sample composition) there occurs a reversible tran-
sition to a more diffuse four-fold overlapping spec-
trum which they interpret as a change to a body-
centered cell with only four non-equivalent Al sites.
This temperature range is in accord with the X-ray
results which show the near absence of the 'C re-
flections, and thus the apparent presence of a body-
centered cell. Smith and Ribbe (1969) gave an al-
ternative explanation of the n.q.r. results based on
a shifting of the Ca atom between body-centered re-
lated sites. They noted that if the electrostatic field
gradients at the two pseudo-body-centered Al atoms
is reversing more rapidly than 10-' second (above
250'C) due to a possible "bouncing" of the Ca
atoms within the framework cavities, then only four
overlapping n.q.r. spectra would be observable. With
reference to changes taking place in the structure as
a whole they state that "increasing thermal vibration
makes the Ca cation 'appear larger' thus promoting
larger holes in the framework with a tendency to-
wards the I2/m requirements of the celsian struc-
ture," and further that "Ultimately the vibrations
become so large that the alumino-silicate framework
begins to move to a body-centered configuration with
displacements of the order of 0.1-0.3 A." The ulti-
mate result is alteration of the domain texture.

Therefore, there is doubt not only concerning the
nature of the changes in the domain texture as an
equilibrium function of temperature, but also con-
cerning specific changes within a given domain on
the unit cell level, especially with regard to the rela-
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tive contributions of the Ca atoms and the alumino-
silicate framework. The purpose of this study is to
elucidate the general nature of the changes in the
anorthite structure as a function of temperature and
thereby resolve some of the ambiguities present in
previous interpretations. The refinement at 410"C
was undertaken to determine the structural changes
taking place over the temperature range where the
intensities of the 'c' reflections are subject to major
change, while the refinement at 830oC was carried
out both to reveal any additional changes and to pro-
vide a further basis for comparison of the structures
at 25oC (Wainwright and Starkey, l97I) and at
410 'C.

Experimental

The sample used in this study was a transitional
anorthite from Miyake, Japan. A composition of
Ann.,, was obtained from refractive index measure-
ments of anorthite glass. At room temperature the
sample used in this study displayed sharp 'a' and'b'
and diffuse 'c' reflections. Although the'c' reflections
rapidly become weaker and more diffuse with in-
creasing temperature (Fig. l), their presence at
temperatures in excess of 830"C requires that the
space group be Pi with 8 CaAl,SirO, formula units
per cell.

A cleavage fragment of dimensions 0.49 x 0.1 1 x
0.24 mm was mounted along the a axis in a silica
capillary for use with a high temperature diffractom-
eter furnace (Foit and Peacor, 1967a). The lattice
constants at the two temperatures under study (410
and 830"C) were approximated using room-temper-
ature least-squares refined parameters and the ther-
mal expansion data for calcic labradorite given by
Stewart et aI (t966). The changes in three of the
six lattice constants of Miyake transitional anorthite
were observed over the temperature range 25-830"C
and were found to be comparable to those for the
calcic labradorite. In addition, the exact positioning
of the diffraction peaks at the calculated values for
all levels of data confirms the appropriateness of
these lattice parameters. The lattice constants used
for this anorthite at 4lO and 830'C are listed in
Table 1.

As a precaution, the crystal was allowed to equili-
brate for a 24-hour period at both 410 and 830.C
preceding the measurement of intensities, even though
all previous temperature-induced changes were ob-
served to be instantaneous. The intensities of five 'b'
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Ftc. l. A plot of integrated intensity (I) os temperature
('C) for class 'c' reflections of Miyake anorthite.

reflections were monitored throughout the 6-10 day
data collection periods to insure that any deteriora-
tion of the crystal or in the performance of the
equiprnent would not go unnoticed. No significant
change in the intensities of these 'b' reflections was
observed during data collection. Also, a microscopic
examination of the crystal at the termination of the
experiments revealed no crystal-capillary reaction.

Approximately 22OO and 2400 non-equivalent 'a'

and'b' reflections were gathered at 410 and 830oC,
respectively, using a single-crystal scintillation coun-
ter diffractometer employing Weissenberg flat-cone
diffraction geometry and pulse-height-analyzed MoK"
radiation. Due to a change in instrumentation be-
tween the two sets of data. the methods of data col-
lection differed. The 410'C data were collected
graphically using a chart recorder with the diffracto-
meter in the manual mode. The reflections were
integrated three times using a polar planimeter and

Tlnre 1. Miyake Anorthite Lattice Parameters
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the values averaged. The 830"C data were collected
using the diffractometer in the automatic mode
(Supper-Pace System) and a flat graphite crystal
monochromator. This system employs a background
count on both sides of a peak scan. Temperature
measurement was by means of. aPt/Pt-I3 percent Rh
thermocouple placed within one millimeter of the
crystal. The estimated accuracy of the measurements
is :t10"C. The data were corrected for Lorentz-
polarization factors and crystal absorption. No cor-
rections were made for absorption by the silica
capillary. The distribution of reflection intensities
according to diffraction type is presented in Table 2.

Refinement

In their refinement of the structure of "body-
centered anorthite" (Anro), FLeet et al (1966) found
that the atom configuration was still primitive despite
the body-centering symmetry indicated by the
prominent 'e' and 'b' reflection pattern. It was
suspected, therefore, that the anorthite structure
(Ann.) might still be primitive above 350oC. The
starting parameters for the 410"C refinement were
those of room temperature transitional anorthite
(Ribbe, personal communication), while those for
the 830oC refinement were the final parameters of
the 4l0oC refinement. The use of the primitive atomic
configuration of transitional anorthite (space group
Pl) in conjunction with the high temperattte 'a'

and'b' reflections resulted in an average structural
model composed of "half-atom" pairs. In Figure 2
the atoms connected by solid lines represent two
pseudo-body-centered Z-O rings in the primitive
anorthite structure projected on (010). The addition
of body-centering symmetry, corresponding to re-
finement in space group /i ('a' and 'b' data), results
in a superposition of subcells l-4 and 2-3. Since the
rings are not identical, "half atom" pairs are gen-
erated with the distance between them representing
the deviation from body-centered symmetry. If the
anorthite cell were truly body-centered above 350"C,

TlsrE 2. Distribution of Observed and Unobserved Data
According to Diffraction Type for Miyake Anorthite
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Frc. 2. Schematic representation of rings of silicon-alumi-
num tetrahedra in two subcells showing generation of "half-
atom" pairs by the addition of a body-centering translation
to a primitive ring configuration.

then during the course of the refinements the "half
atom" pairs should coalesce to form single atoms
and the atom arrangements in subcell pairs l-4
and 2-3 (Fig. 2) should become equivalent.

The two data sets were refined using a full-matrix
least-squares method. The form factor tables were
formulated assuming complete Si/Al ordering and
half-ionization of all atoms, from data in Vol. III
of the Internotional Tables for X-Ray Crystallog-
raphy. Isotropic approximations to atom thermal
motion were used in all stages of both refinements.
Only structure factors greater than zero were em-
ployed and these were weighted according to sev-
eral trial schemes including ones proposed by
Cruickshank (1965) and Hanson (1965). In the
last analysis, unit weighting yielded the most rea-
sonable bond distances. In general the refinements
followed a pattern of cycles of coordinate and scale
factor refinement alternating with isotropic tempera-
ture factor refinement. A problem encountered in
the refinement of both data sets was the marked
oscillation of approximately ten oxygen atoms about
relatively fixed positions. During refinement of the
410"C data, there was a gradual damping with ces-
sation at R : 0.13, while in the 830'C refinement
the oscillation, though greatly diminished, continued
to convergence. This is undoubtedly responsible for
the relatively high standard errors in the positional
parameters. The final cycles for both data sets were
carried out varying coordinates, scale factor, and
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Unobserved
T o t a  1 s

627 t640
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145 624 769
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temperature factors simultaneously. The final resi-
duals are:
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Tlrle 5, Continued

aEon 410"c 8 3 0 ' c  a t o E  4 I 0 ' c  8 3 0 " c

0 . 6 7 6 3 ( 1 6 )  O . ( 0 0 0 0 )  r  0 , 0 2 8 3 ( 2 6 )  0 . 0 3 6 5 ( 2 9 )
0 .8820(6)  -  

!  0 .2754(13)  0 .27s7 ( r4 )
0 . 1 8 6 4 ( s )  e  0 . 1 4 9 1 ( 1 1 )  0 . 1 s l s ( 1 " 3 )
1 . 2 ( r )  B  1 . 7 ( 2 )  3 . 0 ( 3 )

0 . 1 8 1 4 ( 1 6 )  0 . ( 0 2 0 0 )  r  0 . 0 3 8 4 ( 2 4 )  0 . 0 1 0 8 ( 3 2 )
0 .3815(7)  a  0 ,2922<13)  0 .2952(16)
0 . 6 7 3 s ( 6 )  ;  0 . 6 4 i 1 ( 1 3 )  0 . 6 3 4 2 ( 1 r )
1 . 3 ( r )  B  1 . 6 ( 3 )  2 . 1 ( 3 )

0 .0053(16)  0 . (00 i0 )  r  0 .4994(23)  0 .501,7  <22)
0 . 1 5 8 6 ( 5 )  a  0 . 7 8 4 6 ( 1 1 )  0 . 7 8 7 3 ( 1 1 )
0 . 6 0 9 9 ( 8 )  , 0 , 6 2 5 3 < 9 )  0 . 6 2 2 6 ( 1 0 )
1 . 5 ( I )  B  1 , 1 ( 2 )  L 5 ( 2 )

0 , 5 0 0 1 ( 1 3 )  o . ( 0 2 i 0 )  r  0 . 5 0 0 2 ( 2 4 )  0 . 5 2 1 0 ( 3 3 )
0 .673s  (5 )  a  0 .7974(L2)  0 .  7967 (1s)
0 . 1 1 5 0 ( 6 )  z  0 . 1 5 1 1  ( 1 3 )  o . r 5 7 2 ( 1 2 )
0 . 8 ( 1 )  B  r . 3 ( 2 )  2 . 2 < 3 )

410'c

From observed reflections: 0.076 0.104
Observedp/asunobserved: 0.099 0.137

The observed and calculated structure factors at
410'C and 830oC are given in Tables 3 and 4,
respectively,z while the final structural parameters
are listed in Table 5.

Figure 3 is a plot of the isotropic temperature

s A copy of Tables 3 and 4 listing the values of F(o), F(u),
and F(c) may be obtained by ordering NAPS Document
Number 02122 frorn Microfiche Publications. 305 East 46th
Street, New York, N. Y. l00l7. Please remit in advance
$1.50 for microfiche or $6.50 for photocopies. Please check
the most recent issue of this journal for the current address
and prices. (40 pages).

Teere 5. Atom Coordinates and Isotropic Temperature
Factors for Miyake Anorthite at 410'C and 830'C
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C a ( z i 0 )  c  0 . 7 6 2 3 ( 8 )
v  0 .50ee(4)
z  0 ,0655(4)
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r 1 ( 0 0 0 0 )  e  0 . 0 1 3 2 ( r 5 )'  
a  0 . 1 5 4 8 ( 5 )
a  0 . 1 0 6 9 ( 8 )
B  t . o ( r )

Tr  (00 i0 )  s  0 .5009(7)-  
!  0 .6644(7)
z  0 .6026(8)
B  L . 2 ( 7 )

T1(m200)  c  0 .9998(6)
y  0 . 8 r 1 5 ( 5 )
z  0 . 6 1 0 6 ( 8 )
B  0 , 9 ( r )

Tr  (n210)  r  0 .5066(17)
a  0 . 3 2 3 8 ( 5 )
z  0 . 1 r 2 9 ( 8 )
B  1 . 1 ( 1 )

T2(0200) t 0.6723(20)
y  0 ,  Ios9(9)
z  0 . 6 6 2 s ( 8 )
8  r . 4 ( r )

1 " ( 0 2 i 0 )  r  0 . 1 8 3 4 ( i 9 )
a  0 . 6 0 6 3 ( 8 )
z  O.1545(7)
B  O . 7 ( r )

0 . 2 7 0 4 ( . 1 1 )  0 a ( 2 0 i 0 )  '  0 . 0 7 8 3 ( 1 8 )  0 , 0 8 2 2 ( 1 9 )
0 . 9 8 3 1 ( 5 )  "  !  0 . 4 8 7 4 ( 8 )  0 . 4 8 8 6 ( 8 )
0 . 0 8 4 3 ( s )  z  0 . 6 3 0 8 ( 8 )  0 . 6 2 8 2 ( 8 )
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factors for Ca, Si/Al, and O as a function of tem-
perature. The data of Quareni and Taylor (1.971)
on albite are plotted for comparison. The tempera-
ture factors of all atoms extrapolate to zeto in the
vicinity of 0oK. The similarity of the Si/Al and O
behavior for both albite and anorthite indicates that,
for anorthite, the refinement using the "half atom"
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Tesrp 6. Tetrahedral Interatomic Distances for Primitive
Anorthite (An,*) at 25"C and Miyake Anorthite at

410"C and 830"C
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Flc. 3. A plot of isotropic temperature factors (B) os
temperature (K) for albite (Quareni and Taylor, 1971), for
primit ive anorthite at25"C (Wainwright and Starkey, 1971),
and for Miyake anorthite at 410 and 830'C.

model was realistic and accounts for all apparent
positional disorder.

Description and Discussion of the Strucfure at
Elevated Temperatures

In general, the average structure obtained using
the 'a' afid'b' reflections measured at high tempera-
tures is similiar to the structures for primitive anor-
thite obtained by Kempster et al (1962), Megaw
et aI (1962), and Wainwright and Starkey (1971)
(for structural details refer to the excellent diagrams
in their papers). Therefore, as is indicated by the
near absence of the 'c' and'd' reflections, the anor-
thite unit cell does not beco ne nearly body-centered
above 350'C, but retains its primitive character at
least to 830'C and probably to the melting point.
It is of interest, therefore, to examine the ways in
which the structure within the unit cell changes as
a function of temperature. To accomplish this we
made a comparison of the geometry of the coordina-
tion polyhedra and then analyzed the changes in
pseudosymmetry of the atomic configuration in the
anorthite unit cell.

The interatomic distances and angles were calcu-
lated using the function and error program oRFFE
(Busing et al, 1964) along with the estimated errors
in cell parameters and the correlation matrix of the
least-squares refinements. An examination of the
data in Tables 6, 7, and 8 reveals a greater variation
in individuaL T-O distances and O-T-O angles
within a given tetrahedron at high temperatures than
at low, while for the Ca coordination polyhedra
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large decrease in difference between the maximum
and minimum angles (Table 9).

The next step in the examination of the effects of
temperature on the anorthite structure was to make
a detailed analysis of the shifts in atomic coordinates
with regard to the pseudosymmetry of the structure.
The primitive anorthite structure is highly pseudo-
symmetric with the atomic configurations in the
four subcells related to one another by three pseudo-
symmetry operations: body-centering, C-centering,
and c/2 translational symmetry. If one of a pseudo-
symmetrically related pair of atoms is transformed
by the corresponding true symnetry operation and
the distance between the two is calculated. this dis-
tance (in A) represents the deviation from true
symmetry for that pair of atoms. If the value is zero,
then the pair would be truly symmetry-related and
not just pseudo-related. This analysis was carried

TAsrE, 7. Bond Angles at the Tetrahedral Sites for Primitive
Anorthite (Anrm) at 25"C and for Miyake Anorthite at

410"C and 830"C
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these variations are not as marked. Two factors con-
tribute greatly to these variations: (1) the greater
error in the positional parameters of the high tem-
perature refinements; (2) the distance between
mean positions of the atoms may not be realistic in
view of the increased anisotropy of atomic thermal
motion at high temperatures. If, rather than com-
paring individual distances, we compare mean
values, the effects of these factors are minimized.
This is reflected in both the reasonable mean bond
distances for individual polyhedra and also in the
grand means for all coordination polyhedra of the
same type. The following generalizations regarding
changes in the anorthite structure with increasing
temperature can be made on the basis of our data:
( 1) there is a significant increase in size of the Ca
coordination polyhedra with no apparent change in
the regularity (as deduced from the variations in
Ca-O distances and O-Ca-O angles); (2) except
for a possible increase in distortion, the mean dim-
ensions of the Si and Al tetrahedra remain un-
changed; (3) while the mean and grand mean
T-O-T angles remain essentially unchanged, two of
the four rings become more regular as reflected in a
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Tenre 9. T4-T Angles in the Four Rings of Primitive

Anorthite (An'*) at 25'C and Miyake Anorthite at 410"C
and 830'C
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out for all atoms and all pseudo-operations for the
structure at 25oC, 410'C, and 830"C. The results
are presented in Table 10a and show that with an
increase in temperature, the separation between
atoms related by the pseudo-bdy-centering and the
pseudo-C-centering increases. fn contrast, no dis-
tinct trend is evident from coordinate shifts of the
atoms related by the c/2 pseudo-translation.

Our investigations as well as those of others in-
dicate that variations in 'c' reflection intensity and
in diftuseness with temperature are a function of at
least one of the following parameters: (1) the small
shifts in atomic coordinates and the marked changes
in thermal motion observed in the high temperature
refinements, and (2) an increase in domain bound-
ary frequency with a concomitant increase in the
relative volume of the structure represented by
domain boundaries within which the structure must
be very nearly body-centered (Czank et al, 1970;
Laves et el, 1970). A comparison of these two fac-
tors may be obtained by computing 'c' reflection
intensities for the anorthite structure as a function

of temperature (25,410 and 830'C) and compar-
ing these with the observed changes in the intensities
of the 'c' reflections. In addition, this type of analysis
allows separate assessment of the relative contribu-
tions of the Ca and the framework atoms to the
variation in intensity of both individual'C reflections
and the 'c'reflections as a whole.

A random sampling of 264 'c' reflections with

Tnsrs 10a. Deviation (in A) from "True" Symmetry for
Pseudo-Symmetrically Related Atom Pairs
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sin d values within the range of the measured 'a'

and 'b' reflections were chosen for computation.
Structure factors were then calculated separately
for the Ca atoms and for the Si, Al and O atoms
using the positional and thermal parameters from
each of the three refinements [25' (Wainwright and
Starkey, l97l); and 410' and 830"C1. The separate
contributions of the Ca atoms (F.") and the Si, Al
and O atoms (Fr"**") for a number of the most
intense 'c' reflections are listed in Table 11, with the
ayerages for all 264 appearing at the bottom. These
reflections are some for which (l) either the Ca
atoms (025, 045,065, 445, 441 and 625) or the frame-
work atoms (221,227,267,42i,623, and 663) have
the greatest contribution, and (2) intensity has been
previously monitored as a function of temperature
(025 and 027;Foit and Peacor, 1967b), (227 and245,
Fig. l), (045, Czank et al, 1970) and (065, Laves
et al, 1970). The values presented in the third column
(I"o-oo"i,") are equal to (F", * F,".^")' which is
proportional to the calculated intensity for a par-
ticular reflection. Since no corrections for Lorentz,
polarization, or absorption effects have been made,
Icomposire is only an approximate representation of
the observed 'c' reflection intensity relationships.
However, these corrections are not significant here
since this analysis involves only comparison of
intensity as a function of temperature.
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The following generalizations can be made on the
basis of the data in Table 11. First. the Ca atoms
have a greater contribution to the total 'c'reflection

intensity and its diminution with temperature than
the framework atoms (refer to the mean values of
F6a and Fn.,-").Secondly, the calculated (Table 11)
as well as the observed intensity reductions (Fig. 1)
were for the most part quantitatively similar regard-
less of the relative contributions of the Ca atoms
and the framework atoms. This further emphasizes
the "cooperative behavior" of the Ca and the frame-
work atoms in bringing about an overall reduction
in 'c' reflection intensity. Third, overall changes in
atomic positions and thermal motion account for
approximately 47 percent of the total intensity de-
crease for the 'c'reflection over the range 25-4l0oC
and for approximately 2 percent over the range
410-830'C.

While these decreases conform to the observed
general trend of the'c' reflection intensity decreases
with temperature (Fig. 1, Brown et al, 1963; Foit
and Peacor, 1967b; Czank et al, l97O; and Laves
et al, 1970), the observed decreases in the range
25-41,0"C are greater than can be accounted for
solely by the changes in atomic positions and ther-
mal motion. Assuming that both the calculated and
observed 'c' reflection intensities at elevated tem-
peratures are accurate (i.e., the reflections have

TAels 11. Calculated Ca and Framework Contributions to Structure Factors and Resultant Intensities for'c'Reflections
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been fully integrated), it is difficult to escape the
conclusion based on this data that reversible changes
in the domain texture are taking place over the ap-
proximate temperature range 25-4O0oC, concomi-
tant with the observed changes in atomic positions
and thermal motion within the domains.

Megaw (1962) proposed that disorder of Si and
Al provides the principal control over the forma-
tion of out-of-step domains in quenched specimens.
Smith and Ribbe (1969) have reviewed the perti-
nent data and note that "If Megaw's idea is correct,
the domain structure should be relatively unaffected
by heating and cooling cycles below the tempera-
tures at which the Si and Al atoms can diffuse. . . .
If, however, the domain structure is controlled by
uncorrelated vibrations of the aluminosilicate frame-
work, such temperature cycling would drastically
change the domain structure." The intensities and
diffuseness of the 'c' reflections provide a measure
of the nature of the domain structure. The crystal
used for our intensity measurements has undergone
a number of heating cycles. For example, intensity
data have been collected at elevated temperatures
on three occasions (410"C for 10 days, 830oC for
6 days, and again at 830oC for 6 days), the crystal
being returned to room temperature after each set
of measurements. The same crystal was also used to
study the 'c' reflections as a function of temperature
(up to a maximum of 1003"C for a brief period)
both before and after measurement of these data
sets, with the results of the first study being reported
by Foit and Peacor (1967b). Figure 1 shows the
variations in integrated intensity for some selected
'c' reflections as determined after the crystal had
undergone the heating and cooling cycles. These re-
sults are qualitatively similar to those obtained with
the first heating experiments, except that they were
obtained using monochromated radiation, which
permitted observation of residual intensity at high
temperatures. In addition, electron microscope stud-
ies of anorthite have shown that the 'c' domain tex-
ture is altered only by heating to high temperatures.
One sample of anorthite examined by G. Nord
(personal communication) exhibited a change in
domain texture only after heating to 975oC. These
results are entirely consistent with Megaw's proposal
that the domain texture of quenched samples as ob-
served at room temperature may be altered only by
heating to the very high temperatures required for
Si-Al interchange.

The evidence regarding the possibility of changes
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in domain texture in the temperature range 25-
400'C is in part contradictory. The X-ray diffrac-
tion data suggests that the frequency of domain
boundaries increases as a reversible, equilibrium
function of temperature. On the other hand, elec-
tron diffraction data as earlier reviewed shows that
the original textures are unaltered with heating,
provided that temperatures on the order of 1000'C
are not exceeded (Nord, personal communication).
One explanation consistent with these data is that
although the frequency of domain boundaries varies
in the temperature range 25-4O0oC, the occurrence
of specific boundaries is reversibly determined by the
existing Al-Si distribution. We emphasize that this
is highty speculative, and appears to be inconsistent
with the electron diffraction data of Nord. who
notes that the image of the domains simply "fades"
with increasing temperature, as the 'c' reflections
become increasingly diffuse. It is also interesting to
note with regard to the "bouncing" Ca atom mech-
anism suggested by Smith and Ribbe (1969) that
there is a significant increase in the pseudo'body-
centeredness of the Ca atoms over the temperature
range 25-4I0oC, while above this range there is
little or no change (Table 10b). While our data
does not by itself provide conclusive evidence of
either the absence or the presence of domain tex-
ture changes in the temperature range 25-400oC,
they do suggest that atomic position and thermal
changes within the existing domain structure are not
adequate to explain the observed changes in the'c'
reflection intensities.
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