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Bytownite (a plagioelase feldspar with composition about Ans0Ab20) closely resembles anorthite in 
its lattice dimensions and its diffracted intensities, except for the systematic absence of those with h + k 
odd ('c' and 'd'  type). The deduction of a body-centred lattice (whence the previous name, 'body- 
centred anorthite') is here shown to be incorrect. Three-dimensional electron-density maps and dif- 
ference maps show conspicuously elongated or doubled Ca/Na peaks and 'half-atom splitting' for other 
atoms. The results are explained in detail if bytownite has a primitive lattice and a structure very 
close to (but significantly different from) that of anorthite, and if small anti-phase domains are present 
with origins related by the vector ½(a + b + c). The evidence for this conclusion, and against other pos- 
sible explanations of the observed facts, is discussed fully. 

Bond lengths and angles (tabulated in full) resemble those in anorthite, with some significant dif- 
ferences. Inequalities of bond lengths and angles within the same tetrahedron are real; an analysis of 
their resemblances and differences in corresponding tetrahedra in different feldspars suggests an empiri- 
cal approach to the study of the structural stress systems involved, and emphasizes the difference 
between the groups comprising microcline, reedmergnerite, and low albite on the one hand, and an- 
orthite, bytownite, and high albite on the other. 

Ordering of Si/AI is nearly complete, on the same set of sites as in anorthite. At a closer approxima- 
tion, a few Al-rich sites show significant differences in their Si content, with extreme values of 0 7o 
and 30 % against the average value of 13 + 5 % for the rest. 

1. Introduction 

1.1. Preamble 
This paper describes an X-ray structural investiga- 

tion o fa  plagioclase feldspar with the composition 807o 
An, 207o Ab. Owing to various circumstances, the 
work on the structure has been spread over the last 
twelve years. 

The mineral studied was a low feldspar from St. 
Louis Co., Minnesota (British Museum specimen BM 
1921, 33). Feldspars of this composition have frequent- 
ly been referred to as 'body-centred anorthite' in the 
past, but in view of the suggestions on nomenclature 
by Mackenzie (1960), it has been thought best to use 
the name bytownite. 

Following Kempster, Megaw & Radoslovich (1962), 
we write the feldspar formula AT4Os, where A re- 
presents the large cation (Na or Ca) and T a 'tetra- 
hedral' cation. The nomenclature used for individual 
atoms will be that proposed by Megaw (1956). 

1.2. Composition, cell dimensions and space group 
Optical measurements of refractive indices and ex- 

tinction angles, made by P .M.Game  of the British 
Museum, showed that the specimen was a low plagio- 
clase feldspar of approximate composition 80 + 2 7o An, 
20+ 27o Ab (errors estimated). The symmetry is tri- 
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clinic. With the choice of axial directions which is con- 
ventional for feldspars, the unit cell is closely similar 
to that of primitive anorthite. The cell dimensions, 
determined by the method of Weisz, Cochran & Cole 
(1948), using extrapolation against sin a 0, were as fol- 
lows" 

a=8.178 + 0.003,b = 12.870 + 0.004,c = 14.187 + 0.005/~ 
~ = 9 3 ° 3 0 ' + 5  ', f l=115°54 '+5  ', y = 9 0 ° 3 9 ' + 5  ' 

(For comparison with the graphs of feldspar cell con- 
stants published by Doman, Cinnamon & Bailey (1965) 
we quote also ~,*=87°35'+ 5'.) These results are in 
agreement, to within about twice their standard devia- 
tion, with the earlier values, obtained by interpolation 
from the values published by Cole, S/Srum & Taylor 
(1951), which had been used during the refinement of 
atomic parameters. The cell contents are 

8 ( C a o . s N a o . 2 A l 1 . 8 5 i 2 . 2 0 8 )  • 

An investigation of the diffraction pattern of bytow- 
nite reveals sharp reflexions of two types only, 'a '  
(h + k  even, l even) and 'b' (h + k odd, l odd), in con- 
trast to primitive anorthite where reflexions of types 'c' 
(h + k even, l odd) and 'd '  (h + k odd, I even) also occur. 

A few weak diffuse streaks were observed on the 
X-ray photographs. These did not occur systematically, 
and were always much weaker than 'a' and 'b' re- 
flexions. Since they might be the result of zoning or 
other crystal imperfection and could not be system- 
atized, they were ignored during the structure deter- 
mination (see, however, § 6.3). 
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The absence of reflexions with h + k + l  odd would 
indicate, for a perfect structure, that its lattice is body- 
centred. For this reason, and because of the close 
similarity in other respects to anorthite, the end mem- 
ber of the series, the material studied by us has often 
in the past been called 'body-centred anorthite'. The 
provisional assumption of body-centring makes the 
best starting point for the structure analysis, as it gives 
a correct empirical description of the effective trans- 
lational symmetry. Later refinement of the structure, 
however, produced evidence (cf. § 5.5) that the appar- 
ent body-centring was an effect of disorder, and there- 
fore the term 'body-centred' in the name of the ma- 
terial is misleading, and must be kept in inverted com- 
mas as a warning until it can be dropped completely. 

There was no evidence suggesting the absence of a 
centre of symmetry. The assumption of centrosym- 
metry was made to begin with, and tested later (cf. 
§ 3.3), and was found to be compatible with all the 
available evidence. The space group of the trial struc- 
ture is therefore IT. 

2. Method of solution 

The problems involved in solving the structure were of 
a similar kind to those encountered with anorthite 
(Kempster, Megaw & Radoslovich, 1962). If body- 
centring is assumed, the four subcells in the unit cell 
are related in pairs by the body-centring translation 
(a + b + e)/2, and thus the problem is reduced to deter- 
mining the atomic contents and coordinates of the 
two unlike subcells related by translations (a+b) /2  or 
e/2. In anorthite, however, all the large cations to be 
placed were Ca; here one fifth of them are Na, and 
the possibility of Ca/Na ordering must be admitted. 
It was assumed, however, that if disorder was initially 
taken as complete, i.e. if all atoms were taken as 
identical 'average Ca/Na atoms' of composition 
Ca0.sNa0.2, any significant ordering effects would show 
up during refinement As a consequence, the only 
differences between subcells are differences of atomic 
coordinates. 

The 'a '  reflexions give the sum of the effects of the 
two subcells, the 'b' reflexions their difference. For 
bytownite, the 'a '  reflexions were very similar in inten- 
sity to those of albite, and the albite parameters might 
reasonably have been taken for the first trial model; 
they were, however, not known accurately at the time, 
and it was considered better to use the average param- 

eters from an early refinement of a plagioclase, 
An72Ab28, by Stirum (1951). (Later experience suggests 
that the parameters of any feldspar will serve satis- 
factorily as a starting point for the refinement of the 
average structure of any other.) The outstanding prob- 
lem was to find the difference parameters to give a 
good fit for 'b' reflexions. Fortunately it turned out, 
as in anorthite, that the atom with the largest difference 
parameter is the average Ca/Na atom, and therefore a 
modified heavy-atom technique could be used. Elec- 
tron-density maps calculated with 'a '  reflexions allowed 
the Ca/Na difference parameters to be estimated and 
these difference parameters could be used to calculate 
signs for 'b' reflexions. Difference parameters of all the 
other atoms could then be deduced from the sub- 
sequent electron-density and difference maps. The meth- 
od was found to work: the structure was refined in 
the usual way. The R index for the 'b' reflexions pro- 
vided the best guide of successful refinement. Agree- 
ment for 'a '  reflexions was good from the start, be- 
cause of the resemblance of the average subcell to the 
albite cell. 

3. Experimental details 

3.1. Collection of  intensities 
Three-dimensional X-ray data were collected by the 

multiple-film technique on Weissenberg photographs 
taken with filtered Mo K radiation. Data were ob- 
tained for zones hkO, hOl, Okl-8kl. Intensities were 
measured visually by comparison with a standard scale 
of spots made from a well-shaped strong reflexion 
from the crystal. All reflexions within a cylinder about 
the x axis with length 1.54 r.l.u, and radius 1.01 r.l.u. 
were recorded. Of these 1959 had finite intensities, and 
1600 others not excluded by the body-centring con- 
dition were too weak to measure. Table 1 lists the num- 
ber of type 'a '  and type 'b' reflexions observed. 

3.2. Corrections to intensities 
Intensities were corrected for Lorentz and polariza- 

tion effects. No correction was made for absorption 
because no labour-saving method was available at the 
time the work was done. The crystal was of irregular 
shape, 0.3 x 0.3 x 0.25 mm. A subsequent rough cal- 
culation using a program written by Wells (1961) in- 
dicated that the absorption would produce variations 
of less than 10% on intensities. This was smaller than 
errors of measurement, and it was not unreasonable to 
neglect it. A correction was made for errors in measure- 

Number  of observed reflexions 
Number  of  unobservably weak 
reflexions within the same 
reciprocal radius 
Total  

Table 1. Summary of  intensity data 

Two-dimensional 
hkO hOl Okl 

'a '  'b' 'a '  'b' 
115 59 16 102 45 

17 9 42 28 82 
132 68 58 130 127 

Three-dimensional 

'a' 'b' 'a' + 'b' 
1433 526 1959 

380 1257 1637 
1813 1783 3596 
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ment due to spot shape on higher-layer photographs. 
Two sets of photographs were taken for each higher 
layer, so that values for extended and contracted in- 
tensities of each spot could be measured. Intensities 
were then corrected with charts empirically modified 
from those given by Phillips (1956). 

Layers of data were scaled together by comparing 
the intensities of zones of reflexions common to the 
hkO and hOl zero-layer photographs, and to the higher- 
layer x-axis photographs. 

No attempt was made to correct for the effect of in- 
creasing resolution of the e~, c~2 doublet with sin 0. 

Several strong low-angle reflexions were noticed to 
be suffering from extinction: the structure amplitudes 
of these were given calculated values in the electron- 
density and difference syntheses. 

After the average isotropic temperature factor had 
been determined, Fo values were scaled to Fc by a 
scaling factor independent of 0. At the final stage of 
refinement of bytownite, the quantity ~rFd~rFo was 
evaluated for successive shells of reciprocal space and 
plotted against sin 2 0/22, the square of the mean radius 
of the shell. The graph was a straight line of zero slope, 
confirming the correctness of an invariant scale factor. 

Final Fo's and Fc's are recorded (Fleet, 1961) and 
are available on request. 

3.3. Tests for centre of symmetry 
An N(z) test (Howells, Phillips & Rogers, 1950) was 

performed with the 3596 observable hkl reflexions. 
Fig. l(a) shows the result. The empirical curve has no 
obvious similarity to either theoretical curve. This is 
probably because of the large number of 'b' reflexions 
with intensities below the observable limit. When the 
test was carried out with hkO reflexions (all of type 
'a'), a definite centric curve was obtained [Fig. l(b)]. 
This merely indicates that the average of the two similar 
halves of the bytownite cell is centrosymmetric. Ap- 
plication of a P(y) test (Ramachandran & Srinivasan, 
1959), which may legitimately be applied to all re- 
flexions, gave the value 0.72 for their test ratio N2/NI: 
this is to be compared with theoretical values of 0.78 
for a centrosymmetric structure, and 1.96 for a non- 
centrosymmetric structure. 'Body-centred' bytownite is 
therefore centrosymmetric. 

Table 2. Scattering-/'actor constants for half-ionized 
atoms (Forsyth & Wells (1959) approximation) 

Atom A a B b C 
0-8 Ca+/0.2 Na o5+ 6.470 2-019 7.002 12-81 3.844 
0.55 SiZ+/0.45 All.5+ 7-645 2.717 2-201 52.43 1.929 
O- 4.322 6.983 3.243 36.48 1.434 

4.2. Refinement methods 
Standard difference-map and electron-density-map 

methods of refinement were used at the start of the 
work. Later, several cycles of refinement were carried 
out with full three-dimensional data, using a differen- 
tial Fourier program written for EDSAC II by Wells 
(1961). 

Separate isotropic temperature factors were applied 
to different classes of atom (not to each atom individu- 
ally), and were refined in the usual way. 

5. Structure analysis 

5.1. Refinement of  the average structure 
At the start of the work, 'b' reflexions were neglected 

altogether, and the coordinates of nearly identically 
situated atoms in the two albite-like halves of the unit 
cell were effectively averaged. Signs calculated from the 
refinement of S6rum (1951), referred to above (§ 2), 
were applied to 'a '  reflexions, and the 'average' struc- 
ture was refined from this starting point by standard 
Fourier techniques using two-dimensional data only. 
There was much overlap, but a few peaks were well 
resolved in each projection. At the limit of refinement 

N(z) 
% 

25 

'X X X 

/ 

, ,  

1 

2O 

• x . "  x . 

I I J 

40 60 80 
Z 
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I 
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4. Methods of calculation 

4.1. Atomic scattering factors 
Scattering-factor curves for T, A, and O atoms were 

constructed by interpolation from those in the litera- 
ture quoted by Forsyth & Wells (1959). Atoms were 
assumed to be half-ionized. T cations were taken as 
average atoms of composition Si0.55A10.4s, and A ca- 
tions as Ca0.aNa0.2. An expression of the form f ( x ) =  
A exp ( -  ax 2) + B exp ( -  bx 2) + C was fitted to the 
curves by the least-squares program written by Forsyth 
& Wells for use on EDSAC II. Table 2 lists the co- 
efficients. 

IV(z) 
°t.. o 

,4 
25 ~'" 

I:," 
I 

2O 

. - x ' -  . - -  . -  ¢ -  
. - y , "  

. - ' x "  x 

. " " x " " "1 

I I I 

4O 60 80 100 °o 
Z 

(b) 
Fig. 1. N(z) plot (a) for all hkl reflexions (including types 'a' 

and 'b'), (b) for hkO reflexions (all of type 'a'). 
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it was clear that many peaks were elliptical in shape. 
These ellipticities were an indication of the distances 
through which atoms had to be shifted from average 
positions to give the 'body-centred' structure. It was 
noticed that the Ca/Na peak was more markedly ellip- 
tical than any other. Fig.2 shows a projection of the 
average structure on (100) at this stage: the ellipticity 
of Ca/Na can be clearly seen. 

5.2. Determination of the 'body-centred' structure 
Since the A atoms are heavier than either T or O 

atoms, the possibility of using the heavy-atom method 
of sign determination suggested itself. 

The separation of Ca/Na from its average position 
was judged from electron-density maps of the average 
structure, assuming that the elliptical peak was the 
sum of two circular peaks. This was first done in the 
(100) projection, in which Ca/Na ellipticity was most 
pronounced. Structure factors for Okl 'a" reflexions 
were then calculated with individual coordinates for 
Ca/Na atoms, and average coordinates for T and O 
atoms. The R index for 'a '  reflexions went down abrupt- 
ly by about 3"5~o. Using R as a criterion, the best 
value for the Ca/Na splitting was determined after 
three or four trials. The Ca/Na splitting was next 
estimated in a similar manner in the (001) projection. 
In this case the estimation was harder because the el- 
lipticity of the average peak was less marked. 

Next, the correct choice of symmetry centre had to 
be made; this was equivalent to the allocation of cor- 
rect signs to the difference parameters of individual 

C Sin  P 
m , #, ,,--t 

, 

t .j 

o 

/)/2 

Fig.2. Electron-density map of average structure, [100] pro- 
jection. Ca/Na position marked *, Si/A1 positions x, O posi- 
tions +. 

, o • o ~ 

/ i~ 

" / /  ( 
r c ~ 3 :,.., C 

,I 11 

. 2_ 
a a . . . .  a _ 4  

• S y m m e t r y  centres at y = O, 1/2 

o S y m m e t r y  centres at y = 1/4, 3/4. 

Fig.3. Possible locations of symmetry centres, relative to 
origin fixed with respect to structural features, Left: two 
cells of albite structure. Centre and right: one cell of 14.1. 
body-centred structure (two different possibilities). 

Ca/Na atoms. As long as the average structure - 
similar to albite - was being refined, it was reasonable 
to assume (by analogy with other C-face-centred feld- 
spar structures) that there were symmetry centres at 
000 and 00¼ (together with others derived from each of 
them by lattice translations) [Fig. 3(a)]. On passing to 
the 'body-centred' structure only one of the two sets 
could be retained, either 000 as in Fig. 3(b) or 00¼ as 
in Fig. 3(c). These are physically different choices. 

To decide between them, structure factors of Okl 
'b' reflexions were calculated for each of the two mod- 
els. The issue had not been prejudged in calculating 
structure factors of 'a '  reflexions as described above, 
because they depend only on the magnitudes and not 
on the signs of the difference parameters, and are there- 
fore the same for both models. Only the Ca/Na contri- 
butions to the 'b' reflexions could as yet be calculated, 
and therefore we could only look for discrimination to 
those reflexions in which the Ca/Na contributions are 
relatively large, i.e. to strong reflexions. Of 16 such 
refiexions (restricted, for reasons not now considered 
valid, to a reciprocal radius less than 0.2), 5 showed 
little difference between the two models, 7 favoured 
the centre at 000 strongly and 2 others fairly strongly, 
and only 2 favoured the centre at 00¼. The centre at 
000 was therefore taken to be correct. Further work 
confirmed this choice (cf. § 6.1). 

Signs of some 'b' reflexions were now available. 
Electron-density and difference maps of the 'body- 
centred' structure were calculated for projections along 
each of the principal crystallographic axes. The x axis 
being the shortest, the (100) projection was the most 
informative. There was considerable overlapping of the 
peaks (an idea of the extent of overlap may be had 
from Fig. 5 given later), but the centres of a few atoms 
could be fixed fairly accurately in each projection. In- 
formation derived from one projection was used to 
locate approximately the centres of the overlapping 
atoms in the other two. At the start of the refinement, 
most signs of 'a '  reflexions were correctly known but 
those of 'b' reflexions were still uncertain. Fo-Fc syn- 
theses were therefore to be used as difference syntheses 
(Cochran, 1951) for 'a '  reflexions, and as 'error'  syn- 
theses (Crowfoot, Bunn, Rogers-Low & Turner- 
Jones, 1949) for 'b' reflexions. All 'a '  reflexions were 
included in the syntheses, but only those 'b' reflexions 
with small Fo and relatively large Fe were considered 
in the early stages. Separate Fo and Fc syntheses were 
made together with each Fo-  Fc synthesis. They proved 
helpful because the non-circularity of peaks in Fo 
maps could be clearly seen by comparison with cor- 
responding peaks in the Fc maps. 

Several cycles of refinement were carried out on 
these lines. Reliability indices at this stage were: 

'a '  type 'b' type 'a '  and 'b' types 

Okl 24"8~o 55Yo 29 .0~  
hOl 18.2 46 20.0 
hkO 25.6 
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R values for 'a' reflexions had improved considerably 
(from initial values of 50~  for Okl and 2 6 ~  for h01), 
but those for 'b' reflexions were still very high. 

5.3. 'Half-Ca/Na' atoms 
In the electron-density map on (100) it was noticed 

that both Ca/Na peaks were still markedly elliptical. 
At first it was assumed that this was due to overlap, 
for in this projection OA(2000) and Oa(2ziO) fall quite 
near to Ca/Na(000) and Ca/Na(ziO). That this was not 
so became clear from Fo-Fc syntheses. Fig.4 shows 
the actual contours in the electron-density and differ- 
ence maps. The shape of the contours suggests one of 
the two possibilities: 
(i) A very anisotropic temperature factor, 

(ii) Two (equally probable?) cation sites correspond- 
ing to each peak. 

The latter alternative was thought to be more likely 
because the anisotropy of the peak appeared too large 
to be the result of thermal motion. A similar ellipticity of 
Ca/Na cation has been observed in several other plagio- 
clase feldspars, notably in both low and high albite 
(Ferguson, Traill & Taylor, 1958; Williams & Megaw, 
1964) in which the Na peak is very elliptical. Before 
further refinement could be carried on, it was necessary 
to estimate the approximate separation of the two 
Ca/Na sites corresponding to each peak. This was done 
by inspection of difference maps. The separation was 
greater for Ca/Na(000) than for Ca/Na(ziO). Each 
Ca/Na peak was then approximated by two 'half '  
Ca/Na atoms representing the two (equally probable?) 
sites corresponding to the peaks. The R index for 'a' 
reflexions dropped by 3 Yo showing that refinement was 
proceeding satisfactorily. Further refinement was then 
carried through using the 'half '  Ca/Na atoms. Final 
R values at the limit of two-dimensional refinement 
are given below. When comparing these with the R 
indices quoted above, it is important to note that com- 
putational methods were changed during the two- 
dimensional refinement, when EDSAC II became 
available. 

'a' type 'b' type 'a' and 'b' types 
Okl 9"8Yo 20.2~o 10.8~ 
hOl 8.2 14.3 9.8 
hkO 8.7 - 8.7 

The final two-dimensional electron-density maps are 
given in Fig.5. In the (100) and (010) projections, the 
map consists of two halves which are almost but not 
quite identical. Starting from the average (albite-type) 
structure in which the two halves are exactly identical, 
small but significant differences in coordinates have 
been achieved. These small differences were responsible 
for the weak 'b' reflexions. The (001) projection does 
not resemble the other two in this respect because the 
doubting of the unit cell takes place along the c axis. 

Final coordinates and isotropic temperature factors 
at the limit of two-dimensional refinement are given 
in Table 3. 

5.4. Refinement of bytownite in three dimensions 

Further refinement of the structure was carried out 
with full three-dimensional data on EDSAC II with 
a differential-Fourier program written by Wells (1961). 
Isotropic temperature factors applied to each group of 
atoms were refined by the program, as was the single 
factor by which Fo's were scaled to Fc's. Reflexions 
for which IFol- IFcl were greater than 10 on an absolute 
scale or for which Fo/Fc lay outside the range 1 to 2 
were rejected and printed out by the program. The 
number of rejected reflexions fell from 252 to 42 in the 
course of the refinement. 15 low-angle reflexions suf- 
fering from extinction were given Fc values throughout. 

Several cycles of refinement reduced the three-di- 
mensional R index to 11.8~, at which stage refinement 
had ceased. The standard deviation of electron-density 
calculated from Cochran's formula [Lipson & Coch- 
ran, 1953, equation (308.3)] was 0.23 e.~ -3. Coordi- 
nates and temperature factors at this point are given in 
Table 3. The coordinates represent the best 'body- 
centred' fit to the bytownite intensities. 

So far, the only striking evidence that this is not the 
true structure has been the ellipticity of the two Ca/Na 
peaks and the need to approximate each of them with 
two 'half'-atoms. It is perhaps worth noting that the 
temperature factor of 1.06A 2 for oxygen peaks is 
rather larger than in other simple feldspars, possibly 
suggesting that these peaks are averages over more than 
one site. 

5.5. Three-dimensional electron-density and 
difference maps 

Electron-density and difference-map sections were 
calculated at intervals of 1/64th cell edges with the co- 
ordinates in Table 3(a), column 3. 

Sections of the electron-density map passing as near- 
ly as possible through the centres of the two Ca/Na 

( "1 

lh 

(a) 

l h  

(b) 

Fig.4. [100] projection of the two Ca/Na atoms: (a) electron- 
density map, (b) difference map. Ca/Na(000) upper, Ca/Na 
(zOO) lower in both (a) and (b). 
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peaks are shown in Fig. 6. Ca/Na(000) can be seen to 
be split into two well-resolved 'half '-si tes (about  0.85 
/!~ apart),  corresponding to two possible positions for 
the Ca /Na  atom. Ca /Na  (zOO) is pear-shaped, but has 
been approximated by two 'ha l f ' -a toms 0.43 .J, apart.  
Sections through the other atoms were plotted out, but 
none of them had noticeably elliptical peaks. 

Fig.7 shows sections through atoms on the three- 
dimensional  difference map (the arrows through atomic 
centres will be referred to in § 6.3). Many  sections 
show clear evidence of anisotropies. Sections through 
oxygen atoms showed similar, though less marked,  
evidence of anisotropies*. It must be repeated that  iso- 

* D i a g r a m s  s h o w i n g  s e c t i o n s  t h r o u g h  t h e  o x y g e n  a t o m s  
c a n  b e  m a d e  a v a i l a b l e  o n  r e q u e s t .  

tropic temperature  factors had only been applied to 
groups of atoms, not to individual ones: a toms often 
lie in non-zero regions in the map as a result. 

It was possible to estimate the major  direction of 
anisotropy of each a tom from the difference map. 
Many anisotropies were large, corresponding to mean 
square displacements greater than 0.2 J,. In view of 
this, it is suitable at this point to discuss possible 
reasons for them. 

6. D i scuss ion  o f  anisotropies  o f  a toms  in bytownite  

6.1. Possibility of wrongly imposed symmetry elements 
Anisotropies would arise i f  the centre of  symmetry  

were truly at (00¼) and its related sites instead of  at the 
cell origin. To  test this, the origin was shifted by c/4, 
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F i g .  5. E l e c t r o n - d e n s i t y  p r o j e c t i o n s  a t  e n d  o f  t w o - d i m e n s i o n a l  r e f i n e m e n t :  ( a )  [001],  (b)  [100],  (c)  [010].  H a l f - a t o m  C a / N a  m a r k e d  
*, S i /A1  m a r k e d  x ,  O m a r k e d  -t-. E l e c t r o n - d e n s i t y  c o n t o u r s  a r e  a t  r e g u l a r  a r b i t r a r y  i n t e r v a l s ;  t h e  p o s i t i v e  c o n t o u r s  a r e  s o l i d ,  
n e g a t i v e  c o n t o u r s  d a s h e d  a n d  z e r o  c o n t o u r s  c h a i n e d .  
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Table 3. Position parameters and thermal parameters 

(a) Position parameters as fractions of cell edge × 104: for each a tom the figures in three successive rows are 
x, y, z respectively 

1 2 3 
Atom 2-D refinement 3-D refinement, b .  c. 

approximat ion  
(except for Ca/Na) 

Ca/Na(000) 2673 2678 2664 2745 
9851 0261 9837 0313 
0872 0535 0860 0485 

Ca/Na(z00) 2677 2718 2710 2624 
0406 0213 0392 0164 
5378 5532 5402 5591 

Tt(0000) 0055 0074 
1620 1591 
1063 1047 

Tl(0z00) 0049 0033 
1630 1657 
6091 6100 

Tl(m000) 0038 9992 
8144 8151 
1181 1188 

Tl(mz00) 0045 0060 
8133 8183 
6166 6129 

T2(0000) 6822 6886 
1105 1112 
1600 1579 

T2(0z00) 6819 6786 
1068 1060 
6588 6588 

Tz(m000) 6784 6774 
8796 8814 
1812 1819 

T2(mz00) 6798 6842 
8776 8756 
6776 6761 

Oa(1000) 0069 0117 
1249 1275 
9948 9920 

Oa(lz00) 0045 9957 
1250 1280 
4890 4880 

Oa(2000) 5744 5782 
9954 9911 
1351 1396 

OA(2z00) 5758 5742 
9889 9911 
6383 6364 

OB(0000) 8037 8237 
1010 1000 
0987 0929 

OB(0z00) 8004 7994 
1030 1034 
5910 5943 

0n(m000) 8253 8128 
8462 8509 
1214 1318 

On(mzO0) 8201 8162 
8452 8560 
6136 6105 

Oc(0000) 0151 0121 
2804 2802 
1417 1358 

Oc(0z00) 0151 0134 
2866 2967 
6446 6434 

Oc(m000) 0058 0081 
6856 6800 
1038 1098 

4 5 
Final ha l~a tom Refinement f rom 
refinement anorthi te  trial 

structure 

2665 2746 2666 7747 
9838 0316 9839 5320 
0860 0478 0858 5476 
2707 2633 2706 7635 
0380 0178 0377 5181 
5414 5580 5415 0577 
0089 0083 0091 5055 
1600 1584 1600 6584 
1045 1035 1045 6035 
0075 9993 0075 4995 
1621 1691 1621 6687 
6110 6106 6110 1109 
9931 0077 9933 5078 
8146 8157 8147 3155 
1181 1206 1183 6206 
0063 0038 0058 5033 
8152 8209 8154 3207 
6140 6106 6138 1103 
6857 6928 6857 1926 
1119 1110 1124 6114 
1517 1651 1514 6661 
6826 6734 6825 1726 
1043 1070 1039 6068 
6640 6530 6642 1521 
6773 6757 6766 1761 
8824 8808 8826 3805 
1868 1757 1871 6752 
6805 6876 6805 1873 
8722 8785 8722 3788 
6726 6811 6723 1812 
0238 9936 0251 4924 
1276 1273 1270 6275 
9951 9869 9950 4865 
9841 0123 9844 5129 
1263 1293 1263 6289 
4834 4938 4828 9945 
5784 5765 5776 0760 
9923 9900 9924 4896 
1438 1348 1437 6345 
5748 5756 5749 0762 
9908 9914 9907 4915 
6390 6367 6392 1367 
8113 8328 8114 3343 
1040 0962 1034 5956 
0839 0997 0839 6004 
8082 7918 8084 2917 
1019 1045 1016 6045 
6018 5868 6015 0861 
8174 7991 8167 2989 
8498 8562 8502 3560 
1403 1144 1411 6141 
8091 8361 8087 3366 
8512 8587 8509 3587 
6039 6276 6045 1286 
0106 0069 0109 5071 
2812 2819 2811 7813 
1360 1320 1355 6318 
0179 0126 0187 5129 
2936 2985 2931 7982 
6462 6458 6463 1465 
0035 0144 0026 5145 
6807 6801 6804 1796 
1082 1109 1080 6105 
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Table  3 (cont.) 

1 2 3 
Atom 2-D refinement 3-D refinement, b-c 

approximation 
(except for Ca/Na) 

0 c(mzO0) 0074 0127 
6914 6915 
6027 6008 

OD(0000) 1959 1912 
1065 1066 
1855 1878 

OD(0Z00) 1984 2023 
1030 1046 
6902 6898 

OD(m000) 1814 1959 
8711 8677 
2183 2200 

OD(mZO0) 1863 1857 
8660 8633 
7150 7100 

4 5 
Final halgatom Refinement ~om 
refinement anorthite trial 

structure 

0112 0115 0100 5145 
6886 6950 6888 1976 
6040 5982 6032 6105 
1810 1963 1803 6955 
1079 1060 1077 6053 
1924 1831 1916 6822 
2108 1976 2113 6967 
1065 1034 1067 6034 
6877 6942 6877 1950 
2026 1906 2024 6903 
8718 8642 8717 3644 
2102 2261 2107 7274 
1754 1955 1752 6960 
8577 8698 8578 3699 
7193 7044 7182 2036 

(b) Final structure 
Coordinates of atoms in first half-cell as in column 4(o0 of Table 3(a); in second half-cell, derived by adding 5000 to 

values listed in column 4fl, and changing the symbol by that for the body-centring translations. 

Ca/Na(000) 2665 Ca/Na(0i0) 7746 Oa(2z00) 5748 OA(2ZiO) 0756 
9838 5316 9908 4900 
0860 5478 6390 6348 

Ca/Na(z00) 2707 Ca/Na(ziO) 7633 OB(1000) 8113 OB(10i0) 3328 
0380 5178 1040 5962 
5414 0580 0839 5997 

TI(0000) 0089 TI(00i0) 5083 OB(0Z00) 8082 On(OziO) 2918 
1600 6584 1019 6045 
1045 6035 6018 0868 

TI(0z00) 0075 T1(0zi0) 4993 OB(m000) 8174 On(mOiO) 2991 
1621 6691 8498 3562 
6110 1106 1403 6144 

Tl(m000) 9931 Tl(m0i0) 5077 OB(mzO0) 8091 OB(mziO) 3361 
8146 3157 8512 3587 
1181 6206 6039 1276 

Tl(mz00) 0063 Tl(mziO) 5038 Oc(0000) 0106 Oc(00i0) 5069 
8152 3209 2812 7819 
6140 1106 1360 6320 

T2(0000) 6857 T2(00i0) 1928 Oc(0z00) 0179 Oc(OziO) 5126 
1119 6110 2936 7985 
1517 6651 6462 1458 

T2(0z00) 6826 T2(0zi0) 1 7 3 4  Oc(m000) 0035 Oc(mOiO) 5144 
1043 6070 6807 1801 
6640 1530 1082 6109 

T2(m000) 6773 T2(m0i0) 1 7 5 7  Oc(mzO0) 0112 Oc(mziO) 5115 
8824 3808 6886 1950 
1868 6757 6040 0982 

T2(mz00) 6805 T2(mziO) 1876 OD(0000) 1810 OD(00i0) 6963 
8722 3785 1079 6060 
6726 1811 1924 6831 

OA(1000) 0238 OA(10i0) 4936 OD(0Z00) 2108 Oo(OziO) 6976 
1276 6273 1065 6034 
9951 4869 6877 1942 

OA(lz00) 9841 OA(lziO) 5 1 2 3  OD(m000) 2026 OD(mOiO) 6906 
1263 6293 8718 3642 
4834 9938 2102 7262 

Oa(2000) 5784 OA(20i0) 0765 OD(mzO0) 1754 OD(mziO) 6955 
9923 4900 8577 3698 
1438 1348 7193 2044 

each of the  

(c) Temperature factors in ~2 (assumed isotropic, and the same for chemically similar atoms). 

2-D refinement 3-D refinement 
Ca/Na 0-75 0-90 
T 0"40 0"37 
O 1.15 1.06 

AC21-11 
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and a centre was assumed at the new origin. This meant 
averaging coordinates that were previously only ap- 
proximately related by a centre at (00¼) in such a way 
that the (000) centre was lost. Ca/Na atoms were as- 
sumed to be normal (unsplit) atoms because it was de- 
sired to test whether their ellipticities would vanish 
with the new choice of centre. The initial three-dimen- 
sional R index was 22.6~.  Refinement reduced R to 
19"2yo, as compared with 11.8~o for the (000) centre. 
Two-dimensional maps indicated that Ca/Na elliptici- 
ties remained. Bond lengths for T-O bonds were cal- 
culated with the 19"2Yo coordinates and found to show 
much wider variations within a tetrahedron than did 
those with the coordinates in Table 3(a), column 3. It 
was clear that the anisotropies were not the result of 
a wrong choice of centre. 

It was also possible that bytownite might lack a true 
centre of symmetry. To test for this, coordinates were 
selected for Ca/Na atoms so that the two observed 
anisotropic peaks would be produced on imposing a 
centre at the cell origin. The structure was refined as 
non-centrosymmetric from this starting point, and gave 
a best R value of 16.5~ on three-dimensional data. 
Again T-O bond lengths had a much wider scatter 
than those from the coordinates in Table 3(a), column 
3. It was concluded that the structure had a centre of 
symmetry, and that the refinement with centre at cell 
origin gave the best fit, bond lengths and intensities 
both considered. 

6.2. Possibility oJ" thermal motion 
The Ca/Na peaks have an ellipticity represented by 

two 'half'-sites with 0.85 and 0.43 A separation re- 
spectively. These separations are much too large to be 
the result of thermal motion. 

Oxygen and Si/AI peaks have anisotropies corres- 
ponding to root mean square displacements of as much 
as 0-20 A in some cases. Again many anisotropies are 
too large to be caused by thermal motion. 

Although thermal motion may well contribute to the 
observed anisotropies, the size of many of them can 
only be explained if O, T, and A peaks are averages 
over two or more possible sites. Bytownite must, there- 
fore, have a different structure in different parts of a 
crystal, not only as regards A positions, but as regards 
O and T sites as well. The fact that the isotropic tem- 
perature factors, 1.06 A 2 for oxygen, 0.37/k 2 for T 
atoms, are rather larger than those for similar well- 
refined feldspar structures is also explained, because 
they will incorporate a 'spread' factor if T and O peaks 
are really averages over two or more possible sites. 

6.3. An explanation of the anisotropies 
Inspection of the three-dimensional difference map 

showed: 
(i) that small shifts (_<0.001 A) were still indicated 

for some atoms; 
(ii) that individual isotropic temperature factors dif- 

fered a great deal from the group means; 

(iii) that many atoms were strikingly anisotropic, the 
nature of the anisotropic regions around the atoms 
suggesting that the oxygen and Si/A1 peaks could 
be fitted by two 'half '-atoms as the Ca/Na peaks 
had been. 

Each atom was therefore represented by two 'half '-  
atoms with a separation estimated by inspection of the 
three-dimensional maps, and the structure was refined 
from this starting point with Wells's differential-Fourier 
program. Temperature factors were kept fixed during 
the refinement. The initial R value was 12.5~ and the 
final one 11.1 ~ .  The final standard deviation of elec- 
tron density a(Q0) was 0.20 e.~ -3 (cf. the value 0.23 
e./~k -3, obtained when only Ca/Na were given 'half '-  
atom representation in § 5.4). Table 3(a), column 4 
lists the final 'half ' -atom coordinates. Fig.7 has the 
final magnitude and directions of atomic splittings 
marked on the three-dimensional difference-map sec- 
tions. Several splittings failed to tally exactly with the 
obvious directions of anisotropies on the map: this 
was probably because the difference map contained 
spurious peaks, as a result of inaccurate data and in- 
complete refinement. It is not possible to say whether 
a better fit could be obtained using more 'fractional' 
sites than two for each peak. Certainly the fit with two 
'half'-sites is a good first approximation. 

At this stage, the 104 atoms in the unit cell of bytow- 
nite are described in terms of 26 independent half-atom 
pairs, each repeated by the operation of a centre of 
symmetry and the body-centring translation. We have 

J 
Y 

Ca (z/O) 

Ca (zOO) 

r 

,,,. i / / ~ \  \ \ Ca (000) 

~ C a ( O i O )  ( 

Fig. 6. Sections of the electron-density map from coordinates 
of Table 3(a) (column 3) taken parallel to (100) through 
Ca/Na peaks. Individual labels of half-atom peaks are as 
allocated later; contour interval is 3 e./~,-3. 
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shown in § 6.1 that lack of a centre of symmetry cannot 
explain the 'half '-atom splitting; the other obvious pos- 
sibility is to reject the body-centring. Then, taking 
identical pairs of 'hall '-atom sites symmetrical about 
x, y, z and ½+x, ½+y, ½+z respectively, we must place 
an atom on one site of the first pair and the comple- 
mentary site of the second pair; and this choice must 
be made independently for the 26 independent pairs, 
giving 226 different configurations. Since, however, it 
is arbitrary which we regard as the 'first pair' for initial 

choice, half the configurations only differ from the 
other half by a displacement (a + b+  c)/2, i.e. they are 
not distinct 'structures' but translation-related loca- 
tions of the same structure. All configurations, how- 
ever, give the same Fc values for 'a' and 'b' reflexions, 
and from the diffraction evidence it is impossible to 
distinguish between them. 

The absence of ' c '  and 'd '  reflexions can be explained 
by assuming the existence of out-of-phase domains. 
Consider two configurations X and Y with identical 

Ca/Na(O00l 
z z x 

yl:::] O / A ~ . ~ . ~ . . , ,  iCa(O00> xj,  i..£/;~ !~} i,:.: i ,~ < 0 ~(j >- Y I..'{' ./. } 
/ / ~ $ : N ~ ' { : : : " " . : , , : .  ~ ' .bV.-Ca(O;OX; ' . ' . . .  , , 

~~a ' {O /O>" : : . : - -  ~ ' ~ ) i ' : i " ~  .": Ca<O > 

-:i . . . .  :', ',:+Ca ( 0 ~ 0 )  

Ca/Na(Oz0) x 
z . . . .  

y!! "-"  ,.; ..., '.,.; ,f ... , ( ( , . ) ) } /  
~', . . . . - - . : . i : . - .c,(zoc).  ~.:.,:.!ii:L,,.-~. : " -  
" 1"::'-':':':"/:"" ::i :{'''%'';~// " ":-:}':;'[/.,~"-C'-,Ca'(zOc) " i7 iiio~Ca(z0c) 

"', ""::'/}::~Ca'(z}c) ,, "Ca (zic)'?,,:::.',.'-'~, 

• • SCALE ' 1 A 

z T, (00i0) z T'(Ozic)z i . x  
, , ..... ...... -... ..... ,,, 

T~ (mzic) ' T~ (mOiO) x 
Z Z -~  , / 

"" T2(Ozic) ' /2~uutu/_ x z z . .  - __% 

.,,... ,, :::.:%%, y' :p','.; % ~  

z T2(m0iO) x z z x 

':'.:-.~ ..?~1' x~i~%~);i:~!.t~.~K )iii:S:':: V:L ~,,!) ,~ , ~ } / ~  . '  / ' " " y (i}i~--~':;":':" ' 

S C A L E  ' 1 A  ' S C A L E  ' 1 A  

Fig. 7. Sections of difference maps from coordinates of Table 3(a) (column 3) taken in directions indicated through cation centres. 
Upper part of figure: Ca/Na. Lower part: Tl and T2. Electron-density contours are at intervals of 0.15 e./~-3; the positive 
contours are solid, negative contours dashed and zero contours chained. Arrows show the direction of the 'splitting' of the atoms 
after subsequent refinement with 'half-atoms';  the length of these lines is proportional to the magnitude of the 'splitting' but 
on a scale three times that of the maps. (x, z sections are drawn with y pointing downwards.) 

A C 21 - 11" 
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structures but  origins differing by ( a + b + e ) / 2 .  If  the 
crystal consists of  a coherently-scattering juxtaposi t ion 
of small  domains  of the two, refiexions with h + k + l  
odd will be out of  phase for X and Y, and will be dif- 
fuse and perhaps unobservable, while those for h + k + l 
even will remain sharp. An out-of-phase domain  tex- 
ture can, therefore, explain the apparent  body-centring. 
Physically, such an explanation is reasonable because 
of  the close resemblance which must exist between two 
halves of the unit  cell along the [111] direction, as 
shown by the small  magnitudes of  the 'ha l f ' - a tom 
splittings; a mistake in the sequence is not unlikely. 

We are not here concerned with the detailed distri- 
but ion of mistakes, but  merely point out that they 
could in principle explain the observed effects. If  the 
faults were not completely random,  one might expect 
weak streaks in the 'c' and 'd '  positions; the few weak 
streaks observed (cf. § 1.2) were not systematically in 
such positions, and, as even the longest-exposed photo- 
graphs did not give systematic effects, no at tempt was 
made to follow them up in further detail. 

Further  support for this explanation of the absence 
of 'c' and 'd '  reflex_ions comes from the existence of 
the so-called ' transit ional anorthites '  of  composit ions 

between An100Ab0 and Ana0Ab20. These are character- 
ized by diffuse 'c '-type reflexions and diffuse or absent 
'd ' - type reflexions. In some cases the degree of  dif- 
fuseness can be attributed to ' thermal  state', and is 
capable of reduction by suitable anneal ing;  in other 
cases, in which any available heat t reatment only in- 
creases the diffuseness, it depends on composit ion,  
increasing steadily with albite content. These varia- 
tions of diffuseness can be explained by postulat ing 
the same (or very nearly the same) primitive structure 
over the whole range, with a changing concentrat ion 
of anti-phase boundaries.  A prel iminary discussion of 
a transit ional anorthite An100 has been given by Ribbe  
& Megaw (1962). 

It remains to decide between the 22s configurations 
or 'structures'  compatible with the diffraction evidence. 
One possible criterion, not dependent on comparison 
with other structures, would be to see which of them 
had the more regular tetrahedra. Bond lengths from 
each half-Si/A1 (T) site to each half-O site surrounding 
it are given in Table 4. It can be seen on inspection 
that there will be a great many possible configurations 
with fairly regular T - O  tetrahedra. It is likely that 
there will be real deviations of bond length within each 

Table 4. Bond lengths.from each 'half-T' atom to each 'half-oxygen' surrounding it. 
The labels ~ and fl are the same as those used in Table 3(a), column 4, where the coordinates of the 'half-atoms' are recorded. 

Tl(0000)a Tl(0000)fl T2(m000)a T2(m000)fl 
Oa(1000)a 1"639 1"640 OA(2000)~ 1"648 1"642 

fl 1"644 1"639 fl 1"654 1"635 
OB(0000)~ 1 "658 1 "625 OB(m000)~ 1 "600 1 "483 

fl 1"621 1"592 fl 1"534 1"617 
Oc(0000)0c 1"594 1"609 Oc(0zi0)c~ 1"601 1"593 

,8 1"590 1"614 B 1"589 1"582 
OD(0000)a 1"600 1"606 OD(OzOc)a 1"602 1"743 

fl 1"636 1"653 fl 1"534 1"672 

Tl(mz00)~ Ti(mzOO)fl T1 (0z00)~ T1 (0z00)fl 
OA(1 z0c)a 1"642 1 "562 Oa(1 z00)~ 1 "766 1 "813 

fl 1"675 1"601 fl 1"519 1"753 
OB(razO0)~ 1.628 1 "607 On(0Z00)a 1 "745 1 "727 

fl 1"588 1"569 fl 1"783 1"765 
Oc(mzOO)a 1"628 1"699 Oc(0z00)~ 1-725 1-633 

fl 1.560 1.623 fl 1-786 1-697 
OD(mzO0)a 1-587 1.601 OD(0Z00)a 1"728 1"816 

fl 1"633 1"636 fl 1"701 1"791 

T2(0z00)~ T2(0z00)fl T1 (m000)~x Tl(m000)fl 
OA(2z00)a 1-635 1"648 OA(100c)a 1"760 1-751 

fl 1"615 1"636 fl 1"748 1"726 
OB(0Z00) a 1"619 1"563 O B(m000)a 1 "660 1 "761 

fl 1"697 1"616 fl 1"657 1"754 
Oc(m0i0)a 1"689 1"598 Oc(m000)a 1"725 1"734 

fl 1"616 1"524 fl 1"747 1"744 
Oz)(mOOe)a 1"619 1"758 OD(m000)a 1"755 1"663 

fl 1"463 1"600 fl 1"751 1"665 

T2(0000)c~ T2(0000)fl T2(mz00)a T2(mzOO)fl 
O.4(2000)a 1"736 1"724 OA(2z00)a 1"747 1-710 

fl 1"754 1"744 fl 1"755 1.724 
OB(0000)~ 1"686 1"808 OB(mzO0)o~ 1"731 1.790 

fl 1"672 1"766 fl 1"654 1.703 
Oc(mziO)a 1"654 1"718 O c(00i0)a 1 "681 1 "768 

fl 1"710 1"786 fl 1"693 1"783 
OD(mzOc)o~ 1 "696 1 "542 OD(000c)a 1-746 1 "640 

fl 1"843 1"668 fl 1"855 1"732 
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tetrahedron in any case, and it is clear that it will be 
impossible on bond-length evidence to decide which 
atomic array is the most likely when the lengths change 
so little from one possibility to another. 

At this stage it is necessary to depart from a com- 
pletely rigorous approach, and to test a reasonable 
hypothesis against the data. This is an hypothesis which 
suggests itself as a consequence of the work of Megaw 
(1960, § 5.1) on intermediate plagioclase structures. 
We note that there is a striking resemblance in coor- 
dinates between primitive anorthite and one of the 
particular solutions of bytownite. (Cell dimensions 
change so little between anorthite and bytownite that 
coordinates may be directly compared.) The 'half- 
atom' coordinates for Ca/Na atoms in bytownite are: 

Ca/Na(000) 

Ca/Na(z00) 

x y z 
0.2746 0.0316 0.0478 
0.2665 0.9838 0.0860 
0.2633 0.0178 0.5580 
0.2707 0.0380 0.5414 

(fractions of a cell edge); 

and of course there are four other 'half '-atoms related 
to these by body-centring. If we select four particular 
sites for Ca/Na atoms in the bytownite cell, choosing 
one from each pair of 'half'-sites thus: 

x y z 
Ca/Na(000) 0.2665 0.9838 0.0860 
Ca/Na(0i0) 0.7746 0.5316 0.5478 
Ca/Na(z00) 0.2707 0.0380 0.5414 
Ca/Na(ziO) 0.7633 0.5178 0.0580 

we obtain positions extremely similar to the Ca sites 
in anorthite: 

Ca(000) 0.2647 0.9844 0.0873 
Ca(0i0) 0.7732 0.5354 0.5422 
Ca(z00) 0.2684 0.0312 0.5438 
Ca(z/0) 0.7636 0.5067 0.0740 

There is a similar striking resemblance between the 
anorthite T and O coordinates and those of one of each 
pair of T and O 'half'-sites in bytownite. Reference to 
Table 3, column 4, and to the Table 8 of Kempster, 
Megaw & Radoslovich (1962), will confirm this. It is 
therefore possible to select a structure for bytownite 

which is very closely similar to that of primitive anor- 
thite. This is one particular solution from the 225 pos- 
sibilities. The coordinates of this particular solution 
are given in Table 3(b). 

It is of course possible, as far as the diffraction evi- 
dence goes, that one of the other 225 structures is the 
correct one. The particular solution resembling prim- 
itive anorthite has been chosen because it is consistent 
with a continuous structural change from anorthite to 
bytownite, as silicon and sodium are substituted for 
aluminium and calcium. 

The evidence for the relationship to primitive anor- 
thite can be displayed by the use of a different refine- 
ment procedure. In this, primitive anorthite was ta- 
ken as the trial structure, and refinement was carried 
out from the Fobs of bytownite putting Feale=0 for 
reflexions with h + k + l odd. The coordinates resulting 
from this are shown in Table 3(a), column 5. It can be 
seen that the differences from the result of the 'half '-  
atom procedure are extremely small (Table 5), the 
mean differences of coordinates being comparable with 
the standard deviation of either refinement separately. 
The mean differences between anorthite and bytownite, 
shown in the same table, are from three to six times 
as great. The 'splittings', shown in column 1, are very 
much larger again. 

The resemblance between the results of the two dif- 
ferent refinement procedures does not in itself prove 
the correctness of this particular structure of bytow- 
nite, but it does give a strong indication of its physical 
plausibility. The argument is in two steps. First, the 
results show that there is a unique choice for bytow- 
nite, significantly different from anorthite yet with a 
one-to-one correspondence of all features; the choice 
is neither a matter of doubtful guesswork nor the 
result of distinguishing between quantities whose dif- 
ferences are less than experimental error. Secondly, 
since the 'splittings' have no physical meaning - they 
represent differences of relative positions of atoms 
which are really far apart in the structure, in separate 
half-cells, linked by a non-linear chain of nearest- 
neighbour bonds - it is extremely unlikely that move- 
ments of atomic positions between anorthite and by- 
townite of magnitude large enough to reverse the sense 
of the 'splittings' should leave so nearly unaltered the 

Table 5. Differences of coordinates (infractions of cell edge × 10 4, averaged over atoms of same chemical species) 

Ca/Na x 
Y 
z 

Between half-atom sites Between individual atomic Between two independent 
in bytownite sites in anorthite and refinements of 

bytownite bytownite 
76 17 5 

238 56 10 
272 65 10 

x 147 24 7 
y 47 17 3 
z 110 26 6 

x 66 10 3 
y 36 9 2 
z 68 9 3 
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mean atomic positions. It is much more probable that  
the movements  of  all individual atoms are of  the same 
order of  magnitude as those of  the average positions 

- the centres o f ' h a l f ' - a t o m  pairs - and, therefore, that  
none of  the senses of  the splittings are reversed. If par- 
t icular atoms had small splittings and large movements,  
this argument  would not  hold for them. In fact the 
nearest approach to such a condit ion occurs for some 
of  the Oc atoms, but  even for them crossing-over seems 
improbable,  and for most of the atoms quite impos- 

sible. Hence there is only one physically reasonable 
choice for the bytownite structure from among the 215 
possibilities allowed by the direct diffraction evidence, 
namely that  whose coordinates are given in Table 3(b). 
In what follows, this will be referred to without  qualifi- 
cation as the bytownite structure. It must be remem- 
bered that  in presenting it as the correct solution we 
are assuming mistakes of  an ant i -phase-domain char- 
acter in order to account  for the absence of 'c' and 'd '  
reflexions. 

Table 6. Bond lengths and angles 
(a) Ca/Na-O bonds (A) 

Ca/Na(000) Ca/Na(zi0) Ca/Na(z00) Ca/Na(0i0) 
O.4(1000) 2.669 O.4(lzi0) 2.387 Oa(lz00) 2-434 Oa(10i0) 2-439 
O.4(100c) 2.526 0.4(lzie) 2.727 O.4(lz0e) 2.853 OA(lOic) 2"845 
OA(2000) 2"304 OA(2ziO) 2"331 Oa(2Z00) 2"361 OA(20i0) 2-312 
O.4(2z0c) 3"527 O.4(20ic) 3"956 Oa(2z0c) 3"310 OA(20ic) 3-308 
O.4(200C) 3"998 OA(2ZiC) 3"551 

OB(000C) 2"407 OB(Ozic) 2"388 OB(OzOc) 2"484 OB(OOic) 2"413 
OB(mOOc) 3"769 OB(mzic) 2-976  On(mzOc) 2"419 On(mOic) 2"627 
Oc(OziO) 3"047* Oc(0000) 3"612 Oc(00i0) 3"834 Oc(0z00) 3"676 
Oc(mziO) 3-302  Oc(m000) 2"707 Oc(m0i0) 2.500 Oc(mz00) 2.609 
OD(0000) 2"447 OD(OziO) 2"422 OD(0z00) 2"455 O~o(00i0) 2"422 
OD(m000) 2"565 OD(mziO) 3.095* Oo(mzO0) 3-844 OD(mOiO) 3.697 

Mean 2.486 (2.566*) Mean 2-493 (2.579*) Mean 2.501 Mean 2.524 

* The corresponding bond-lengths in anorthite were short enough to be included in the left-hand column ; if that were done 
here, the mean values would be those given in brackets. 

(b) Individual T-O bonds (/~,) 

Atoms Length Atoms Length 
^ ^, 

6 T 6 
Tt(0000) O.4(1000) 1"642 Tl(0z00) Oa(lz00) 1-773 

OB(0000) ! "656 OB(0z00) 1 "744 
Oc(0000) 1"591 Oc(0z00) 1 "720 
OD(0000) 1 "593 O z}(0z00) 1 "729 

TI(00i0) Oa(10f0) 1-638 Tl(0zi0) OA(lzi0) 1"749 
OB(00i0) 1"591 OB(OziO) 1"763 
O0(00i0) 1"607 OC(0Zi0) 1"698 
OD(00i0) 1"650 OD(OziO) 1 "786 

Tl(mzOc) OA(1 z00) 1.631 Tl(m00e) OA(1000) 1 "760 
On(mzOc) 1 "629 O n(m00e) 1 "669 
Oc(mzOc) 1"629 Oc(m00c) 1.728 
OD(mzOc) 1.583 OD(mOOe) 1.753 

T l(mzie) 0.4(lzic) 1"606 T l(m0ie) 0.4(lOie) 1"725 
O n( mzic) 1"570 O B( mOic ) 1-754 
Oc(mzic) 1"627 Oc(mOie) 1-747 
O o(mzic) 1-638 O o(mOie) 1.671 

Tz(0z00) O.4(2z00) 1"631 T2(0000) OA(2000) 1"741 
0B(0z00) 1'625 0B(000~)) 1"692 
O c(m0i0) 1"616 Oc(mziO) 1 "711 
Oo(mOOe) 1.613 OD(mzOe) 1.706 

T2(0zi0) Oa(2zi0) 1"630 Y2(00i0) OA(20i0) 1"750 
O~(OziO) 1"618 OB(00i0) 1"777 
O c(m000) 1 "597 O c(mz00) 1 "723 
On(mOle) 1-599 OD(mzic) 1-663 

Tz(m00c) O.4(200e) 1 "647 Tz(mzOe) O.4(2z0c) 1 "745 
OB(mOOc) 1"596 OB(mZOc) 1"722 
Oc(Ozic) 1"588 Oc(OOic) 1"695 
OD(0Z00) 1 "599 O D(0000) 1 "755 

Tz(mOie) O.4(20ie) 1"636 T2(mzie) O A( 2ZiC) 1"721 
O B( mOic) 1"612 O B( mzic ) 1"702 
Oc(0z0e) 1"593 Oc(000e) 1-767 
OD(OziO) l'670 OD(00i0) 1-738 
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Table 6 (cont.) 
(e) O-O distances in tetrahedron edges (A) 

Tetrahedron O A - O B  O A - - O c  OA--OD OB-Oc O B - O D  Oc-OD 
T 1 (0000) 2' 577 2" 763 2" 546 2" 658 2" 722 2" 615 
TI(00i0) 2"520 2"740 2"573 2"678 2"671 2"705 
Tl(mzOc) 2"517 2"755 2"607 2"677 2"708 2"609 
Tl(mzic) 2"533 2"642 2"570 2"672 2"646 2"671 
Tz(0z00) 2" 621 2" 509 2-662 2" 663 2" 707 2" 705 
T2(0zi 0) 2" 627 2- 524 2" 671 2" 690 2" 600 2" 673 
T2(m00c) 2" 705 2" 549 2" 662 2" 605 2" 579 2' 666 
T2(mOic) 2.611 2.594 2.682 2.654 2-722 2.694 
Tl(0Z00) 2"674 2"980 2"699 2"863 2"964 2"837 
Tl(0zi0) 2'684 2"971 2.614 2"919 2"982 2"902 
Tl(m00c) 2.774 2"902 2"680 2"793 2"861 2"867 
T1(mOic) 2.671 2"897 2.731 2"893 2.879 2"786 
T2(0000) 2.812 2.726 2" 756 2.806 2-759 2" 854 
T2(00i0) 2.726 2"637 2"766 2.918 2"895 2"874 
T2(mzOc) 2.817 2.725 2.745 2.812 2.871 2.943 
T2(mzic) 2-783 2"748 2"797 2"884 2"822 2.921 

(d) Bond angles at T (o) 
Edge subtending angle at T 

^ 

Atom ()A-OB OA-Oc OA-Oe O B - - O e  OB--OD Oc--OD 
Tl(000) 102"8 117"5 103"6 109"6 113"3 110"0 
TI(00i) 102"5 114"8 102"9 113"3 110"8 111"8 
Tl(mz0) 100"7 114-8 107"7 110"6 114"7 108"4 
Tl(mzi) 106"1 110"1 105"2 113"6 111-4 110"1 
T2(0z0) 107"3 101" 1 109"8 110"8 113-4 113"5 
T2(0zi) 107"8 102"6 111"2 113"6 107-9 113"4 
T2(m00) 112"8 103"9 110"0 109"6 107"4 113"3 
T2(m0i) 106-8 106"9 108"4 111"5 111"7 111-2 
Tl(0z0) 99.2 117"2 101.1 111.2 117.2 110.5 
Tl(0Zi) 99"4 118"9 95"0 114"9 114"0 112"6 
TI(m00) 108.4 112.7 99-4 111.2 113.7 110.9 
Tl(m0i) 100.3 113"2 107.3 111.6 114-7 109.6 
T2(000) 110.6 104.5 106.9 111.4 109.3 113.9 
T2(00i) 101.9 99"2 108-3 113-7 114"9 116"2 
T2(mz0) 108.2 104.8 103-6 110.4 111 "3 117-7 
T2(mzi) 108.6 103"8 108.1 112"4 110-5 113"2 

(e) Bond angles at O (°) 
OA OB OC OD 

1000 139"2 0000 132-5 13 l" 1 133"0 
10i0 140"8 00i0 134"7 129"5 129"0 
1 zOO 137"2 0z00 139"0 131-5 127"7 
lziO 138'5 OziO 131"5 131"8 134-0 
2000 126"7 m000 168"0 130"9 139"9 
20i0 123"6 mOiO 147"9 130-5 159"6 
2z00 124"7 mzO0 144"2 128"4 162.2 
2ziO 125.3 mziO 161.7 132.0 141.9 

7. Discussion of the structure 

7.1. Introduction 
Bond lengths and bond angles in Table 6 have been 

calculated for the final structure, from the coordinates 
in Table 3(b), and the calculated errors also refer to 
this. Conclusions about  Si/AI ordering, which depend 
on average bond lengths within the tetrahedra,  could 
be drawn either f rom this structure or from the body- 
centred approximat ion,  as discussed below. The set- 
t ing-out of  the tables has been arranged to allow easy 
comparison with the corresponding results for anor- 
thite (Megaw, Kempster  & Radoslovich, 1962). 

7.2. Errors 
Errors in coordinates were calculated by Cruick- 

shank's  formula [Lipson & Cochran,  1953; formula 

(308.4)]. The curvature Cn which appears in the for- 
mula was calculated from the theoretical  f-curve for 
the a tom in question, modified by the appropr ia te  
temperature factor. It  could not  be calculated from the 
Fo maps because peaks on these were averages over 
two 'half '-sites in all cases. Values of  a(xn) were: for 
Ca/Na,  0.004 A; for Si/A1, 0.001 A; for O, 0.003 A. 

7.3. Bond lengths and bond angles 

Bond lengths and bond angles are given in Table 6. 
Estimated errors in bond lengths and angles, calculated 
from the above values of  a(Xn), are as follows: 
Ca /Na-O,  +_ 0.008 A; Si/A1-O, + 0.007 A; O-O,  
+ 0.008 A; angle at Si/A1, + 0.4°; angle at O, + 0.6 °. 

The standard deviations e(r) of the bond lengths within 
each te t rahedron from the tetrahedral  mean are shown 
in Table 7. Most  of  these are so much greater than the 
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error estimated from a(xn) as to suggest a real variation 
of bond length within a tetrahedron. Similar real varia- 
tions were found in anorthite (Megaw, Kempster & 
Radoslovich, 1962, § 2.1), and have been shown in 
recent years to be common in many other silicates. 

7.4. T -O bond lengths and Si/A1 distribution 
At a very early stage of refinement it became clear 

that T -O  tetrahedra were divided into two groups 
having bofid lengths about 1.62 and 1.74 A. The divi- 
sion became more marked as refinement proceeded. It 
was plain from consideration of the standard devia- 
tions e(r) that the difference between the groups was 
highly significant. Eight tetrahedra, those listed on the 
left-hand side of Table 7, are Si-rich, with average bond 
length 1.617 _~; the other eight, on the right-hand side, 
are Al-rich, with average bond-length 1.732 ,~. This 
division into Si-rich and Al-rich groups was clearly 
apparent at the body-centred approximation; that it 
also holds good for all the possible 'half-atom' struc- 
tures can be seen from Table 4, where none of the dif- 
ferent combinations of ~ and/3 sites for T and O within 
a tetrahedron give T -O  values sufficiently distinct from 
each other to change the classification from Si-rich to 
Al-rich or vice versa. In any of the 2 z5 'structures' al- 
lowed by the diffraction evidence, therefore, the Si/A1 
ordering in bytownite is to a first approximation com- 
plete, and the pattern is identical with that in anorthite, 
the Si-rich and Al-rich tetrahedra alternating through- 
out the structure. 

Whether, at the second approximation, there is any 
residual Si/A1 disorder, or any regularity in the distri- 
bution of Si in Al-rich sites, is a more difficult ques- 
tion, and for this the final structure whose bond- 
lengths are given in Table 6 must be considered. It is 
commonly accepted (see e.g., Brown & Bailey, 1964; 
Appleman & Clark, 1965) that the mean value of T -O  
for a tetrahedron gives a good measure of the atomic 

content on a linear scale from Si to A1, even though the 
four individual values have a very considerable scatter; 
Smith & Bailey (1963) in giving 1.61 and 1.75 A as the 
extreme values suggest that local effects may produce 
errors of + 5 5/0 in the estimated A1 content, but Apple- 
man & Clark prefer to allow + 8Y o, i.e. to disregard 
differences less than 0.012 ,~, in tetrahedral means. In 
bytownite (as in anorthite) there are sufficient different 
tetrahedra to allow an empirical study of the relation 
of irregularity and scatter. 

We describe irregularity of a tetrahedron in terms 
of T-O distances rather than O-O distances, because 
the latter combine the effect of T -O  bonds and O - T - O  
bond angles, which are more conveniently kept as 
separate variables. The irregularity is measured by the 
differences O(r) of individual bonds from the tetra- 
hedral mean rt, or by the r.m.s, value of the 6(r)'s for 
the tetrahedron, et(r). This is to be compared with the 
scatter of the tetrahedral means about the group mean, 
examining either their individual deviations (J(rt) or the 
r.m.s, value s(rt). These are all listed in Table 7. 

If all the values of O(r) in the group were random 
and independent, the scatter index s(rt) could be pre- 
dicted from the 6(r)'s; denoting by eg(r) the r.m.s, value 
of 6(r) for the group, the ratio s(rt)/½eg(r) would be 
unity if all the tetrahedra were statistically alike, and 
greater than unity if they were really different. From 
Table 7 it can be seen that in all cases the ratio is con- 
siderably less than unity - most strikingly so for the 
Al-rich tetrahedra in anorthite. Hence the postulate of 
random deviations 6(r) within a tetrahedron must be 
incorrect; there must be some physical effect tending 
to make the mean value of the T -O  bonds 'correct' 
for the particular kind of T atom, even at the expense 
of considerable inequalities in the separate bond 
lengths. The effect is most clearly displayed in anor- 
thite, where the residual disorder (if any) is too small 
to make any other explanation plausible; but it can 

Table 7. ComparL~on o f  bytownite and anorthite T-O bond lengths : tetrahedral means rt, s tandard deviations 
within a tetrahedron e(r), and deviations o f  tetrahedral means. from group means, ~(rt) 

Si-rich group Al-rich group 
, , ^  ~ 

Atom Bytownite Anorthite Atom Bytownite 
i . ~  , , .  ^ ^ 

Length Length Length 
r~ (A) e(r) 6(rt) rt (.~) e(r) ~(rt) rt (A) e(r) 6(rt) 

TI(0000) 1"620 0"029 -t-0"003 1"613 0"031 -0"001 TI(0z00) 1"742 0"020 -t-0"012 
TI(00i0) 1"622 0"024 +0-005 1"616 0"029 +0"002 Tl(0zi0) 1"749 0"032 +0"019 
Tx(mz00) 1-618 0"020 +0"001 1"608 0"022 -0"006 Tl(m000) 1"738 0"033 -0"001 
Tl(mziO) 1.610 0.026 -0.007 1.626 0.017 +0.012 Tl(m0i0) 1-724 0-033 -0.006 
T2(0z00) 1.621 0-007 +0.004 1.613 0.015 - 0.001 T2(0000) 1.710 0.021 -0.020 
T2(0zi0) 1-611 0.014 -0"006 1"610 0"031 -0.004 T2(00i0) 1.728 0.042 -0.002 
T2(m000) 1-608 0.023 -0.009 1.602 0.031 -0"012 Tz(mz00) 1.728 0.023 -0-002 
T2(m0i0) 1-628 0"029 +0"01 l 1"628 0"004 +0"014 T2(mzi0) 1.732 0"024 +0.002 

Mean 1.617 1.614 Mean 1.732 
eg(r) 0.023 0.024 0.030 
S(r0 0.0069 0"0082 0.0110 
S(rt)/½eg(r) 0.60 0.68 0.73 

Anorthite 

Length ^ "-~ 
,'t (A) e(r) ,~(rt) 
1"758 0"034 -t-0"009 
1"746 0"032 -0"003 
1.752 0"027 +0-003 
1.741 0-027 - 0.008 
1-746 0"024 -0-003 
1.753 0-039 +0"004 
1"744 0"023 -0"005 
1-752 0"038 +0"003 
1 "749 

0"031 

eg(r) is the r.m.s, value over the whole group of e(r), or of the individual 6(r)'s. 
S(rt) is the r.m.s, value of the 6(rt)'s for the group. 

0.0053 
0-34 
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also be recognized when some Si/A1 replacement oc- 
curs. The effect does not mean that, for example, in 
bytownite, all Al-rich tetrahedra will be equally recep- 
tive to the excess Si; it does mean that they will 
show their true Si-content more accurately by their 
tetrahedral means than might have been predicted from 
their irregularity. Indeed, the greatly increased scatter 
of Al-rich tetrahedra in bytownite as compared with 
anorthite, without increased irregularity, is clear evi- 
dence that they differ in their Si-content. That the scat- 
ter is greater for Si-rich tetrahedra in both materials 
than for the Al-rich tetrahedra in anorthite may have 
one of two explanations. Either there is a genuine dif- 
ference between tetrahedra, because of residual Si/A1 
disorder in both materials affecting certain sites pre- 
ferentially; or the greater strength of Si-O bonds com- 
pared with A1-O means that their individual lengths 
are less adaptable and stresses less easily averaged out 
within the tetrahedron. Possibly both causes are at 
work. 

Tentatively we assume that 'strain effects' may pro- 
duce variations in tetrahedral means of about +_ 0.007 
A, corresponding to the + 5~o variation in apparent 
site-content suggested by Smith & Bailey (1963), and 
we regard differences from this limit up to + 0.014 A 
as only doubtfully significant (not distinguishing be- 
tween Si-rich and Al-rich sites, though actually the 
latter are likely to be more sensitive). 

This allows a rough quantitative estimate of site 
contents to be made from Table 7. In bytownite, three 
Al-rich sites differ notably from the rest: Alx(0zi0), 
which contains no Si, All(0z00) which has below- 
average Si, and Alz(0000) which has above-average Si; 
the occupancies are approximately 0, 6 and 309/0 re- 
spectively in these three, and 139/o in all the others. 
The distinctiveness of the second-named is borderline; 
for the other two it is quite marked, their 6(r)'s being 
three times as great as the r.m.s, value for the other six. 
The bytownite Si-rich sites, by contrast, show only 
one, Si2(m0i0), with any A1 content, and that is doubt- 
fully significant at 10~o. In anorthite a similar treat- 
ment indicates that both Si2(m0i0) and Sim(mziO) have 
a 10yo A1 content; apparently the excess Si in bytow- 
nite replaces all the A1 in the latter site leaving the 
former unaffected. No explanation is offered at this 
stage; all the differences in Si-rich tetrahedra are so 
close to the order of magnitude of the strain effects 
that one cannot be sure of the reality of occupancy 
differences. The overall group figures for means of 
Si-rich and Al-rich sites in bytownite offer no clearer 
evidence: the small increase for Si-rich tetrahedra from 
anorthite to bytownite would correspond to a 2.59/0 
decrease in Si-content, and the decrease for Al-rich 
tetrahedra to a 13~ increase in Si-content, as com- 
pared with the net figure of 10Yo expected from the com- 
position. Though these figures, averaged over eight 
tetrahedra in each group, have a lower average strain 
error than individual tetrahedral means, it is still too 
high for the evidence of residual AI/Si disorder to be 

more than doubtfully significant, particularly as it is 
not clear what allowance should be made for the ad- 
ditional strains due to anti-phase-domain boundary 
effects. 

A further point to bear in mind in any comparison 
of Si/A1 ordering in anorthite and bytownite is the 
possible discontinuity in structure at An90-95 suggested 
by the graph of ?,* against composition for low plagio- 
clases plotted by Doman, Cinnamon & Bailey (1965). 
If this is substantiated when more examples are avail- 
able, it could mean that changes in the relative occu- 
pancies of T-sites between anorthite and bytownite 
might follow one sequence from Anloo to Ango 95 and 
another thereafter. 

7.5. A-O bond-lengths and the environment of the 
A atoms 

Table 6(a) lists A-O bond lengths for the particular 
solution of bytownite. Bond lengths less than 2.9 A 
are listed on the left hand side of the columns, other 
distances less than 4 A are assumed to be non-bonding 
contacts, and are listed on the right. The choice of a 
limit distinguishing 'neighbours' from non-bonding 
contacts is always somewhat arbitrary when the en- 
vironment of the cation is irregular, as it is here; the 
corresponding choice in anorthite was at 3-1 A, but 
here 2.9 A seemed to mark a more natural break. The 
atoms Ca/Na(000) and (ziO) are then classed as 6-co- 
ordinated, while Ca/Na(z00) and (0i0) are 7-coordina- 
ted. The chief qualitative differences from anorthite 
are the much increased irregularity between the two 
OA(1) bonds for Ca/Na(ziO), and also (to a slightly less 
degree) for Ca/Na(z00); and the reduction of the in- 
equality between the 08(mzic) and OD(mziO) bonds for 
Ca/Na(ziO), which leaves them both just outside the 
bonding limit of 2-9 A. All bonds from Ca/Na to 
OA(2) are noticeably shorter than to the other O's 
(less than 2.37 A in every case). This is a common 
feature of most feldspars; cation bonds to OA(2) al- 
ways seem to be short (ef. in particular Megaw, Kemp- 
ster & Radoslovich, 1962, § 2.2). 

As well as resembling one another in being approx- 
imately 6-coordinated, Ca/Na(000) and Ca/Na(ziO) are 
also similar in other respects. Reference to Fig.6, 
which shows the composite Ca/Na(000) and (0i0) peak 
on the body-centred electron-density map of bytow- 
nite, indicates that Ca/Na(000) is a lower peak (peak 
height 26.6_+2 e.A -3) than Ca/Na(0i0) (peak height 
34-7 + 2 e.A-3). The composite Ca/Na(z00) and (ziO) 
peak on the other hand is unresolved, and peak heights 
for the two constituent peaks cannot be obtained direct- 
ly. When, however, profiles of the two peaks Ca/Na 
(000) and (0i0) were obtained by interpolation and 
moved together fi'om their 0.85 A separation in the 
composite peak to one of 0.43 & [the separation of the 
two 'hall '-peaks Ca/Na(z00) and (z/0)], a very good 
fit was obtained to the pear-shaped profile. This good- 
ness of fit suggests that Ca/Na(000) and (ziO) have 
similar profiles, as have Ca/Na(z00) and (0i0). The 



798 THE S T R U C T U R E  OF B Y T O W N I T E  ( ' B O D Y - C E N T R E D  A N O R T H I T E ' )  

composite Ca/Na(z00) and (ziO) peak is pear-shaped 
because the two constituent half-atom peaks are too 
close together (0.43 A) to be well resolved. Ca/Na 
atoms therefore fall into two groups: Ca/Na(000), 
(ziO) with peak heights 27 e.A-3 and 6-coordination of 
oxygen; Ca/Na(z00), (0i0) with peak heights 35 e.A-3 
and 7-coordination of oxygen. The lower peak height 
of the former pair may mean that there is a tendency 
for Na to concentrate in it; quantitatively the differ- 
ence is just greater (but not significantly so) than what 
would be predicted if all the Na atoms were in the pair 
O00/ziO. If so, the 6-coordination (or the geometrical 
environment and mean A-O distance summed up by 
that term) may be a cause and not a consequence of 
the Na occupancy, because a similar geometrical dif- 
ference between the pairs has been noted in anorthite 
(Megaw, Kempster & Radoslovich, 1962, p. 1024). 

Alternatively the difference in peak heights might 
be a consequence of different thermal amplitudes, them- 
selves a consequence of the geometrically different en- 
vironments of the pairs of atoms. The temperature 
factors of the different A atoms were not refined sep- 
arately, but had a mean isotropic value of B = 0.90 A z. 
In anorthite (Kempster, 1957) the separate pairs (000)/ 
(ziO) and (OiO)/(zO0) had values of 1.0 and 0.3 A2; in 
transitional anorthite (Ribbe & Megaw, 1962)pro- 
visional values were given as 1.8 and 0.3 A z respectively. 
It seems likely that the underlying cause of the differ- 
ence between pairs is the same in all three materials. 
That it is a consequence of thermal amplitudes depend- 
ing on interatomic forces in the perfect structure can- 
not be ruled out. But there is an interesting alternative 
possibility. In bytownite and transitional anorthite 
there are anti-phase-domain boundaries. These, we 
suggest, though irregular in their contours, are located 
at specific places in the unit cell, cutting across the 
weakest bonds of the perfect structure. At present we 
do not know where these breaks occur. But if they lay 
near the A (O00)/(ziO) atoms and remote from the 
A (OiO)/(zO0) the former pair would show greater posi- 
tion disorder. The boundary - or considerable areas 
of it - would then lie parallel to (001) at z=0 .  This 
suggestion - which is only a speculation - is not neces- 
sarily an alternative to the suggestion of different 
thermal amplitudes in the perfect structure, but might 
enhance their effect, because large thermal amplitudes 
indicate weak forces and therefore mark the most 
favourable location for a fault. Indeed, in byt0wnite 
all three explanations could be true, because the region 
of a fault might be the preferred site for the Na atom. 

The average isotropic value of the temperature fac- 
tor for oxygen atoms is 1.06 A 2. This was estimated at 
the final stage of refinement with the body-centred 
oxygen coordinates. It will therefore contain a disorder 
contribution because each oxygen site is an average 
over two half-sites. No revised estimates were made 
later during refinement with half-atoms. It is not then 
possible to say how much of the value 1.06 A z corres- 
ponds to thermal motion. 

7.6. O-O distances, and bond angles at Si, A1 and 0 
O-O distances and bond angles are recorded in 

Table 6(c), (d) and (e). The standard error in bond 
angles is about 0.6 ° and differences of angles from the 
tetrahedral values are therefore real. Bond angles at O 
are similar to those in anorthite (cf  Megaw, Kempster 
& Radoslovich, 1962; Table 2). 

8. Comparison of 'irregularities' and 'strains' 
in various feldspars 

8.1. T-O bond lengths 
It is of interest to try and explain the differences of 

individual bond lengths from those expected from the 
occupancy of the site. There are two possible causes: 
(i) local attractive forces between an oxygen atom and 
its Ca/Na neighbours, tending to lengthen the T-O 
bonds, (ii) 'structural stresses' due to the tie-up as a 
whole, and not easy to analyse into their component 
factors - though one such factor, common to all feld- 
spar structures, was detected by its effect on bond- 
angle strains in anorthite (Megaw, Kempster & Ra- 
doslovich, 1962) and given a physical explanation in 
terms of Ca-Ca repulsion. We shall consider (i) and 
(ii) separately. 

There is a positive correlation in bytownite, as in 
anorthite, between the length of a T-O bond and the 
number of its Ca/Na neighbours. This is displayed in 
Table 8. The values are very like those for anorthite; 
the differences between the groups are marginally 
smaller. 

Table 8 
(a) Classification of oxygen atoms according to number of 

Ca/Na neighbours 
Number Number 

of of atoms 
neighbours Atoms in group 

Group 1 2 O.4(100) O.4(10i) OA(lZ0) OA(lzi) 4 
Group 2 I OA(200) O.4(20i) O.4(2Z0) O.4(2zi) 

OB(000) O8(00i) OB(OzO) OB(Ozi) 
OB(mOi) OB(mzO)Oc(mO0) Oc(mOi) 18 
Oc(mzO) Or)(000) OD(00i) OD(0z0) 
OD(Ozi) OD(m00) 

Group 3 0 OB(m00) OB(mzi) Oc(000) 
Oe(OOi) Oc(OzO) Oc(0zi) 10 
Oc(mzi) Oz)(mOi) OD(mzO) 
Oo(mzi) 

(b) Mean bond lengths for the groups 

Mean bond length (A) 
Si-O A1-O 

Group 1 1.629 1.752 
Group 2 1-625 1.742 
Group 3 1.599 1.700 

S.D. of mean bond 
length (A) 

Si-O AI-O 
0-007 0.009 
0.005 0.006 
0-006 0.009 

This kind of correlation has not been observed in 
the 7 A feldspars; for maximum microcline (Brown & 
Bailey, 1964) there appears to be a correlation, but in 
the opposite sense - lengthened T-O bonds for smaller 
numbers of K neighbours - and for low albite and 
reedmergnerite (Appleman & Clark, 1965) there is no 
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obvious correlation. (High albite cannot be used as 
evidence, because of the uncertainty about the Na en- 
vironment.) It is, therefore, interesting to try another 
approach. 

For this, the average &(r) of the two T-O bonds to 
an oxygen is plotted against the distance of the nearest 
Ca/Na neighbour (Fig.8). Each 6(r) is the deviation 
of the bond from the mean of its own tetrahedron. The 
average of the two, &(O), which [like &(r)] may be of 
either sign, is a measure of the mean outward strain at 
the oxygen referred to an arbitrary 'unstrained' length, 
and therefore is expected to increase as the distance to 
a single nearest neighbour decreases, or the number of 
equally near neighbours increases. Fig. 8 shows all the 
points for anorthite and bytownite. Their general trend 
is obvious. There is no theory from which to predict 
the shape of the curve, but it is fitted by the function 
y = 2 . 2 8 + ( 0 . 0 4 - x ) 3 x 3 . 7  (chosen because a cubic 
seemed the simplest function of approximately the 
right shape). This is shown by the full line; the dotted 
lines are separated from it by twice the standard devia- 
tion of &(O), as estimated from a(e). Errors of measure- 
ment of y are negligible. 

Not all the departures from the curve can be ex- 
plained, but the effects for the OA(1) atoms are of par- 
ticular interest. Those that have two nearest neigh- 
bours at nearly equal distances less than 2-70 A 
[Oa(100) in bytownite, and OA(100) and OA(lz0) in 
anorthite] lie above the curve in a group near O(O)= 
+ 0.035, r(Ca-O)=2.5.  The rest, with one near neigh- 

bour at about 2.5 ]t and a more distant one at 2.7-2.8 
A, lie within or close to the area of the main sequence. 

3"8 

3'6 

3'4 

3'2 

8 
~= 3"0 

O 
2"8 

7 

2"6 

2'4 

It is rather difficult to assess the significance of this 
correlation, because it might be an indirect one, due 
to the dependence of both fi(O) and the Ca/Na-O dis- 
tances on some 'structural stress' system rather than 
to a direct nearest-neighbour attraction. A similar an- 
alysis carried out for the 7 A feldspars gives no agree- 
ment. There are two reasons for thinking that direct 
attraction might be relatively more important in the 
14 ~ feldspars than in the 7 A group: the direct forces 
involved are larger because of the high valency of the 
A cation (and, relative to microcline, because of the 
very much shorter A-O distance), and the structural 
stresses are probably smaller (at least relatively), be- 
cause the greater number of symmetry-independent 
tetrahedra in the repeat unit allows them more chance 
to even themselves out. Moreover, as we shall show 
below, some of the structural stress factors appear to 
be quite different in the two groups. 

Structural strains in individual T-O bonds can most 
easily be examined in terms of fi(r), the departure of 
each bond from its own tetrahedral mean. This elim- 
inates the effective bond-length differences due to dif- 
ferent occupancies, and enables us to discuss the irreg- 
ularities of tetrahedra in terms of their topological 
role in the framework. Inspection shows that differ- 
ences in &(r)'s between tetrahedra containing chemical- 
ly different atoms are not so great that they have to be 
taken into account at this stage. 

Correlation coefficients between &(r)'s for corres- 
ponding bonds in the 7 A structure showed a very 
striking resemblance between low albite, reedmergner- 
ite and maximum microcline (Table 9). The calculation 
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was carried out over all four tetrahedra, irrespective of 
their contents - a comparison of 16 bonds from each 
structure. It is surprising to find the detail of the irre- 
gularities so little affected by the replacement of a large 
A1 atom by a small B, or a medium-sized Na by a 
large K. Obviously the irregularities must here be 
mainly due to a structural stress system, inherent in 
the linkage pattern. Does the same stress system oper- 
ate in the 14 A feldspars? The basis of comparison is 
not so easy, because there is no obvious degree of 
uniformity within the sets of four tetrahedra in the 14 A 
structures which become identical in the 7 A structures. 
Nevertheless, an average 0(r) was taken for each bond 
over the four TI(0) tetrahedra and similarly over Tl(m), 
Tz(0) and Tz(m), both for anorthite and bytownite, 
and the averages were compared with 0(r) for low al- 
bite. The correlation factors are given in Table 9. Their 
evidence is unmistakable. The irregularities of anorthite 
are quite different from those of low albite. That this 
distinction is not an artefact from the process of averag- 
ing over four tetrahedra is shown by the expected high 
correlation between anorthite and bytownite, which 
were both averaged in this way, and also by the good 
correlation with high albite. The resemblance of high 
albite to anorthite, and its difference from low albite, 
have been pointed out by various workers*; what we have 
done here is to show that the resemblance involves a 
similar distribution of structural strains, and therefore 
presumably of structural stresses, and that it can be 
expressed quantitatively in terms of the individual 
bond-length strains. 

Table 9. Correlation coefficients for O(r) 
(For the 14 A primitive feldspars, the value used for O(r) in the 
correlation is a mean over the four tetrahedra which become 
identical in the 7 A base-centred feldspars) 

Correlation coefficients 
Anorthite Low albite 

Anorthite -- 0.24 
Bytownite 0.88 --  
High albite 0.63 0.25 
Low albite 0.24 -- 
Maximum microcline -- 0-74 
Reedmergnerite -- 0.80 

8.2. Bond angles at 0 
Values of bond angles at O atoms follow the ex- 

pected pattern for 14 A feldspars, a pattern that has 

been outlined by Megaw, Kempster & Rad0sl0vich 
[1962, {} 3.3(i.)] At OA(1) the angles are similar to each 
other and each slightly greater than the correspond- 
ing angle in anorthite. At OA(2) they are again similar 
to each other, and all but one are slightly greater than 
for anorthite, though the differences are smaller than 
at OA(1). At Oc they are similar to each other, and 
the differences from anorthite are small and irregular. 

* Comparisons using structure amplitudes and atomic pa- 
rameters have been made by Ribbe (1963), with results very 
similar to ours using bond length strains. See also Srinivasan 
& Ribbe (1965). 

At OB and OD there is the usual large spread in 
angles, the largest angles again occurring at those 0 
with no Ca/Na neighbours. The average values at both 
On and OD are, however, very nearly the same as for 
anorthite, though individual differences are quite large 
(nearly twice as great, on the average, for OD as for 
On); as another example of smoothing-out effects, per- 
haps attributable to disorder, we note that in bytownite 
the means for On(0) and OB (m) are each nearer to their 
common mean than in anorthite, and similarly for 
Oc(0) and Oc(m) ,  OD(0) and OD(m). 

8.3. Bond-angle strains at T; and 0 - 0  tetrahedral 
edge strains 

Values of angle and edge strains, taken as departures 
from the values for completely regular tetrahedra, are 
given in Table 10. The values may be directly com- 
pared with those of other feldspars given in Table 10 
of Megaw, Kempster & Radoslovich (1962.) Bond- 
angle strains at all T atoms of the same crystallo- 
graphic type, Ta or T2, show marked similarity. This is 
clearly a common feature of all feldspars, independent 
of symmetry or Si/A1 ratio. The four largest strains 
are in the same place as in all other feldspars: in 
TI(AB), Tx(AC), TI(AD) and T2(AC). The Al-rich 
tetrahedra as before show greater strains than the Si- 
rich. Comparing bytownite with anorthite, one finds 
the following differences: 

(i) The overall average magnitudes of the strains are 
slightly less in bytownite. 

(ii) The scatter within the groups averaged in Table 
10 is quite appreciably less for bytownite, but obviously 
correlated with that for anorthite, groups which were 
non-uniform in anorthite becoming only a little more 
uniform in bytownite. 

(iii) The differences of individual bond angles from 
anorthite to bytownite are very much less than the 
strains, of order of magnitude equal to about half the 
r.m.s, scatter of the strains about the group means. 

Table 10. Bond angle strains (°) and 0 - 0  tetrahedron 
edge strains (A) 

Strains are deviations from values for a regular tetrahedron. 
The table lists the means over corresponding angles and edges 
in similar tetrahedra, and their standard deviations. 

Type of 
tetrahedron 

T1 

T2 

O-T-Oangle 
Si AI 

AB -6-5 -7-7 
+_0.9 +_1.9 

AC +4-8 +6.0 
±1-3 ±1-3 

AD -4"7 -8.8 
±0.9 ±1.3 

BC +2.3 +2.7 
+_0.9 +_0.8 

BD +3.1 +5.4 
+_0.8 ±0.7 

CD +0.6 +1.4 
±0.6 ±0.6 

AB -0.8 -2.2 
±1.2 ±1.4 

0 - 0  edge 
Si 

-0.103 
+_0.012 
+0.83 
+_ 0-023 
-0.66 
_+0.011 
+0.031 
+_ 0.004 
+ 0.047 
+_0.015 
+0"010 
_+ 0.020 
+ 0.001 
+ O.Ol 8 

A1 

-0.124 
+ 0.021 
+0.115 
+ 0.020 
-0.144 
+ 0.021 
+ 0.042 
+ 0.023 
+ 0.097 
+ 0.026 
+0.023 
+ 0.021 

- 0-026 
+0-018 
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Table 10 (cont.) 

Si AI Si AI 
A C - 5.9 - 6-4 - 0"096 - 0.099 

_+ 1.1 _+ 1.2 _ + 0 . 0 1 6  +0.021 
AD + 0.4 - 2"8 + 0"039 - 0.042 

+ 0.5 + 0"9 + 0.006 _+ 0.009 
BC + 1"9 +2"5 +0"015 +0.047 

+0"7 +0"6 +0"015 +0.023 
BD +0"5 +2.0 +0.012 +0"029 

+ 1"3 + 1.0 +0.031 +0-026 
CD + 3"4 + 5-8 + 0.044 + 0"090 

+ 0"5 + 0.9 + 0.008 _+ 0.018 

As in other feldspars, there appears to be a strong 
Ca/Na-Ca/Na  repulsion across the symmetry centre. 
Prediction of bond-angle strains in O - S i - O  and 
O-A1-O angles, made by Megaw, Kempster & Rado- 
slovich (1962) for any feldspar by considering the effect 
of cation repulsion on the x* repeat distance, are com- 
pared with observed bytownite strains below: 

Pred. 
Obs. 

Mean bond-angle strains (o) 

TI(BC) TI(BD) T2(AC) T2(BC) T2(BD)Tz(CD) 
+ + - + indet. + 

+ 2.6 +4.6 - 6-2 +2.2 + 1.3 + 4.6 

The agreement is very satisfactory, but not surprising 
in view of the close resemblance of anorthite to bytow- 
nite. It is perhaps worth noting that the uniformity of 
the group is greater for these six bond-angle strains 
than for the rest: the r.m.s, value of the standard 
deviations of the six is 0.65 ° for both anorthite and 
bytownite, against 1.1 and 0.8 ° respectively for the 
remaining bond angles. When, as in this case, the 
stresses which are the main cause of the strains have 
been identified and found to be in the same sense in 
corresponding parts of the structure, it is to be ex- 
pected that the strains will be more uniform than are 
those associated with stresses which help to differen- 
tiate between the subcells. 

8.4. General comment 

In some ways, the very close resemblance of bytow- 
nite to anorthite is a disappointment, because when all 
differences are so small it is hard to pick out those 
which are physically significant. From one point of 
view, the bytownite determination serves rather as an 
independent confirmation of the reality of the detailed 
features of the anorthite structure than as an exhibi- 
tion of qualitatively or even quantitatively new effects. 
There is no doubt, however, that the differences are 
significant mathematically, and future work may per- 
haps bring to light some pattern in them which will 
help to elucidate the nature of the forces operative in 
both structures. 
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