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Abstract

X- ray  d i f f rac t ion  da ta  ob ta ined a t24 ,300,600,750,900,  1090,  and l l05"C have been used
to investigate the crystal structure of high albite at high temperatures. These results show that,
for the models tested, spl i t t ing of Na into four quarter-atoms gives the best agreement
between the structure model and X-ray intensit ies. At high temperatures, albite twinning and
broadened dif fract ion peaks make detection of the albite-monalbite transit ion dif l lcult ;  how-
ever, these single crystals of synthetic high albite (OrorAbrrrAn,r) were not monocl inic at
l l05'C. This contrasts with other investigations where the high albite-monalbite transit ion
has been reported to occur at temperatures as low as 930'C. Possible reasons for these
discrepancies include dif ferent prior thermal histories, the presence of polysynthetic twinning
and/or other defects in crystals transforming at the lower temperatures, dif ferent composi-
t ions for the crystals, and errors in measurement of the transit ion point. Although no direct
evidence has been found for a domain structure in high albite, a possible explanation for the
observations is that four kinds of domains or regions exist in the crystal,  each of which
contains an ordered tr icl inic arrangement of AlSi.,  but with Al occupying a dif ferent one of
the four possible tetrahedral si tes in the crystal structure comprising each region. Each Na
posit ion is then a function of the immediate Al lSi environment.

Introduction

Ferguson et al. (1958) reported the first refine-
ments of the structures of low albite and high albite.
In that paper several questions were raised about the
structures which have not yet been answered satisfac-
tori ly. These questions involve the nature of the Na
atom and the degree of Allsi disorder in the low- and
high-albite structures. These authors found that the
Na atom in low alb i te  has an unusual ly  anisotropic
thermal vibration which could be interpreted as ther-
mal  v ibrat ion or  as a random occupancy of  one of
two positions separated by - 0. lA in the relatively
large cavity in which Na resides. The anisotropic
character of Na in high albite was found to be even
greater, with a separation for the split atom model of
approximately 0.6A. The problem was reviewed
again by Ribbe et al. (1969) using new three-dimen-
sional X-ray data. In their paper the problem and
experimental evidence were more clearly defined;
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however, the conclusion for low albite was that nei-
ther of the possible models could be ruled out by the
evidence at hand. For high albite the evidence was
again not definit ive, but the best match to the data
was obtained using a quarter-atom model with four
quarter-atoms distributed in an approximate l ine
along the major axis of the anisotropic Na Fourier
peak and with separations of 0.9A between the outer
pair and 0.2A between the inner pair. Although there
is some discussion of possible domain structures in
high albite in Ribbe et al. (1969), and although Quar-
eni and Taylor (197 l) reported on a high-temperature
study of low albite, the behavior of the Na atom in
alb i te  is  s t i l l  not  wel l  understood.

With regard to the question of AllSi ordering in
albite, one would l ike to know whether low albite is
completely ordered and high albite completely dis-
ordered; also, there is the question of whether inter-
mediate albites exist, and if so, whether the lattice
parameters change in a regular way as a function of
AllSi ordering. Ribbe et al. (1969) concluded that Al
is ordered into one site and Si into the other three
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sites in low albite, even though the three Si sites differ
slightly in average 7-O distance. They also concluded
that Al is distributed randomly over the four sites in
high albite even though the tetrahedron equivalent to
the Al tetrahedron (Zlo) is slightly larger than the
other three in high albite. In a much more detailed
analysis, Phillips and Ribbe (1973) confirmed these
conclusions. Other work, such as that of Harlow et
al. (1973), has not significantly changed this inter-
pretation of AllSi order in low albite and high albite'

Another aspect of albite structural chemistry which
has been the subject of discussion is whether there is a
transition from triclinic to monoclinic symmetry in
high albite at high temperature (- 1000"C). The
literature on this subject is extensive and has been
reviewed in detail by Smith (1974). Questions revolve
around the source and prior heat treatment of the
albite, the type of experiment used to determine the
temperature of transition, and the nature of mon-
albite itself.

Because all of the points raised above were of
interest to us, we decided to undertake a structural
study of albite single crystals at high temperature in
order to solve the problems outlined above or to add
additional information which would provide better
understanding of the problems and their solutions.
This paper reports results obtained from our in-
vestigation of high albite crystals synthesized hydro-
thermally and annealed at 1060"C for 40 days. Pre-
liminary results were reported by Sueno et al. (1973)
and Prewitt et al. (1974). Subsequent to these reports,
Okamura and Ghose (1975) invest igated the transi-
tion to monalbite using annealed Amelia albite crys-
tals. Because the results of the two investigations
differ in important ways, the differences are discussed
here in detail.

Experimental

Nomenclature

Different authors have used different symbols for

labell ing the atom sites in albite. Most of these are

based on a paper by Megaw (1956) which was, in

turn,  based on the or ig inal  notat ion ofTaylor  (1933).

We follow the scheme used by Megaw (1974), but

without parentheses or subscripts to aid typing and

typesetting. For example, Megaw (1974) labelled the

tetrahedral sites 7'(o) and Tr(m) where o and z stand

for original and mirror. We use Tlo and Tlm with

similar modification for the other sites.
Another use of nomenclature concerns the terms

high albite and analbite. Laves (1960) defined anal-

bite as a tricl inic albite which wil l invert to monalbite

at high temperature and high albite as a tricl inic

albite that wil l not invert to monalbite. Because there

is probably a continuous series between lowest and

highest albite structural states and because there is

some uncertainty about the existence of truly mono-

clinic albite, we wil l use the terms suggested by

Smith (1974, p. 446), i.e., maximum low albite and

maximum high albite to describe albites which are at

the extremes of order and disorder. For structural

states near the extremes, where exact designation of

structural state is not important, the prefix maximum

will be dropped. When the structural state is clearly

between the extremes , intermediate albite will be used.

Source of crystals

Intermediate albite crystals synthesized at 700oC

and 5 kbar under hydrothermal conditions were ob-

tained from Dr. G. Lofgren (Johnson Space Center,

Houston, Texas). These crystals were annealed at

1060"C for 40 days in an evacuated sil ica-glass tube.

The chemical composition of these crystals is dis-

cussed in a later section of this paper. Twin-free

single crystals approximately 100 tr"rm in diameter

were carefully selected using precession camera X-ray

photography. For high-temperature experiments,

these crystals were mounted parallel to a* on sil ica-

glass fibers with mull ite "glass" cement and then

sealed in evacuated sil ica-glass capil laries. The details

of the crystal heater and the high-temperature cement

were discussed by Brown et al. (1973).

Intensity and cell parameter measurement

Integrated intensities were measured at several

temperatures (24, 300, 600, 750, 900, 1090' and

I105'C) using a computer-controlled Picker four-

circle diffractometer with Mo1(a radiation (0'710?A)

monochromatized with a graphite crystal. The reflec-

tion data were measured using an os-20 scan (2o/min-

ute) with ten-second background counts on either

side of the peak and were converted to structure

factors by applying Lorentz and polarization correc-

tions, but no absorption corrections' To maintain

uniformity in the intensity measurement, we at-

tempted to collect the same set of reflections within a

20 range 5o-60o at each temperature. A standard

reflection. 060. was monitored once for every 20 re-

flections throughout each data collection. After each

set of intensity data was obtained, cell-parameter de-

terminations at the appropriate temperature were

made using over 35 independent 2d values and the

crLRn least-squares program written by Prewitt. Fi-
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nal cell parameters associated with each set of in-
tensity data plus several for other temperatures are
listed in Table l.

Refinement

All refinements of structure models were run using
space group Cl, neutral atom scattering factors
(Doyle and Turner, 1968), and the full-matrix, least-
squares refinement program, RFINE, written by
L. W. Finger (Geophysical Laboratory), All in-
tensities were weighted according to w : l/op where
or is the standard error based on counting statistics
(Prewitt and Sleight, 1968). All reflections which were
indistinguishable from background or which had
asymmetric backgrounds were rejected from the re-
finements. High albite was refined using two different
models, with sodium included as a single atom or
four quarter-atoms. Also, high-albite data collected
at l090oC were used to test a model where all atoms
were split into four positions, but this model did not
converge. The numbers of collected reflections (ex-
cluding the standard reflection 060), the numbers of
reflections which were used for the final cycle of
refinement, and the final R factors are given in Table
2. Table 3,2 which contains the structure factors and
the parameters from the last cycle of each refinement
series, has been deposited with the Mineralogical
Society of America.

The results of the refinements of hish-albite struc-

'To obtain Table 3. order document AM-75-032 from the
Business Office, Mineralogical Society of America, LL 1000,
1909 K Street, N.W., Washington, D.C. 20006. Please remit
$1.00 in advance for the microfiche

Tnslr  2.  Intensi ty data for  h igh alb i te

Temp.  ( "C)  No.  Ref l . Rl

n  =  r l l r o l  -  l F " l l / r l Fo l '  n ' =  t  ( l r o l  -  l Fc l ) z / r ' t ( l l o l ) ' .
RI is for a singTe anisoxropic Na ax@.

*.1/4 it foa fout isotropic guaater ila atons.

Nunibet€ in tErertheses tePtesent the nunber of tefLections useil in

final. tefinerent.

tures at different temperatures are reported as fol-
lows: positional parameters and isotropic temper-
ature factors (Table 4); T-O distances, O-O distances
in the tetrahedra, and Na-O interatomic distances
(Table 5).

T ri c I inic -mo no c I ini c t rans i t ion

As stated previously, the crystals were heated at
1060"C for forty days with the intention of producing
maximum high albite. However, in the high-temper-
ature experiments, our crystals were not monoclinic
at I105'C. We did not examine high albite at above
I 120'C, because the softening of the silica-glass fiber
on which the crystal was mounted causes slight move-
ment of the crystal and results in a decrease in the
accuracy of the unit-cell measurement.

To check our cell-parameter measuring technique,
we examined monoclinic K-feldspar at high temper-
ature assuming it to have triclinic symmetry. How-
ever, iir least-squares refinements, the cells always
refined to monoclinic symmetry. The change in cell

Rr 
/qRt  

/ l
Rt ' ,

24  r843  4 .8 (1731 )  4 .6 (1731 )  4 .1 (1730 )  3 .7 (1730 )
350  1856  5 .2 (1734 )  4 .8 ( ' , 1734 )  4 .9 (1734 )  4 .4 (1734 )
600  r873  5 .4 ( r739 )  s . l ( 1739 )  5 .2 (1741 )  4 .8 ( l i 4 l )
750  1877  s .5 (1720 )  5 .2 (1720 \  s . 3 (1720 )  s . 0 (1720 )
e50  r8e3  5 .3 (1712 )  5 .2 (17 ' t 2 )  s . 2 (17121  s . l ( 1712 )

l oso  1907  7 .7 (1686 )  i . 3 (1686 )  7 .7 (1686 )  7 .3 (1685 )
l l 05  1753  6 .8 (1s77 )  6 .5 (1577 )  6 .8 ( ' , | 576 )  6 .5 (1576 )

Tlsle l Cell parameters of high albite as functions of temperaturet

a / a sls

24 'C  8 .  r  s35 (4 )
0.  l  37083

3s0 "c  8 .  r 829 (7 )
0.  1 36438

600 "c  8 .2096 (7 )
0.  I  35891

7s0'c 8.2296(71
0. l  35487

950"c 8.2s08(9)
0.  I  35050

l0e0 ' c  8 .2763 (10 )
0.  I  34538

| r05 ' c  8 .2783 (7 )
0.  I  34500

1 2.8694( s )
0.077900

1 2.8e47 (6\
0.077695

12.e182(7 )
0 .077505

' r 2 . s336 (8 )

0.07 7376

1  2 .9489 (9 )
0.077247

r  2 .9s93 (9 )
0.077165

t 2 . s 5 e 2 ( 7 )
0 .0771  6s

7. ' , r070(4)  93 .s2r  (4 )
0 .157554 85 .938

7. i l90(s )  93 .04r  (s )
0. I  570/18 86.521

7.1284(4) e2.482(sl
0. r 55549 87. I  58

7 . r 3 5 7 ( 5 )  9 r . 9 s 6 ( 5 )
0 .156348 87 .781

7 . r 4 3 r  ( 4 )  9 r . ' , r 6 r  ( 5 )
0.1 55025 88.692

7. r463(7)  90 .097(7)
0 .155812 89 .898

7.14s2(s )  90 .0s6(s )
0. I  55829 89,939

65s. e5 (8 )
0.00r 502 2.005

5 7 r . e ( r  )
0 .00 ]488 1 .698

677.0r  (9  )
0 .001477 L374

680.8( r  )
0 .001469 1 .068

684 .8( r )
0.001460 0.624

688.4(1  )
0.001453 0.04s

688.4( r  )
0.001453 0.028

i l 6 . 4s8 (3 )  90 .2s7 (3 )
63.470 87.957

r 1 5 . 3 s 2 ( 4 )  9 0 . r 7 2 ( 4 )
63.  s98 88.300

116.282(41 90.r28(5)
63.685 88.630

i l 6 . 232 (4 )  e0 .078 (s )
63.749 88.949

Ir  6.  r  69( s)  90.030(s )
63.824 89.396

r  16 .092 (5 )  89 .988 (6 )
63.908 89.956

i l 6 . 087 (4 )  8e .e97 (4 )
63 .91  3  89 .975

' tzo = zo(t : t )  -  zot t3t) .
Standatd ettoEs for ditect ceLL lElareters ate given iD parentlreses.
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T,qsr-E 4. Atom coordinates and equivalent isotropic temperature factors for high albite

24'c 350'c 1 0 9 0 " c t  1 0 5 ' c

Na

X

z
B

x

z

0.2737 (3 )  0 ,2748 (4 )  0 .2761 (4 )
0 .0073 (3 )  0 .ooss  (3 )  0 .00J7 (4 )
0 . 1 3 2 9  ( s )  o . l 3 4 t  ( 6 )  0 , t 3 7 4  ( 7 )
7 , 6 2  ( l r )  r . 6 0  ( 1 3 )  1 0 . 0 2  ( r 4 )

0 .0090 ( t )
0 . 1 6 s 0  ( l )
0 . 2 1 4 r  ( l )
0 . 7 8  ( l )

0 ,  2769 (5 )
0 .0029 (4 )
0 . 1 s 7 4  ( 7 )

1 0 . 8 0  ( r s )

0 . 0 0 8 7  ( l )
0 , r 7 l r  0 )
0 . 2 1 1 9  ( 2 )
r , 8 9  ( 2 )

0 . 0 0 6 6  ( l )
0 . 8 1 7 7  ( l )
0 .225t  (2 )
l . 8 s  ( 2 )

0 .6940 ( l )
0 . r r 2 3  ( l )
0 . 3 3 1 6  ( 2 )
l . r 8  ( 2 )

0 . 6 9 1 9  ( r )
0 . r r o s  ( l )
0 .3494 (2 )
l , 8 9  ( 2 )

0 .0030 (s )
0 . 1 3 7 4  ( 3 )
0 .99 t2  (5 )
3 .60  (7  )

0 . 2 7 r 0  ( s )
0 .0019 (4 )
0 .  l JT l  (7 )

1 r , 6 6  ( l s )

0 ,0066 ( t )
0 . r 7 4 6  ( r )
0 ,2210 (2 )
2 . r7  (2 ' , )

0,0072 (l ')
0 , 8 r 9 4  ( l )
0 ,2253 (2 )
2 . t 6  ( 2 )

0 . 6 9 s r  ( r )
0 , r 1 4 l  ( l )

2 . 2 0  ( 2 )

0 .693t  ( I )
0 .8E20 ( r )
0 ,3465 (2 )
2 , 2 r  ( 2 1

0.0016 (5 )
0 .  r380 (3 )

3 . 9 8  ( 7 )

0 .6033 (4 )
0 .9971 (2 )
0 .2 r31  (s )
3 . 2 2  ( 6 )

0.8226 (S)
0 .  l  2 r2  (3 )
0 .2169 (6 )
4 . 5 2  ( 6 )

o . t222 (S)
0 .8593 (3 )
0,2323 (6)
1 .75  (8 )

0 .0239 (4 )
0 .300s  (2 )
0 .26r9  (6 )
3 .?9  (6 )

0 .0247 (S)
0 .6933 (3 )
o .24ss  (6 )
3 .8s  (6 )

0 .  l t94  (s )
0 . l l 9 r  ( 5 )
0 .400r  (s )
4 . o 1  ( 7 )

0 . r 8 E l  ( 5 )
0 .8736 (3 )
0 . 4 1 r 7  ( s )
4 .  1 3  ( 7 )

0 . 2 7 r 3  ( 1 4 )
r . 0 0 1 9  ( 1 2 )
0 .  r720 ( r8 )
4 .  1 8  ( r 9 )

0 . 2 8 6 0  ( r 8 )
0 .9604 ( r2 )
0 ,  1603 (25)
6 . s 3  ( 3 1 )

0 . 2 t 8 4  ( r 8 )
0 . 0 4 1 4  ( l l )
0 , 1 2 8 2  ( 2 s )
6 .02  (2E)

0 . 2 7 2 0  ( 1 6 )
0 . 0 0 1 3  ( r 3 )
0 . 0 8 4 9  ( 2 r )
s  .2 t  (24)

0 .2793 (7 )
-0 .0000 (6 )
0 . r 3 7 7  ( r l )

0 .0064 (2 )
o . l 7 1 2  ( l )
0 , 2 2 2 7  ( 2 )
2 , 5 2  ( 3 )

0 .00 t0  (2 )
0 . r 2 r s  ( r )
0 , 2 2 3 2  ( 2 )
2 , S t  ( 3 )

0,6962 (2)
0 . 1 t 6 0  ( l )
0 . J 4 1 8  ( 3 )
2 . s 3  ( 3 )

0 .696 i  (2 )
0 . $ 3 t  ( r )
0.312t (3)
2 . 1 9  ( 3 )

-0.000s (r)
0 . r3 t9  ( , r )
0,99t7 (7)
4 .39  ( lo )

0 .60s5 (6 )
0 .999r  (3 )
o.2t47 (7)
3 ,16  (6  )

0 . r 2 3 s  ( 7 )
0 . 1 3 3 6  ( s )
0 .2240 (10)
s . 3 s  ( r 3 )

0 . t233 (7 )
0 .E6s l  (s )
0 .2s57 ( r0 )
s . 2 6  ( r 3 )

0.0263 (7)
0 .3039 (4 )
0 .2535 (9 )
4 . 6 2  ( l  r  )

0 .026r  (7 )
0.5958 (,r)
0 .2s2r  (9 )
4 . 6 7  ( l l  )

0 . r r79  (7 )
0 .  r233 (4 )
0 ,4042 (7 )
4 .45  ( r0 )

0 .  l t79  (7 )
0 . r 7 s 8  ( 4 )
0 ,406r  (7 )
4 . 4 9  ( l l )

0.2709 (23)
l . 0 0 r s  ( r 9 )
o .1723 (29)
4  .86  (31  )

0 . 2 8 9 6  ( 3 r )
0 . 9 s 7 7  ( 1 9 )
0 ,  rs37  (42)
7 . 7 5  ( s s )

0 .2 r9s  (32)
0 .0423 (20)
0 . 1 3 9 2  ( 4 s )
7 .E4 (s9)

o .2754 (25)
- 0 , 0 0 r 5  ( 2 0 )
0 . 0 E 2 6  ( 3 1 )
s . 7 9  ( 3 6 )

0 .2797 (7 )
0.0000 (6)
0 , 1 3 6 2  ( l o )

I 2. s9 (20)

0 .0061 (2 )
0 . 1 7 1 3  ( l )
0 .2230 (2 )
2 .50  (3 )

0 ,0010 (2 )
0 . 8 2 1 4  ( l )
0 ,2233 (2 )
2 .53  (3 )

0.6963 (2)
0 . u 6 0  ( l )
0 .3420 (2 )
2 .Sr  (3 )

0 .6964 (2 )
0 . t t36  ( r )
0 , t .26  (2 )
2 .So (3 )

0 .0002 (7 )
0 . r390 (4 )
0.999s (7)
4 , 1 2  ( r 0 )

0,6072 (S)
0 .9999 (3 )
0 .2 ts0  (7 )
3 . 1 3  ( r )

0 .8238 (7 )
0 . r345 (4 )
o .22 tz  (9 )
s .3 r  ( r2 )

0 . r239 (7 )
0.t6s4 (4)
0 .2252 (9 )
s  .3s  (12  )

0 .0266 (6 )
0 .304r  (4 )
0 .2s34 (8 )
4 , 6 1  ( r 0 )

0 .0264 (6 )
0 .69s7 (4 )
0 .2s2s  (8 )
4 . 6 0  ( r 0 )

0 . r882 (6 )
0 . r236 (4 )
0 .4050 (7 )
1 . 5 2  ( r o )

0 . 1 8 7 s  ( 6 )
0 .876r  (4 )
0 .10s6 (7 )
4 . 4 9  ( r 0 )

o .27r7  (2O)
r . 0 0 1 0  ( r 7 )
0 .1729 (27)
4 .E4 (29)

0 .2 t83  (29)
0 .9s74 ( r t )
0 . 1 5 1 7  ( 4 0 )
8 .  14  (s3)

0 .292r  (29)
0 . 0 4 2 3  ( l t )
0 .  r42 t  (41  )
7 .a4  (s4)

0 .27s3 (22)
- 0 . 0 0 r 1  ( t t )
0 .0E34 (29)
s  .78  (34  )

o . o o r 9  ( r )  0 . 0 0 r t  ( l )
0 , 1 6 7 4  ( r )  0 . 1 6 9 7  ( l )
0 . 2 1 6 4  ( l )  o , 2 t 7 4  ( 2 )
t , 2 2  ( 2 )  |  , 6 2  ( 2 )

0.004E ( r )  o ,oos4 ( r )  0 .0061 ( l )
0 . r l 4 s  ( r )  0 . 8 r s s  ( t )  0 . 8 r 6 s  ( r )
0 . 2 2 9 0  ( l )  0 , 2 2 8 4  ( r )  0 . 2 2 7 5  ( 2 )
0 . 7 8  ( t )  l , 2 1  ( 2 \  1 . 6 0  ( 2 )

0 . 5 9 0 2  ( l )  o . 6 9 l s  ( r )  o  6 s 3 l  ( t )
0 . 1 0 7 9  ( l )  0 . 1 0 9 6  ( 1 )  0 . l l r 0  ( l )
0 .3202 ( l )  0 .3242 (2 )  o ,32Et  (2 )
0 . t 2  0 )  r . 2 1  ( 2 )  r . 6 2  ( 2 )

0 .5E49 ( l )  0 .6177 ( l )  0 .6902 ( r )
0 .8776 ( t )  0 .878s  ( l )  0 .1796 ( l )
o .3s3s  ( r )  0 .3s2s  (2 )  o .3s l0  (2 )
0 . 7 9  ( l )  1 . 2 3  ( 2 )  1 . 6 3  ( 2 )

0 .00ss  (4 )  0 .0046 (4 )  0 .0039 (5 )
0 . l 3 s r  ( 2 )  0 . 1 3 s 9  ( 2 )  0 . 1 3 7 t  ( 3 )
0 .984s  (4 )  0 .e674 (S)  0 .9696 (s )
| ,62  (4 )  2 .11  (s )  3 .04  (6  )

x
Y

D

Y

B

x
v

x

t
t

x

z
B

x

Y

B

x
v
z
D

x
Y

z
a

X
v

a

x
v
z

0.s9r6  (3 )
0 .9907 (2 )
0 .2783 (4 )
1 .32  (4 )

o ,8212 (4 )
0 .1084 (2 )
0 . r990 (4 )
r .6s  (4 )

0 . t r84  (4 )
0.8470 (2)
0 .24Ss (4 )
1 . 8 9  ( 4 )

0 ,0162 (3 )
0.2902 (21
0.2770 (4 )
r . 4 s  ( 1 )

0 . 0 2 t 3  ( 3 )
0 .6873 (2 )
0 . 2 1 t 0  ( 4 )
r .49  (4  )

0 .1959 (3 )
o . r r23  (2 )
0 .3E76 (4 )
r . 4 4  ( 4 )

0 , 1 8 E 5  ( 3 )
o .E67S (2)
0 .4266 (4 )
r , 6 2  ( 4  )

0.2650 (r2)
0 .9961 (8 )
0 ,  r47s  (1s)
l . s 4  ( l s )

0 .2798 ( r0 )
0 .9716 (6 )
0 . 1 1 6 3  ( 1 2 )
2 . t 9  ( l s )

o .2E2S ( r0 )
0 .0364 (6 )
0,0902 (r2)
r . 7 9  ( 1 5 )

o .2727 ( t2 )
0 . 0 r 8 2  ( 8 )
0 .  u 8 s  ( r  s )
t , 3 7  ( 1 6 )

0.s9sr (1)
0.9924 (2)
0 . 2 7 9 t  ( 4 )
r . 8 4  ( 4  )

0 . 8 2 1 0  ( 1 )
0 . 1 1 3 6  ( 2 )
0 . 2 0 2 r  ( s )
2 . 4 8  ( s )

0 . t 1 9 8  ( 4 )
0 . 8 4 9 1  ( 3 )
0 . 2 4 3 4  ( s )
2 . 9 O  ( 5 )

0 . 0 r 8 9  ( 4 )
0 . 2 9 5 3  ( 2 )
0 . 2 7 4 t  ( S )
2 . 2 6  ( s ) .

o.o224 (4)
0 . 6 8 9 0  ( 2 )
0 . 2 2 4 t  ( S )
2 . 2 7  ( S  )

0 , 1 9 4 2  ( 1 )
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TrsLe 5. Z-O, O-O, and Na-O interatomic distances in high albite
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parameters approaching the transition to monalbite
was checked independently for different crystals by
different people, and although there is some uncer-
tainty in our temperature measurement, it is certain
that the transition temperature is significantly higher
than those found by other investigators.

When the single crystals of high albite were
quenched from the temperature range where they
approached monoclinic symmetry, the crystals were
always found to have albite twinning, despite our
observation that the crystals were sti l l  single before
quenching. On hkl precession photographs of
quenched crystals, diffuse streaks extend from the
spots in the room-temperature pattern toward the
positions of the spots at high temperature. These
diffuse streaks are larger for the reflections which
have larger i components in their ftkl indices and
smaller for the reflections which have larger /< com-
ponents. These diffuse streaks suggest that some parts
of the crystal did not completely recover their unit
cells in the cooling procedure, but were closer to
monoclinic symmetry than the other parts of the
crystal. All parts of the crystal maintain the same D
direction at any temperature.

It has been generally observed for many materials
that on cooling from temperatures above a transition
point, the crystal becomes an aggregate of f ine twin-
ning because of the effect of changing the symmetry
from higher to lower at the transition temperature. In
the case of albite, this phenomenon was observed in
spite ofthe observation that the crystal did not attain

truly higher symmetry, even though it approached
very closely to it. This may be explained if we accept
the multipartite unit-cells and fault domain structure
proposed for high albite by Ribbe el a/. (1969). If, in
this hypothetical structure, some of the domains have
actually been transformed to the monoclinic struc-
ture at high temperature even though other parts are
sti l l  tr icl inic, these monoclinic parts can induce albite
twinning on cooling. Pericline twinning was also ob-

served after quenching, but the relative amount was
always very small compared with that of albite twin-
ning. It is impossible to distinguish whether mon-
albite is truly monoclinic or whether it is composed of
tricl inic cells with a : "y :90'. The observation that
a* and 7* appear to remain at 90o at temperatures
higher than the transition plus the trend toward
equivalence of intensities, i.e., I(hkt) = I(hkl), as a
function of temperature supports a monoclinic sym-
metry.

Results

Crystal structures

The crystal structures of low albite and high albite
have been described in detail by Ribbe et al. (1969)

and by Smith (1974). Therefore, we wil l not attempt
to repeat the detailed descriptions except where nec-
essary to contrast the structural behavior at high

temperature. Figure I is a projection along a* of a
monoclinic feldspar structure; this diagram may be
used as a reference to the atom labels in the dis-
cussions that follow. Note that in low albite the 7lo

c

Frc.  l .  Project ion along a* of  a monocl in ic fe ldspar structure.
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site is the site which is fully occupied with Al. As
disorder increases, Al becomes distributed through-
out the other three sites, in approximate proportion
to the amount of disorder unti l, in maximum high
albite, the disorder is complete.

Interatomic distances

Table 5 shows how the T-O distances vary with
temperature. As with many other sil icate structures
the average (Si,Al)-O distances remain nearly con-
stant as the temperature is increased. Because the
temperature factors increase significantly with tem-
perature, it is obvious that thermal corrections would
result in an apparent expansion of the Si,Al-O bonds;
however, it is not clear what thermal model should be
used or how the results of a thermal correction could
be used to advantage for this paper. We are more
interested in relative trends of interatomic distance
with temperature rather than in absolute values. For
example, the average distance in Tlo at room temper-
ature is slightly larger (- 0.005A) than in the other
tetrahedra, indicating perhaps that it contains more
Al than the others. However, at I 105'C Tlo and Tlm
are a lmost  equal(1.643A and l .64lA)  asareT2o and,
T2m (1.635A). It is a requirement of the C2/m sym-
metry of monalbite that Tlo = Tlm and T2o = T2m,
but

The magnitudes of the changes in individual Z-O
distances are correlated with the changes in Na-O
distances. For example, in Figure 2 the distances
from Na to OBm, ODm, and Io OBo, ODo change
rapidly because each OB pair and each OD pair must
become equivalent at the transition to monalbite.
From Table 5 it can be seen that the T-OBn and
T-ODn distances increase and the T-OBo and
T-ODo distances decrease with temperature. Similar
correlations can be made for other sets of interatomic
distances.

In the room-temperature structure of high albite,
there are six Na-O bonds within 3.04. All of these
bonds expand with increasing temperature, but
Na-O,42 is the shortest bond length at all temper-
atures. The other bonds change their relative se-
quence in length (Fig. 2) at high temperature with Na
to OCm increasing beyond 3.0A and to OBm and
ODm decreasing below 3.04. If this somewhat arbi-
trary l imit is selected for determining coordination
number, then the coordination of Na increases from
six to seven at about 600'C.

Temperature factors

Variations of equivalent isotropic temperature fac-

o 200 100 oc 600 800 loo0

Frc. 2 Na-O distances u.r. temperature in high albite.

tors for Na (single- and quarter-atom models), Z
(mean values) and O (mean values) atoms are plotted

as functions of temperature with extrapolation to 0o

K in Figure 3. This kind of plot was used by Quareni
and Taylor ( I 97 I ) in their study of low albite at high
temperature as evidence for determining whether the
observed thermal parameters were due to true ther-
mal motion or spatial disorder. Their assumption was

that if thermal motion was the sole cause of the
observed values for B, the isotropic B's should ex-
trapolate to zero at 0o K. In their experiments, the Na

and tetrahedral B's did extrapolate approximately to
zero whereas those for oxygen did not. Figure 3
shows that our results for Z and O atoms in high
albite are similar to those of Quareni and Taylor
( I 97 I ) for low albite, but the .B's indicate some spatial
disorder for both kinds of atoms.

o<

o
o
z
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0.., u'","t"",,**10,"'*;;**",;*",,1*,n0",J"*
for  a s ingle anistropic Na atom, four quarter  atoms (Nal ,  Na2,
Na3, and Na4),  tetrahedral ,  and oxygen atoms.

Table 4 shows that the temperature factors for each
of the Z atoms are almost identical to one another
throughout the temperature range. OA2, the oxygen
atom closest to Na, and consequently, the most
tightly bound oxygen atom in the structure, has the
smallest temperature factor. Presumably because
they are less tightly bound to Na, the "m" oxygen
atoms have larger -B's than do the "o" oxygen atoms.
However, as expected, the B's for each "m" and, "o"
pair converge to a common value at the transition to
monalbite.

Discussion

Maximum high albite

Mackenzie (1952) studied a series of natural and
synthetic albites at high temperature, using a powder
diffractometer to measure the separation of the I 1l
and I I I peaks as a function of temperature. He found
that at temperatures around 1000"C, the two peaks
(as well as other similarly related peaks) merged into
a single peak that remained single under further heat-
ing. This was taken as evidence of a transition to a
monoclinic (or pseudomonoclinic) symmetry. He
also found that the temperature of the transition was
a function of the synthesis conditions and/or prior
heat treatment of the sample, and that it decreased
with orthoclase content and increased with anorthite
content.

In a subsequent paper, Mackenzie (1957) reported

additional experiments and concluded that a continu-
ous series, primarily a function of Al/Si order, exists
between low albite and high albite. Only the most
disordered crystals (those crystall ized above 950"C)
were observed to undergo a change to monoclinic
symmetry at high temperature. Grundy et al. (1967)

examined a natural albite crystal (Abee.r6) which had
been heated for thirty-one days at 1060'C. Using a
precession camera equipped with a furnace, they de-
termined a transition to monalbite at 930"C. In more
extensive experiments with both powders and single
crystals, Grundy and Brown (1969) detected transi-
tions in several different samples with different pres-

sure-temperature histories. Using twinned Amelia al-
bite crystals which had been annealed at above
1080"C for  3200 hours,  Okamura and Ghose (1975)

reported a transition at 930'C.

Cell parameters

Figure 4 is a display of the a*-"y* angles obtained
from our high-temperature experiments plus those of

o  ( ,

88

.  T h i s  w o r k

o  G r u n d y  &  B r o w n ( 1 9 6 9 )

A O k a m u r a  &  G h o s e ( 1 9 7 5 )

88  89  v ' ( . )  90  91

Ftc. 4. Variation of a* and 7* as functions of temperature for

three different high albite crystals.
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Grundy and Brown (1969) for their sample ff307 and
those of Okamura and Ghose (1975). The straight
l ine in Figure 4 joins the point representing the a*-7*
values for analbite given by Stewart and Wright
(1974) to the point for a monoclinic feldspar where
a* = 7* : 90o. Any significant departure to the right
of this l ine indicates AllSi ordering (towards low
albite). The a* us. 7* variations for these three sam-
ples are remarkably similar, except for the temper-
atures at which equivalent a*-7* values are reached.
Apparently additional criteria are needed to specify
the structural state of high albite at any given temper-
ature.

Sodium atom

One of the purposes of this research was to see
whether further insight could be gained about the
nature of the Na position in high albite. For low
albite, Ribbe et al. (1969) discussed the evidence for
anisotropic thermal vibration u.r. a space averaging
over two possible positions for Na. Their conclusion,
which also took into account the two-dimensional
study of low albite by Will iams and Megaw (1964) at
- l80oC, was that "it is not possible, on the structural
evidence available, to decide whether the anisotropy
of the sodium atom represents anisotropic thermal
vibration or a space average; with due caution it is
permissible to say only that the low-temperature
measurements have their most obvious explanation
in terms of space average." However, Quareni and
Taylor  (1971) found that  the apparent  ansiot ropy of
thermal vibration increases as a function of temper-
ature and felt that this was sufficient evidence to
support true anisotropic thermal vibration as an ex-
planation for the Na anisotropy in low albite.

For high albite, Ribbe er al. (1969) found that the
quarter-atom model clearly gave the best agreement
with their data. These authors discussed the possible
existence of "multipartite cells and fault domains"
as explanations for the high albite structure. Our
room-temperature results confirm that using four
isotropic Na atoms, each included in the least-
squares refinement with an occupancy factor of Vc,
gives better agreement between observed and calcu-
lated structure factors than does a single anisotropic
Na atom. However, there is no significant difference
in R for the two models at high temperatures. In the
refinement of the 24"C data, the starting coordinates
for the quarter-atoms were those of Rlbbe et al.
(1969). Our final refined coordinates were similar to
the original ones with the four sites in a row as shown
in Figure 5a. Here the outer pair and inner pair are

T l m

21'c

h i g h  q t b i t e

350"c

h i g h  q t b i t e
o o

o o

logo'c
h i g h  o t b i t e

O  r r ( . z s ) +  s i (  z s )

(  t o

O N o

Frc. 5 Refined posit ions of Na quarter-atoms at three temper-
atures, (a) 24"C,(b) 350oC, and (c) 1090"C.

separated by l. l2A and 0.38A, respectively. This
linear orientation is parallel with the major axis of the
anisotropic thermal ell ipsoid in the single-atom
model. For each refinement using high-temperature
data, the starting coordinates were the final coordi-
nates of the next lower temperature. Figures 5b and
5c show what happens to the quarter atoms as the
temperature is raised. At 1090'C, the structure is
nearly monoclinic with Na2 and Na3 moving onto
the mirror plane and Nal and Na4 becoming a mir-
ror-related pair. This arrangement can apparently be
described equally well by either model and thus there
is no difference in R between the models.

Whether there is physical significance in the quar-

ter-atom model cannot be proved by these results,
although the plots of B us. temperature in Figure 3
support the idea that it is certainly better than the

single-atom model. In Figure 3 the temperature fac-

'1, l"oLo
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tor for the single Na atom extrapolates to approxi-
mately 6A' at -273"C, whereas the .B's for each of
the quarter atoms extrapolate to values around lA'.
An interpretation of this might be that there are four
possible kinds of domains, each of which contains Al
in one of the four I sites, but with the Al-avoidance
rules holding for each domain. The specific AllSi
arrangement in a domain determines the Na position.
Superimposed on this is the large anisotropic thermal
motion observed for Na in low albite (Quareni and
Tay lo r ,  1971 ) .

Whether high or low albite contains domains is
open to question. No satell i te reflections have been
observed in pure albite although Mclaren (1974)
observed a lamellar structure with the electron micro-
scope in Abr.An, with 250A periodicity; the latter is
probably a result of a peristerit ic kind of exsolution.
In diffraction patterns of this material, no super-
structure reflections were observed; the lamellar
structure caused continuous radiation streaks to be
associated with the class a reflections. RJcently, Kita-
mura and Mor imoto (1975) have proposed a st ruc-
ture for intermediate plagioclase which is based on
two modulation waves of different wavelength, a den-
sity wave resulting from varying composition and a
displacement wave resulting from the displacement of
Na and Ca from mean positions. Kitamura and
Morimoto show that the displacement vectors for
intermediate plagioclase are in approximately the
same direction as they would be in low albite; hence,
it is l ikely that a similar model could be applied to
high albite. This application is, however, outside the
scope of the present paper.

Monalbite

One of the purposes of this investigation was to
determine the crystal structure of monalbite, which
has been reported to form when the most disordered
high albite is heated to about 980"C. A number of
determinations of the transition temperature have
been made, varying from 930'C to about I 100'C
(Smith, 1974, p.292-305). However, it is now appar-
ent that some of the investigators reported transition
temperatures on intermediate albites or on ones con-
taining small amounts of potassium or calcium. The
question of the structural state of the albite used in
our experiments is a serious one, and we can only
report what we have observed-the fact is that our
high-albite crystal never did become absolutely
monoclinic within the range of the experiments.

Grundy and Brown (1969) carried out an extensive
series of experiments on albites of varying structural

states. In these experiments, they used a precesslon
camera with a heating attachment to measure cell
parameters as a function of temperature. Their con-
clusion which agrees with other investigators (Laves,
1960;  Kro l l  and Bambauer,  1971;  Okamura and
Ghose, 1975; Duba and Piwinskii, 1974) is that the
transition temperature of pure albite in the most dis-
ordered form is in the range of 930-980"C. Our ex-
periments, which did not confirm a transition as high
as I l05oC, may have used a crystal that was not
completely disordered. Alternatively, it is possible
that the sensitivity of our measurements on the
single-crystal diffractometer was greater than can be
obtained with the precession camera or powder dif-
fractometer as used by others. Nevertheless, at the
highest temperatures our albite was so close to being
topologically monoclinic that the atom parameters
and the derived interatomic distances and angles
given here are essentially those of monalbite.

The statement by Grundy et al. (1967) that it is not
possible to define high albite on the basis of its lattice
parameters at room temperature alone is supported
by the present investigation. Table 6 l ists several sets
of cell parameters published for high albite plus

A20(208r-20,t ') often used to indicate the structural
state of albite. It is generally accepted that the larger
the L20 value, the more disordered the albite. Our
crystal and that of Okamura and Ghose (1975) have
almost identical cell angles and L20 (the cell edge
differences are probably due to the l imitations of
using precession photographs to determine cell
edges), yet the apparent transition temperatures dif-
fer by almost 100'C. Figure 6 is a plot of a* and 7*
us. temperature for our and Okamura and Ghose's
crystals. The angles are identical al.24"C, but diverge
as the temperature is increased. The other cell para-
meters behave similarly. One obvious interpretation
of Figure 6 is that one or both of the experimental
temperature scales are in error. However, we per-
formed the experiment on several different crystals
with a carefully calibrated crystal heater and ob-
tained comparable results each time. Nevertheless,
this problem cannot be resolved completely unti l
identical experiments are performed on different crys-
tal samples.

If cell parameters are not reliable guides to max-
imum high albite, what are the differences in the
crystals? Our single crystals were synthesized hydro-
thermally and annealed at 1060'C for forty days.
Okamura and Ghose's were twinned Amelia albite
which had been annealed above 1080'C for 3200
hours (133 days) .  Okamura and Ghose d id not  pub-



CRYSTAL STRUCTURES OF HIGH ALBITE

Tlnlr 6. Cell parameters of different high albites

1223

C r C v ,v 120'

This work 24'C

Okamura & Ghose (.1975) 27"C
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I , la inwr ight  & Starkey,  Tiburon alb i te

S 'n i t h  ( , l 974 )  Tab le  7 - l ,  p ,  219

Kro l l  ( 1971  ) ,  f r om  Sn i t h  ( 1974 )

Stewart  & Von Limbach (1957)

8. I 535 12.ffi94
0.1 37083 0.077900

8.1400 I 2.8500
0. r 37420 0.07801 8

8.1 s70 1 2.8880
0. I  37046 0.077791

8. I  550 12.8760
0.137038 0.077861

8.1 s20 I 2.8580
0.137094 0.077959

8.1600 12.8730
0.136941 0.077879

8.1s60 12.8720
0.1 3701 6 0.077s79

8.1  600 r  2 .8700
0.136854 0.077895

7 ,1070  93 .521
0. I  s7564 8s.938

7.0900 93.520
0. I 58068 85.939

7. i l  30 93.580
0. I  57467 8s.905

7 .1  140  93 .500
0 .1s7402  8s .919

7. I  080 93.589
0 .157538  85 .933

7. I  I  00 93.  520
0.1,57460 85.934

7 . 1 I  r 0  9 3 . 4 8 0
0. I  57440 85.993

7 .  I  050  93 .545
0. I  s7454 85.949

116 .458  90 .257
63,470 87.957

I  I  5 . 550  90 .250
53.378 87.959

116 .490  90 .190
63.451 88.001

I  I  6.450 90.  I  20
63.485 88.072

I  I  6 . 455  90 .1  I  5
63.481 88.983

I  I  5.430 90.270
63.497 87.946

I  I  6.440 90.240
53.491 87.998

I  16 ,363  90 .183
63.569 88.030

565.95
0.001 502 2.005

651  . 73
0 .001511  2 .009

567 .61
0.001498 2.001

667 .1 1
0 .001499  1 .976

555.35
0 .001503  1 .970

667. I  I
0.001499 2.009

666.81
0 .001500  1 .973

656.98
0.001499 1.979

T tzg  =  zo ( t t t )  -  2o ( r i i ) .

l ish a chemical analysis of their crystal, but we have
made microprobe analyses of an Amelia albite crystal
as well as the annealed high albite sample used in our
experiments. The results are:

Amelia albite (average of three points)-
Oro.uAbr".3Ano.,

Synthetic high albite (average of nine points)-
Oro.rAbrr 3An, 2

The slightly higher An content of the synthetic mate-
rial could have some effect on the transition temper-
ature, but the work of Mackenzie (1952) indicates
that it would take about l0 percent An to change the
inversion temperature by 90'C. The fact that the
Okamura and Ghose material was heavily twinned
might affect the transition temperature, although
Grundy et al. (1961) reported a transition temper-
ature of 980'C for an untwinned synthetic crystal
which had been annealed for thirty-one days at
1060'c.

It does appear that different crystals with very sim-
ilar cell dimensions but different provenance exhibit
different transition temperatures. .It should be
pointed out, however, that all of the previous work
(Mackenzie,  1952;  Grundy et  a l . ,  1967;  Kro l l  and
Bambauer,  l97 l ;  Okamura and Ghose,  1975) used
either powder diffractometers or precession cameras
to determine when monoclinic symmetry had been
reached. Neither of these techniques is sensitive
enough to detect small metric departures from mono-
clinic symmetry nor are they able to distinguish be-
tween twinned triclinic albite with d : ^y : 90o and
monalbite. lt is possible that our crystal did not be-

come monoclinic because of the small An content; it

is also possible that if high albite is composed of

domains, each domain remains tricl inic (because of

the AllSi distribution) and the observed pseudo-

monoclinic symmetry is just a result of the domains

adapting themselves to one another at high temper-

ature. Certainly, if Al-avoidance is dominant, most

unit cells must sti l l  be tricl inic at any temperature
because of the asymmetric AllSi distribution in the

tetrahedral sites.

Conclusions

These high-temperature experiments have shown
that high albite does approach a monoclinic symme-
try at high temperature; however, careful measure-
ments of cell parameters indicate that the crystals
used in this study did not become exactly monoclinic
at I105'C; although, when cooled from this temper-
ature, the resulting crystals always showed albite
twinning (and, to a lesser extent, pericline twinning).
From comparison with experiments performed by
others, it is apparent that cell parameters alone are
not sufficient to characterize the structural state of
high albite. Additional criteria must include the pres-

ence or absence of twinning or other structural per-
turbations as well as chemical composition. The R
factors and the extrapolation to OoK of isotropic
temperature factors indicate that Na is better de-
scribed by the quarter-atom model than as a single
anisotropic atom. At high temperatures, however, the
R factors are nearly identical for the two models, but
temperature-factor extrapolation supports the quar-
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90

ot ,Yt  ( ' )

87
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a  t  O k a m u r a  &  G h o s e ( 1 9 7 5 )

0 400 800 1200"c
FIc.  6 Var iat ion of  a* and 7* as funct ions of  temperature

showing that  a l though the values for  two di f ferent  crystals are
ident ical  at  24oC, they diverge at  h igh temperature and indicate
two different temperatures for the transition to monalbite. Al-
though th is d i f ference could be a resul t  of  errors in temperature
measurement,  the avai lable evidence suggests that  i t  is  caused by
di f ferences in the physical  propert ies of  the mater ia ls examined.

ter-atom model. In addition, all atoms appear to be
disordered in a static fashion with Na exhibit ing
much more displacement than the framework atoms.
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