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The powder patterns and lattice parameters of plagioclase 
felspars. I. The soda-rich plagioclases. 

By J. V. SMIT~, M.A., Ph.D. 

Geophys ica l  L a b o r a t o r y ,  Carnegie I n s t i t u t i o n  of W a s h i n g t o n ,  W a s h i n g -  

ton ,  8, D.C. ; a n d  D e p a r t m e n t  of  Minera logy  a n d  Pet ro logy,  D o w n i n g  

St ree t ,  Cambr idge .  1 

[Read 24 March 1955.] 

Summary.--Geiger-counter powder records of soda-rich plagioclases have been 
carefully measured and indexed. The lattice parameters of the synthetic specimens 
are ahnost independent of the lime content, the largest variation (that in fi*) 
amounting to only 0.2 ~ . After strong heating the powder patterns of the natural 
specimens closely approached those of the synthetic specimens. 

Eight out of the nine natural plagioclases gave lattice parameters which fall 
within experimental error on a continuous line. There is a fairly large variation in 
lattice parameters, especially for ~*, which changes by 2 ~ As the lime content in- 
creases the lattice.parameters ofithe .natural plagioclases approach those for the 
high-temperature synthetic and heated naturalspecimens until at Ans0 the separation 
is only one-fifth of that  at  An 0. The ninth specimen (from a dacite) gives parameters 
midway between the curves, thus exhibiting a state of partial inversion. 

The partially heated natural plagioclases and the plagioclase from the dacite give 
parameters indistinguishable within experimental error from the parameters of 
unheated plagioclases with a higher lime content. There is, therefore, no reliable 
powder X-ray method for the determination of composition in the region An0-Ans0. 
I f  the composition is known the powder method may be used for the determination 
of the thermal state. I f  the plagioclase can be judged to be in the low-temperature 
state from geological evidence the powder method can be used to estimate the com- 
position with an accuracy of 2 % An. 

E S E A R C H  car r ied  ou t  b y  m a n y  workers  in  t he  l a s t  few decacles 

c u l m i n a t e d  in  t h e  conclus ive  d e m o n s t r a t i o n  b y  Tur t l e  a n d  B o w e n  

(1950) t h a t  t he re  are  two s t r u c t u r a l  series of soda-r ich  plagioclases.  

Careful  m e a s u r e m e n t s  of t he  opt ic  axia l  angle,  2V, a n d  of t he  difference 

b e t w e e n  t he  Bragg  angles 20(132) ~ a n d  20(131) showed  t h a t  n a t u r a l  

soda- r ich  plagioclases f rom l o w - t e m p e r a t u r e  a e n v i r o n m e n t s  differed 

1 Present address, Dept. Min. Petr., Cambridge. 
2 The detailed measurements made in the present work show that  this is the 

(131) reflection. Throughout the remainder of the paper the correction will be made 
without further reference. 

a A low-temperature environment is taken to be one for which there has been 
ample opportunity for attainment of the state which is stable at low temperatures. 
This definition includes plutonic conditions. 
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considerably from their synthetic counterparts but could be converted 
into a similar state by prolonged heating just below the solidus. A 
natural plagioclase from a high-temperature environment, rhyolite, gave 
results close to those for the synthetic material. Tuttle and Bowen found 
that  the differences between the two series decreased as the proportion of 
lime increased from An o to Ans0, at which composition the differences 
were slight. 

As plagioclase felspars are anorthic and have six independent lattice 
parameters, the author hoped that detailed examination of accurate 
X-ray powder patterns would lead to a routine X-ray method for the 
determination of the two variables, composition and thermal state. In 
addition, careful measurements might yield information on the position 
of the boundaries between regions of different structure. In view of the 
successful use by Donnay and Donnay (1952) of the Geiger-counter 
focusing-diffractometer in the study of high-temperature alkali felspars, 
this method was chosen in preference to the less accurate photographic 
powder method and the more tedious single-crystal method. The power- 
ful resolution and high accuracy at low angles of the focusing-diffracto- 
meter permit the indexing of powder patterns and the determination of 
the lattice parameters for anorthic crystals. 

Three studies of the powder patterns of plagio~lase felspars have so far 
been recorded. Claisse (1950) published photographic powder patterns 
of eight natural plagioclases together with determinative curves based on 
the positions of certain reflections on the photographic film. The effect 
of thermal state was not considered. Chayes and Robbins (1953) have 
measured certain angular relations from diffractometer records of albites 
and oligoclases. Goodyear and Duffin (1954) have recently examined 
the powder patterns of sixteen natural and ten synthetic specimens by 
photographic methods, with the following two objects: 

(i) to provide X-ray powder data for the identification of plagioclase felspars when 
admixed with associated minerals, and (ii) to establish relationships enabling the 
composition and thermal modification of a felspar to be determined from certain line 
positions in the X-ray pattern. 

Studies of soda-rich plagioclases by single-crystal techniques have 
been reported by Cole, SSrum, and Taylor (1951), Laves (1954), Gay and 
Smith (1955), and Gay (1956). Laves found that some natural albites 
and oligoclases are unmixed into two phases of composition near An 0 
and Ans0 (known as unmixing of the peristerite type). This unmixing 
was confirmed by Gay and Smith, who found that the lattice angles a* 
and ~* of the two phases corresponded to compositions near Ann and 
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An23. Cole et al. found tha t  in the  region Ana0-AnT0 the  X- ray  ro ta t ion  

pa t te rns  showed weak subsidiary layer-l ines in addi t ion  to the  s t rong 

layer-lines which correspond to the  7 X. a lb i te - type  structure.  More 

detai led s tudy  by  Gay  has revea led  t h a t  mos t  na tura l  specimens in the  

composi t ion range An2o-An~o exhibi t  these subsidiary layer-lines. Cer- 

ta in  specimens f rom h igh- tempera ture  envi ronments  revealed ei ther no 

subsidiary layer-lines or ve ry  weak diffuse ones. None of the  powder  

records obta ined in the  present  s tudy  has shown the  presence of  the  

subsidiary reflections: this is not  surprising, for measurements  made  on 

the  single-crystal  cameras  showed t h a t  their  intensit ies are small. 

Two of the  specimens used in the  present  inves t iga t ion  of the  lat t ice 

parameters  lie in the  range An3-An2o for which unmix ing  of the  peri- 

s teri te type  migh t  be expected.  Single-crystal  photographs  of specimen 

81822, composi t ion An17.9, reveal  no unmixing,  in cont ras t  to  photo-  

graphs of the  other  specimen, BM 1940,27, composi t ion A n n e ,  which do. 

The powder  record of the  la t te r  specimen, however ,  does no t  give a clear 

TABLE I.  Origin and chemical composition of the 

Label 
number. Origin. ReL 

Amelia Amelia~ Va., pegmatite. 1 
:BM 1940;27 Kenya, pegmatite. 2 
81822 South Carolina, pegmatite. 1 
103086 Hawk Mine, N.C., pegmatite. 1 
97490 Little Rock Creek, 1V[itchel 1 

Co., N.C., pegmatite. 
152 (6) Spanish Peak, Calif., gneissoid 3 

granodiorite. 
64 (7) San Luis 0bispo Co., Calif., 3 

dacite. 
144 (8) Crestmore, Calif., granodiorite. 3 
24 (9) Essex Co., N.Y., anorthosite. 3 

Synthetic ; 5 days 800 ~ C. and 4 
1000 Kg./cm. ~ H20. 

Synthetic ; 70 days 1080 ~ C. ; 5 
90 days 1100 ~ C. ; dry. 

Synthetic; 26 days 1150 ~ C., 5 
14 days 1140 ~ C.; dry. 

Synthetic ; dry. 5 
Synthetic; 5 days 1230 ~ C., 5 

]1 days 1170 ~ C. ; dry. 

I. Kracek and Neuvonen 
2. Game (1949). 
3. Emmons et al. (1953). 
4. Bowen and Turtle (1950). 
5. J. F. Schairer, unpublished. 

E 5381 

plagioclase samples. 
Weight % 

100 An 
s Ab. & an+Ab 
0-0 98.2 1.8 0"0 

10.9 86-5 2.6 11-2 
17.7 81.0 1"3 17.9 
22.1 74.4 3"5 22-9 
29.9 66-5 3"6 31.0 

35.9 62-6 1-5 36-4 

36.1 60.7 3-2 37.3 

38.0 60.0 2.0 38.8 
49.0 47-2 3.8 50.9 

0-0 100.0 0.0 0.0 

10.0 90.0 0-0 10.0 

30.0 70.0 0.0 30.0 

40-0 60.0 O-0 40.0 
50.0 50.0 0.0 50.0 

(1952). 
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indica t ion  of the  presence  of two phases  and  m a y  be indexed  on the  

basis  of a single phase.  E x a m i n a t i o n  of powder  records of several  o ther  

specimens  in th is  composi t ion  range  (listed in table  VII )  also reveals  t he  

difficulty of de tec t ing  unmixing.  Only when  the  p ropor t ions  of the  two  

phases  are roughly  equal  can  the  unmix ing  be de t ec t ed  wi th  ce r t a in ty  

in powder  records  of peristeri tes .  I t  is doubt fu l  if the  lower resolut ion 

of the  pho tograph ic  powder  me thods  permi t s  the  de tec t ion  of peri- 

s teri t ic  unmix ing  even  w h e n  the  propor t ions  are near ly  equal. Al though  

the  unmix ing  is no t  obvious in the  records  of BM 1940,27 i t  is l ikely t h a t  

t he  la t t ice  pa rame te r s  deduced  on the  basis of a single phase  do no t  give 

a t rue  average of the  two  phases :  b u t  t he  error is p robab ly  no larger t h a n  

the  effect p roduced  by  2 ~ An. P recau t ions  for minimiz ing  th is  error  

are given in the  final sect ion of th is  paper .  

TABLE II. Indexed powder patterns of Amelia albite, iCu.Ka radiation. Only 
those reflections with 20c~l~ sufficiently close to observed values of 20 to make a 
contribution possible are listed. The observed values of 20 are the means of four 

Natural Amelia albite. 
I. 20obs. 20calc. 
75 13'86 13.855 
- -  - -  13'89 

2 14-9 14.98 
4 15'85 15.86 

60 22.057 22.055 
20 23.071 23.07 
85 23'538 23.54 
70 24'155 24.155 
50 24-306 24-27 
- -  - -  24.335 

5 25"185 - -  
35 25"392 25.40 

5 25'57 25.565 
20 26.418 26.415 

360 27.915 27.92 
- -  - -  27.99 
- -  - -  28.12 
30 28.325 28'325 
30 3 0 " 1 4 8  30.145 
- -  - -  30.225 
50 30.48 30.51 
- -  - -  30-54 
20 31-210 31-23 

3 31-47 31.505 
3 32.11 32.105 

- -  - -  32.155 
15 33.946 33.94 

observations. 

(hkl). I. 
001 
020 20 
1 1 T  30 
Tll 3 
20T 3 
1T1 2 
111 60 
130 40 
I31 100 
130 
O02fi 35 
112 
2 2 T  5 
112 15 
002 25 
040 
220 160 
220 
131 360 
222 40 
022 25 
041 30 
131 35 
132 5 .9 
022 35 

(~1 
041 12 
132 

Heated Amelia albite. 
20obs. 20ealc. (hkl). 

- -  13-73 110 
13"775 13.79 020 
13.93 13.94 001 
15.17 15.185 111 
15.64 15'68 111 
18.92 18.955 021 
22.00 21.995 201 
22.915 22-905 111 
23-73 23.715 130 

- -  23"75 111 
24.46 24.47 130 

- -  24.54 13T 
25.35 - -  002fi 
25.63 25.635 112 
26.445 26.46 112 

- -  27,66 220 
27-785 27.79 040 

- -  27.805 202 
28.095 28.095 002 
28.525 28'535 220 
29.62 29-62 131 
30-295 30"305 041 
30-54 30.52 022 
30.65 30-655 222 
31'61 31.595 131 

33-74 33.745 132 
- -  33'78 311 
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N~tur~[ Amelia  ~lbite. 
I .  20obs. 20ca.lc. 
20 34.996 34-995 

3 35"34 35-32 
4 35.72 35.70 
2 35"95 35.945 
2 36-5 36.495 
7 36-757 36.76 
5 36-95 36.955 
5 37.35 37.305 

- -  - -  37.425 
7 37.64 37.625 

10 38.78 38-78 
4 39-52 39-515 

10 41-21 41.20 
- -  - -  41.22 
20 42.51 42.50 
- -  - -  42.62 
15 42-63 42.665 

5 43.55 43.545 
5 44.48 44.47 
3 45.29 45.305 

10 45.78 45.795 
5 47-125 47-145 

- -  - -  48,105 
20 48-115 48.11 

8 49-17 49.19 
10 49.38 49.405 
- -  - -  49-405 
- -  - -  49.435 
15 49-80 49.82 

- -  - -  49-825 
65 49"945 49'93 
- -  - -  49.98 
- -  - -  49.985 
20 50-54 50.55 
30 51.115 51.12 

TABLE II  (cont.) 

(hkZ). I. 
24]. 
313 20} 
112 
231 20 
221 
34t 3 
15]. 
240 7 
1~0 5 
310 4 
33T 5 
].13 3 
042 
242 
060 2 
133 
151 20 
231 
241 15 
202 
061 7 
42~ 3?}  
35]. 5 
222 
403 5 
1~2 3 
361 15 
260 5 
260 
~43 20} 
o4~ 
351 5 
063 35 
113 25 
203 

Heatext Amelia  ~lbite. 
20obs. 20calc. (hkl). 

- -  35-57 313 
35-62 35.595 241 

35-685 1T2 
35"80 35.78 341 

- -  35.835 312 
36.655 36-64 112 

- -  36.645 150 
37-94 37.925 240 
39.12 39.085 331 
39.47 39-44 33]. 
39.735 39.72 ].13 
40.13 40.13 132 
40-49 40.485 342 

- -  40.515 151 
41.34 41-32 042 

- -  41"375 332 
42-19 42.19 060 

- -  42-535 313 
42.6 42.665 003 

- -  42.70 132 
43-025 43.025 151 
45.5 45-47 ].13 
45-62 45.605 3].1 

- -  46.735 243 
46.77 46.755 232 
47.2 47.19 322 
48.57 48.57 222 
49.22 49.175 403 

- -  49-875 043 
49-89 49,88 1]-3 

- -  49.88 400 
50,1 50,11 260 
50.91 50.915 113 
51.46 51.455 203 

S e v e n  o u t  o f  t h e  n i n e  n a t u r a l  p l a g i o c l a s e s  u s e d  in  t h e  d e t e r m i n a t i o n  

o f  l a t t i c e  p a r a m e t e r s  we re  c o n v e r t e d  i n t o  t h e  h i g h - t e m p e r a t u r e  f o r m  b y  

p r o l o n g e d  h e a t i n g  j u s t  u n d e r  t h e  so l idus .  A l a r g e  s a m p l e  w a s  p u t  i n t o  

a f u r n a c e  a n d  h e a t e d  for  s e v e r a l  d a y s .  A s m a l l  a m o u n t  w a s  r e m o v e d  

a n d  a p o w d e r  r e c o r d  o b t a i n e d .  T h e  r e m a i n d e r  w a s  r e h e a t e d .  T h i s  cyc l e  

w a s  c o n t i n u e d  u n t i l  n o  f u r t h e r  c h a n g e  o c c u r r e d  i n  t h e  X - r a y  p a t t e r n ,  

w h e n  i t  w a s  a s s u m e d  t h a t  t h e  m a t e r i a l  w a s  i n  t h e  h i g h - t e m p e r a t u r e  

f o r m .  L a c k  o f  m a t e r i a l  p r e v e n t e d  t h e  c o m p l e t e  c o n v e r s i o n  o f  s p e c i m e n  

B M  1940,27 .  
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Experimental procedure for the determination of the lattice parameters. 

X - r a y  powder  records  were  t a k e n  on a Norelco high-angle  diffracto- 

m e t e r  using e i ther  pressed m o u n t s  made  by  the  m e t h o d  of Adams  and  

Rowe  (1954) or carefully made  smear  mounts .  The pressed m o u n t s  gave  

sl ight ly more  in tense  peaks  t h a n  the  smear  mount s ,  b u t  the i r  p repara t ion  

was more  tedious  and  requi red  more  mater ia l .  The se t t ings  of the  

d i f f rac tometer  were:  t ime cons tan t ,  4 seconds ;  d ivergence and  sca t te r  

slits, t ~  receiving slit, 0"006 inches ;  scanning speed, 0-25 degree of  

20 per  minu te  ; cha r t  scale, one degree per  inch ; f i l tered Cu-Ka rad ia t ion .  

Measurements of the plagioclase peaks obtained from both types of mount agreed: 
within random experimental error only when the records were calibrated from the 
peaks given by the secondary standard, quartz, which was intermixed with the 
plagioclase in the mount. The quartz sample is number F2-16 (Tuttle and Keith, 
1952) and the positions of the quartz reflections were taken to be those listed by 
Parrish (1953). 

The measurements on the synthetic albite disagreed with those given by Donnay 
and Donnay (1952) who used the same sample and the same instrumental setting 
except for the width of the receiving slit, which was half that used here. The cor- 
rected values of 20 were, on the average, about 0.025 ~ higher than those given by 
Donnay and Donnay. In view of this discrepancy further measurements using both 
pressed and smear mounts were taken, but the discrepancy persisted. As the quartz 
and plagioclase were ground together in acetone for 5 minutes it seems certain that 
a homogeneous mixture was obtained and that the correction relative to quartz was 
valid. Donnay and Donnay calibrated the diffractometer by using a separate pressed 
mount of the secondary standard, silicon. There appear to be two possible explana- 
tions of the discrepancy: either the lattice parameters of quartz and silicon given by 
Parrish are not applicable to the samples used here, or the indirect method of cali- 
bration used by Donnay and Donnay was in error. In order to test the two explana- 
tions, photographic powder patterns of the silicon and the quart z were taken and 
measured according to the extrapolation procedure given by Nelson and l~iley (1945), 
with the following results: 

The lattice parameter of the silicon agrees within the experimental error o f  
1/20 000 with the value listed by Parrish and thence used by Donnay and Donnay. 

The relative positions of the reflections of quartz and silicon obtained from a 
mixed powder specimen agree very closely with the values given by Parrish. 
Assuming the 20-values for the silicon (533) reflection to be identical with those 
given by Parrish, the adjacent quartz reflections (1453) and (2026) near 20 = 137 ~ 
are 0.02 ~ in 20 lower than those given by Parrish. Tuttle and Keith, however, found 
that for this particular quartz sample, F2-16, the (2354) quartz reflection near 
20= 154 ~ was 0.02 ~ in 20 higher than the value given by Parrish. The discrepancy 
of 0.02 ~ in 20 at these high angles corresponds to a discrepancy of about 1/15 000 
in the lattice parameters and to 0.002 ~ in 20 for 20 ~ 30 ~ 

From these measurements it seems reasonably certain that the positions of the 
quartz reflections assumed in the present work are accurate to about 1/15 000 and 
that an error in the indirect calibration method of Donnay and Donnay is the source 
of the discrepancy. 
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The values of 20 for tile plagioclase reflections, corrected by the  

quar tz  internal  s tandard,  were conver ted  into Q-values by the  tables of 

] )onnay  and Donnay  (1951). The pcaks were indexed with  the  aid of the  

accurate  da ta  g iven by  Cole et al. (1951) and l ) onnay  and Donnay  (1952). 

Table I I  contains  the da ta  for the  imtexed pa t te rns  of low- and high- 

t empera tu re  albite. All other  powder  pa t te rns  obta ined from soda-rich 

plagioclases may  be indexed by interpolat ion,  though some caut ion  is 

necessary,  especially for (hkO) and (hkO) reflections, which interchange 

posit ion as ?* passes through 90 ~ 

The re la t ion be tween  Q and the  reciprocal la t t ice  parameters  is g iven 

by  the  equat ion  

Q(1,~t) =- 1/d~hkt ) = h2a * ' '  k2b *~ =- 12c *' '-- 2kl b ' c ' c o s  a* 

t 21he*a'cos fi* t-2hk a ' b ' c o s  ~*. 

Thus for each reflection (hkl) there is a linear equa t ion  connect ing the  

observable quan t i t y  Q with the six f lmctions of the lat t ice parameters  

by the  known values of h, k, and l. Al though only six values of Q are 

needed for a de te rmina t ion  of the  six lat t ice parameters ,  i t  is desirable 

to obta in  as m a n y  values of Q as possible in order to increase the  

accuracy of determinat ion.  

It  was soon found that trial-and-error adjustment of the lattice parameters was 
tedious and uncertain, and a systematic method was adopted that yields lemst- 
squares estimates of the variable quantities a**", b'c 'cos a*, &c. The method is 
based on the standard procedure for the solution of linear equations described by 
Fisher (1956). Since the method may be used for powder X-ray data of any soda- 
rich plagioclaze and ,~ variation of it may be used for any solid-solution series, 
brief account will he given here. 

The procedure for calculating the lattice functions a .2, b *~, c *~, 2b'c'cos a*, 
2c'a'cos fl* and 2a'b'cos ~,* of unheated specimen 152 ts displayed in table V. The 
values ofh 2, k 2, l 2, kl, lh, and hk for the set of rettections 201,111, 111, 13(1, 130, 112, 
112, 131, 131, i32, 241, 241,060, 222, 113, and 204 are listed as the array D, E, F, 
G, 1, J.  The numbers n, o, p, q, r, s are obtained by multiplying corresponding wdues 
of Q and D, E, F, G', I, J,  and azlding. Thus 

10Sn = 4x6132~- 1 • !-... ~-1 x30 971-i 4• 698; 
10~s :0•215 1• b()• 698. 

The normal equations for this set of reflections, represented in matrix form, are: 

I/ 90 1.94 117 25 --39 14 "ilul ::il  ~' 
194 2234 121 73 --47 - - 1 0  iiv!l ol 

I', 25 121 13 
--39 --47 ---ll l  13 117 25 

I 1 4 - - 1 0  1 3 - - 4 7  25 194 I z 
where u, v, u,, x, y, z are the least-squares estimates of the functions a *~, b*", c *~-, 
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2 b ' c ' c o s  ~*,  2 c ' a ' c o s  fi*, 2 a ' b ' c o s  y* .  T h i s  e q u a t i o n  m a y  be  t r a n s f o r m e d  i n t o  t h e  
e q u a t i o n  

u = M a t r i x  n 

v A o 

w p 

x q 
y r 

8 

w h e r e  t h e  c o v a r i a n c e  m a t r i x  A is  t h e  i n v e r s e  o f  t h e  l e f t - h a n d  m a t r i x  i n  t h e  s e t  o f  

n o r m a l  e q u a t i o n s .  T h e  n u m e r i c a l  v a l u e s  o f  t h e  c o v a r i a n e e  m a t r i x  A a r e  l i s t e d  i n  

t a b l e  V I .  I n  t a b l e  V t h e  a b o v e  s e t  o f  e q u a t i o n s  is w r i t t e n  o u t  i n  fu l l  a n d  t h e  l e a s t -  

s q u a r e s  e s t i m a t e s  u,  v, w, x, y, z h a v e  b e e n  c a l c u l a t e d  f r o m  t h e  v a l u e s  o f  n ,  o, p ,  q, r ,  s 

d e r i v e d  p r e v i o u s l y  ( R  a n d  C in  t a b l e  V r e f e r  t o  t h e  r o w  a n d  c o l u m n  o f  m a t r i x  A ' ) .  

T h e  s t a n d a r d  d e v i a t i o n ,  a,  o f  t h e  i n d i v i d u a l  m e a s u r e m e n t s  is e s t i m a t e d  b y  

w h e r e  
(5) ~ = ~ ( Q o b s - Q c a l c ) ~ / z V - 6  

: ~ Q ~ o b s - - n u  o v - - p w - - q x - - r y - - s z  

N - - 6  

w h e r e  ~V is  t h e  n u m b e r  o f  o b s e r v a t i o n s ,  Qc~lc is  t h e  v a l u e  o f  1 / d  2 c a l c u l a t e d  f r o m  t h e  

TABLE V.  C a l c u l a t i o n  f o r m  f o r  o b t a i n i n g  r e c i p r o c a l  l a t t i c e  f u n c t i o n s  f r o m  t h e  

o b s e r v e d  Q v a l u e s .  

h k l .  D . E . F . G . I . J .  ] 0 s •  Qobs. 105X Qcalc. 

20~ 4 0 1 0 2 0 6132 1 0 5 n ~  5 .05706 6133 
l i l  1 1 1 1 1 1 6645 1 0 5 o =  19.43690 6642 
111 1 1 1 1 1 1 7069 1 0 s p ~  10.99405 7074 
130 1 9 0 0 0 ~ 7202 1 0 s q =  2.99321 7203 
130 1 9 0 0 0 3 749 l  1 0 @ =  - - 1 . 4 8 6 7 9  7495 
112 1 1 4 2 2 1 8237 105s = 1.01662 8245 
112 1 1 4 2 2 T 8813 - -  8817 
131 1 9 1 3 1 3 11075 - -  11079 
131 1 9 1 3 1 3 12371 - -  12375 
~32 1 9 4 6 2 3 14256 - -  14258 
241 4 16 1 4 2 8 15606 - -  15595 
241 4 16 1 4 2 ~ 16152 - -  16151 
060 0 36 0 0 0 0 21918 - -  21914 
222 4 4 4 4 4 4 28306 - -  28298 
113 1 1 9 3 3 1 30971 - -  30975 
20~ 4 0 16 0 8 0 31698 - -  31693 

u ~ a .2  ~ n R 1 C I ~ o R 1 C 2 + p R 1 C 3 ~ q R 1 C 4 ~ r R 1 C 5 + s R 1 C 6  ~ 0.18721608 
v ~ b .2 ~ n R 2 C I + o R 2 C 2 + p R 2 C 3 + q R 2 C 4 + r R 2 C 5 ~ s R 2 C 6  = 0.06087481 
w ~ c .2 ~ n R 3 C 1 4 - o R 3 C 2 + p R 3 C 3 - - q R 3 C 4 - - r R 3 C 5 + s R 3 C 6  ~ 0.24678439 
x = 2b*c*cos~*  n R 4 C I + o R 4 C 2 + p R 4 C 3 + q R 4 C 4 + r R 4 C S + s R 4 C 6  = 0 .01670947 
y = 2 a * c * c o s f i *  ~ n R 5 C I + o R 5 C 2 + p R 5 C 3 + q R 5 C 4 + r R 5 C 5 + s R 5 C 6  = 0 .19100256 
z = 2 a * b * c o s ~ *  ~ n R 6 C I + o R 6 C 2 - ~ p R 6 C 3 + q R 6 C 4 + r R 6 C S + s R 6 C 6  = 0"00492788 

E Q~cbs - -  ( n u - ~ o v + p w + q x - - r y + s z )  ~ 4.271 x 10 -7 

d ~ = 4 . 2 7 1 X  10-7 / (16- -6)  = 4 . 2 7 1 x  10 -s 

a ( a  .2) ~ ~/(4"271x 1 0 - S x R 1 C 1 )  ~ 3"2X 10 -s 
a(b  .2) ~ ~/(4-271 X 10 -s X R 2 C 2 )  ~ 1.6 X 10 -6 
a(c  *~) ~ ~/(4.271 X 10 -s X R3C3)  = 4.9 X 10 -6 
a ( 2 b * c * c o s a * )  ~ ~ ( 4 . 2 7 1 x l 0  S x R 4 C 4 )  = 7 ' 6 f 1 0  -~ 
a ( 2 a * c * c o s  ]3*) ~ ~/(4.271 X 10 S x R S C S )  ~ 8.1 X 10 -G 
a (2a*b*cos  7*) ~/(4.271 x 10 - s  x / ~ 6 C 6 )  5.5 • 10 -G 



LATTICE PARAMETERS ()F PLAGIOCLASE FELSPARS 5 7  

p r e d i c t e d  l a t t i ce  p a r a m e t e r s .  T h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  l e a s t - squa re s  e s t i m a t e s  
o f  u, v, w, x, y, z a r e  g iven  b y  t h e  p r o d u c t  o f  ~ a n d  t h e  s q u a r e  r o o t  o f  t h e  e l e m e n t  
on  t h e  p r inc ipa l  d i a g o n a l  o f  t he  c o v a r i a n c e  m a t r i x  A c o r r e s p o n d i n g  to  t he  coeff icient .  
Th i s  p r o c e d u r e  is s h o w n  in t a b l e  V. The  rec ip roca l  a n d  d i r e c t  l a t t i c e  p a r a m e t e r s  
m a y  be  o b t a i n e d  f r o m  u,  v, w, x, y, z b y  t h e  c a l c u l a t i o n  fo rm g iven  b y  D o n n a y  a n d  
D o n n a y  (1952). 

TABLE VI .  Va lues  o f  t h e  e l e m e n t s  o f  t he  c o v a r i a n c c  m a t r i c e s  A '  a n d  A".  

M a t r i x  A '  M a t r i x  A "  
R o w .  Co lumn .  n u m b e r ,  n u m b e r .  

l ~ -0 .02347618450  -i 0 -03238200385  
1 2 

-O-OO1634O6513 - 0.0006(1591()61 
2 l 
1 3 

- ()4X)482351590 - 0 .00650073022  
3 1 
1 4 

- 0.002534111,119 - - 0 . 0 0 1 4 1 0 8 2 5 5 l  
4 1 
1 5 

+ 0-00341049343  i 0 .00407451374  
5 l 
1 6 

--  0-00250871511 --  0 .01405724085  
6 1 
2 { 0.(~X~57733243 : 0-iXX)55631682 
2 3 

: 0 .00031275979  + ()-()1X~)5422679 
3 2 
2 4 

--0-01X~14515327 - 0 . (~032088990  4 o 

2 5 '  
- -0.(X)002003478 0 .00017839258  

5 2 
2 6 
6 2 + 0.(X,~)09413930 - 0 .00017044361 

3 3 - - 0 . 0 0 5 5 1 5 4 5 3 2 0  .: 0 .00559225729  

3 4 / - 0 - 0 0 3 2 4 6 9 7 7 4 2  - 0 . (~326925275  
4 31 

5 -{ 0 .00440162048  ~ 0.1X~422479977 

3 6 / - -0 -00135923980  + 0 . 0 0 1 2 5 1 3 0 3 7 8  
6 3 /  
4 4 i 0 .01305835264  + 0 . 0 1 5 2 2 9 2 7 4 2 8  

5 --  0-(X)636993768 --  0.(X)514882007 

4 6 
t -.-' 0.(~)437749891 - -  0 .00035348307  

6 4 I 
5 5 + 0 . 0 1 5 4 2 9 9 1 3 4 4  -! -0-01649704278 

6 --  (}-{X1407372798 - -  0.(XD679057469 

6 6 -t 0.(~)701710912 ~-0-02219432485 

T h e  m o s t  l abo r ious  p a r t  o f  t he  p r o c e d u r e  is t h e  c a l c u l a t i o n  o f  t h e  c o v a r i a n c e  
m a t r i x  ,4 f rom the  n o r m a l  e q u a t i o n s .  Co l~ idc r ab l e  l a b o u r  c a n  be  s a v e d  i f  t h e  s a m e  

set  o f  ref lect ions  (hkl) a r e  used  for  more  t h a n  one  p o w d e r  p a t t e r n ,  s ince  t h e  s a m e  co- 
v a r i a n c e  m a t r i x  A c a n  be  used .  E v e n  t h o u g h  m a n y  ref lect ions  a re  n o t  r eso lved  o v e r  
t h e  whole  c m n p o s i t i o n  r ange ,  i t  was  poss ib le  to  t lnd  t w o  sets  o f  re f lec t ions  w h i c h  
b e t w e e n  t h e m  c o v e r e d  t h e  whole  c o m p o s i t i o n  r a n g e  a n d  w h i c h  c o n t a i n e d  suff ic ient  
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reflections for the attainment of a suitable precision. The first set has already been 
listed above and in table V, and its covariance matrix, A', is listed in table u  
The second set is 201, l l l ,  130, 112, 512, 040, 002, 220, 131, 131,532, 060, 222, 113, 
204. The covariance matrix A" for this set of reflections is also listed in table VI. 

I am indebted to Mr. J. M. Cameron for his assistance in devising this method and 
to the Applied Mathematics Division of the National Bureau of Standards for the 
calculation of the two inverse matrices. 

I n  addi t ion  to the  error caused by  the  r andom exper imenta l  error 

there  are two other  possible sources. The first arises f rom the  cal ibrat ion 

obta ined f rom the  quar tz  in ternal  s tandard.  The unce r t a in ty  in the  

measurements  of the  quar tz  reflections is about  0"01 ~ in 20 and results in 

a corresponding unce r t a in ty  in the  measurements  of the  plagioclase 

reflections. This possible error has l i t t le  effect on the  values for the  

angles a*, fi*, and y*, for the  coefficients connect ing these funct ions wi th  

t he  values  of Qob~ are bo th  posi t ive and negat ive  and tend  to cancel  the  

errors. For  the  reciprocal lengths  a*, b*, and c*, however ,  the  co- 

efficients are all posit ive,  and an error in cal ibrat ion gives rise to an  error 

in the  reciprocal  lengths. The possible error of 0"01 ~ in 20 corresponds 

to a possible error of about  1/4000 in a*, b*, and c*. The other  source 

of  error arises f rom displacement  of the  centre of a peak by  interference 

h 'om ad jacen t  reflections. This effect is difficult to eva lua te  b u t  is 

largely included in the  es t imate  of the  r andom exper imenta l  error, for 

any  interference f rom other  reflections will t end  to increase the  differ- 

ences be tween  the  observed and calculated values of Q. 

The r andom errors for unhea ted  specimen 152 correspond to s tandard  

devia t ions  of approx ima te ly  1/1000 in a*, 1/8000 in b*, 1/10 000 in c*, 

and 0-01-0-02 ~ in c~*, fi*, and y*. Similar  values were found for the  o ther  

natura l  plagioclases. 1 The accuracy of the parameters  for the  synthet ic  

plagioelases is somewhat  poorer. 

Table I I I  contains the  20 values  of the  reflections used in the  calcula- 

tions, and table  IV the  lat t ice parameters  obtained f rom the  calculat ions 

and f rom the l i terature.  

The significance of the lattice parameters. 

The relat ions be tween  the  lat t ice parameters  and the  chemical  com- 

posi t ion are displayed grapl~ically in figs. 1 and 2. The only serious 

1 For one specimen, unheated BM 1940,27, the 130 and 130 reflections were 
unresolved. In order to use the set of reflections A, estimated values of Q were in- 
serted in place of the two unmeasurable values of Q. From the resulting functions 
of the lattice parameters revised values of Q were calculated and new estimates of 
the lattice parameters were obtained by insertion of the new values of Q into the 
calculation procedure. 
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:FIo. 1. The values of the  reciprocal lattice parameters  a*, b*, and  c* plotted 
against  chemical composition. The ordinate is expressed in reciprocal .~ngstrSms, 
the  abscissa in weight % of the  anorthi te  component .  Notice the  changes of scale 
for the  ordinates. O natural ,  present  work ; [] heated natural ,  present  work ; • 
synthet ic ,  present  work; @ natural ,  Cole et aL ; <> heated natural ,  Laves.  The 
captions 12 dys and 24 dys  denote specimens heated for 12 and 24 days at  1060 ~ C. 

The data  are given in table IV. 

Fro. 2. The values of  the  reciprocal lattice parameters  a*, fi*, and  ~* plotted 
against  anorthite content .  Notice the  changes of scale for the  ordinates. O natural ,  
present  work; [] heated natural ,  present  work;  X synthetic,  present  work;  

�9 natural ,  Cole et al. ; ~ heated natural ,  Laves.  The da ta  are given in table IV. 

discrepancy between the values obtained by other workers and those in 
the present work is the value of ~* for heated Amelia albite listed by 
Laves (1952); this specimen was probably only partly converted into 
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the high-temperature state. Otherwise the measurements obtained in 
this work agree within the possible errors with those obtained by  other 
workers from single-crystal patterns. 

Eight  out of the nine natural  plagioclases occur in low-temperature 
environments;  tha t  is, environments in which the plagioclase should 
have had ample opportuni ty  to a t ta in  the form stable at  low tempera- 
tures. The remaining one is from a dacite. In  conformity with this 
division the latt ice parameters  of the eight low-temperature plagioclases 
lie, within experimental  error, on continuous curves, while the para-  
meters of the volcanic specimen are considerably displaced. 

During strong heating followed by  quenching, the latt ice parameters  
of the natural  plagioclases slowly changed. For  six of the specimens the 
final s tate (or a good approximation to it) was established, and the result- 
ing latt ice parameters  lie fairly closely on another set of continuous 
curves. One of the specimens, BM 1940,27, did not  reach equilibrium 
but  would probably have done so if further heating had been applied. 
The lat t ice parameters  of the unheated volcanic specimen lie approxi- 
mately midway between the two sets of curves, thus indicating a 
transit ional thermal state for this specimen. Gay (1955) also finds 
evidence for a transit ional state from the subsidiary reflections on single- 
crystal  photographs. The existence of this transit ional state suggests 
tha t  the a t ta inment  of equilibrium is very slow ; and in conformity with 
this, all synthetic soda-rich plagioclases so far produced are in the high- 
temperature  s t a t e )  

The latt ice parameters  of the synthetic plagioclases used in this s tudy 
lie on a set of curves tha t  are continuous within experimental  error. 
One of the specimens was produced hydrothermal ly  (An0) , the others 
(An10, Ann0, and Ans0 ) were grown in the dry  state. 2 Although the curves 
lie close to the data  for the heated natural  material  there are deviations 
tha t  are greater than the experimental  error. I t  is thought tha t  these 
deviations are caused by  the solid solution of potash felspar in the natural  
plagioclases. The chemical analyses of those natural  specimens tha t  
were converted into the high-temperature state reveal the following 
amounts of potash-felspar in solid solution: Amelia, 1.8 ~o ; No. 81822, 

1 MacKenzie and Smith, however (Nov. 1955 meeting of the Geological Society of 
America), have recently produced synthetic albite with an X-ray powder pattern 
intermediate between high- and low-albite. 

A specimen of composition An4o gave a powder pattern that contained the 
lines of a plagioclase together with a line in the position of the strongest line of 
hexagonal anorthite (Davis and Tuttle, 1952). In view of the uncertainty in the 
composition of the pl~gioclase this specimen was disregarded. 
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1.3 ~o ; No. 103086, 3-5 ~o ; No. 97490, 3.6 ~o ; No. 152(6), 1.5 ~o ; and 
No. 64(7), 3.2 ~o- The lattice parameters of the three specimens with 
less than 2 % KA1Sia0 s lie closer to the values for the synthetic plagio~ 
clases than do the parameters for the other three specimens. Moreover, 
the deviations lie, on the average, in the same direction as the changes 
produced in the lattice parameters of the high-temperature alkali- 
felspars by substitution of potash (Donnay and Donnay, 1952). The 
magnitudes of the deviations are only one-half to one-third of the 
changes produced in high-albite by an equivalent amount of potash, 
which suggests that, if the deviations are indeed caused by potash, the 
effect of potash content decreases with increasing lime content. 

It  is probable, therefore, that structurally there is only one series I of 
high-temperature soda-rich plagioclases. By slow cooling or growth at 
low temperatures a series of lowrtemperature soda-rich plagioclases is 
produced. Specimens may exist in all stages between these two extremes. 

There is no measurable discont4nuity in the lattice parameters of the 
high-temperature material, thus conforming with the evidence obtained 
by Bowen (1913) from melting phenomena, by Gay (1955) from single- 
crystal phenomena, and by Goodyear and Duffin (1954) from powder 
X-ray data, that complete solid-solution occurs just below the solidus 
in soda-rich plagioclases. 

The lattice parameters of the high-temperature soda-rich plagioclases 
are almost independent of composition; the substitution of 50 Yo An 
results in the following changes: a* 1/400, b* zero, c* 1/100, a* 0"1 ~ 
fl* 0"2 ~ y* zero. These changes are so small that there is no reliable 
routine method for determining the composition of high-temperature 
soda-rich plagioclases from the angular relations displayed in X-ray 
photographs. The largest change, that in fi*, is only ten times the 
experimental error of 0"02 ~ , and, moreover, the substitution of small 
amounts of potash felspar in high-albite (Donnay and Donnay, 1952) 
produces changes comparable with those produced by much larger 
amounts of anorthite. 

In contrast to the high-temperature plagioclases the natural low- 
temperature plagioclases show large changes in the lattice parameters. 
From An 0 to Anso the changes are as follows: a* --1/150, b* --1/150, 
c* +1/200, ~* -0 .3  ~ fl* +0-2 ~ 7,* 1"8 ~ The largest change is iny*, 
and this is the basis of all the methods proposed for ~he determination 
of composition of soda-rich plagioclases from powder records. It  is 

1 Neglecting the  very small  differences between X-ray properties of  synthet ic  
albite produced hydrothermal ly  and in the  dry way (MacKenzie, 1952). 
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interesting to note that  all the high-temperature plagioclases, together 
with those low-temperature plagioclases which are more calcic than 
An10 , have 7+* acute, whereas the low-temperature plagioclases from An o 
to An10 have an obtuse value for Y*- 

There is no evidence for a discontinuity or sharp change in gradient 
in the variation of lattice parameters with composition for the natural 
low-temperature specimens. Examination of the graphs for the more 
sensitive parameters y*, b*, and c* shows that  the gradient of the curves 
becomes gradually less steep as the anorthite content increases. The 
curves tend to become asymptotic to the very flat curves for the high- 
temperature specimens. (The zigzag in a* could be caused either by the 
comparatively large potash content of specimens 103086 and 97490 or by 
the experimental error of 1/1000.) Goodyear and Duflin (1954) report that  

the A--B, C--D and C--E curves for the natural materi~ls each show prominent 
discontinuities reasonably close to the structural discontinuities at An3o Abe0 and 
An~0 Abs0 proposed by Cole et al. (1951). These are significant as each of these re- 
flections (A, B, C, D, and E) probably has the same, or similar, indices ov'er the whole 
composition range. 

The present observations are not in harmony with the findings of Good- 
year and Duffan. 

The determination of soda-rich plagioelases by X-ray powder photography. 

One of the important developments of the past decade has been the 
increasing use of indirect physical methods in the determination of 
chemical composition, thus by-passing the more tedious methods of 
analytical chemistry. In  some mineral groups (e.g. alkali felspars and 
nephelines) it has been shown that  the ratio of the two dominant oxides 
(such as Na20 and K20) can be determined by X-ray powder methods 
in a few minutes as a matter of routine. Similar methods for determining 
the composition and thermal state of plagioclases would be extremely 
useful. 

Unfortunately the present work shows that  there is no routine X-ray 
powder method available for the accurate determination of both the 
composition and the thermal state of soda-rich plagioclases. Five of the 
lattice parameters for the intermediate states given by the heated 
specimen BM 1940,27, composition Ann, are identical within experi- 
mental error with the parameters given by a low-temperature specimen 
of higher anorthite content. The specimen heated for 12 days has a*, 
b*, c*, ~*, and Y* indistinguishable from those given by a low-tempera- 
ture plagioclase of composition An3o. The same five parameters for 
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BM 1940,27, heated 24 days, and for the specimen from a dacite, com- 
position AnaT, are identical within experimental error and correspond 
to a low-temperature plagioelase of composition greater than Anh~ ~ 
(extrapolated from the curves). The remaining parameter, fi*, is differ- 
ent: the values of fi* for the plagioclase from the daeite and for BM 
1940,27, heated 24 days, differ by 0.14 ~ Thus only fi* is sufficiently 
different to provide a distinction, and even here the difference is so small 
that the composition could not be determined with an accuracy higher 
than 5-10 Yo An: the determination of the thermal state would also be: 
crude. In routine work the best that can be obtained from powder 
patterns alone is an upper limit to the anorthite content. Thus if y* was 
found to be 90.0 ~ then the anorthite content must be less than 11%. 

However, by combining powder X-ray data with petrological, optical, 
and chemical data, much valuable information can readily be obtained. 
Of the two variables, chemical composition and thermal state, one call 
be determined by X-ray powder methods if the other is known. If the 
CaO/NasO ratio is known, the simplest way of determining the thermal 
state is by powder X-ray data. The other two methods for determining 
the thermal state--single-crystal X-ray or optical determinations--are 
much more tedious and not so suitable for routine applieatiom The 
CaO/Na20 ratio can either be determined by the standard chemical or 
physieo-chemieal methods or approximated by the measurement of 
refractive indices. If  the plagioelase can be adjudged to be in the low- 
temperature state the CaO/Na20 ratio can readily be determined from 
X-ray powder patterns. Specimens that are taken from large plutonie 
masses or that have been regionally metamorphosed should be in the 
low-temperature state. The thermal state of specimens taken from 
volcanic, hypabyssal, and small plutonic masses must be regarded as 
uncertain. Specimens that show schiller in the hand-specimen are 
probably in the low-temperature state. Unmixed albite-oligoclases may 
reveal their low-temperature state in well-resolved powder records so 
long as the proportions of the two phases are roughly equal. The 
presence of peristeritie unmixing of albite oligoelases is readily seen in 
suitable single-crystal X ray photographs, and so are the subsidiary 
layer-lines of intermediate specimens, but single-crystal methods are not 
so suitable for routine work, for plagioclases exhibit complex pseudo- 
symmetry and are anorthic. 

The choice of X-ray reflections for the two determinative methods is 
complicated by the overlapping of otherwise suitable reflections, which 
is especially serious for (h/c0) and (hk0) reflections, which cross over as y* 
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passes through 90 ~ and by the presence of two separate phases in low- 
temperature albite-oligoclases. The latter imposes a contradictory con- 
dition on the choice of reflections. In  order to obtain the highest 
accuracy one normally chooses the reflections tha t  move the most;  
however, if the reflections for the two phases in the peristerite move a 
long way they may become partly resolved and produce a false measure- 
ment. For if the peaks are partly resolved and one phase is more  
abundant than the other it is likely that  only the strong peak would be 
measured. For the highest accuracy in the peristerite region it is neces- 
sary to choose reflections which move about half the width of the peaks 
and to measure the centre of gravity of the peaks. Two sets of ad- 
jacent peaks satisfy this condition: (111) and (111), which occur at 
20cu = 23-6• ~ and 23"0• ~ respectively; and (132) and (131), 
which occur at 20cu = 33-85• and 31"4• ~ respectively. In  the 
remaining composition range, the two most suitable reflections appear 
to be the ones used by Tuttle and Bowen--the (131) and (131), which 
occur at 20c~ = 31.4• ~ and 29"9• ~ This pair of reflections is 
not  suitable in the peristerite region, for the (151) reflection is often 
unresolved from adjacent reflections and, moreover, moves too far. In  
the remainder of the plagioclase series both reflections are fully resolved. 
The (220), (132), (241), and (341) reflections have been used, first by  
Claisse and then by Goodyear and DufSn, but they are not suitable in 
the peristerite region, for they move too fast with composition and the 
(230) and (220) reflections cross over. Nor are the latter three reflections 
suitable in the region above An70, for the (24T) and (341) reflections cross 
over. In  the remaining region, Auto-Any0, they are very suitable for 
low-temperature specimens, but  are not so suitable for high-temperature 
specimens, again because of the poor resolution between the (245) and 
(241) reflections. 

The following procedures are recommended for the two determinations : 

Determination of the thermal state. 

I f  the anorthite content lies between An20 and An4o, measure the 
angular separation 20 (131)--20 (131) and determine the thermal state 
from fig. 3, which is a graph of 20 (131)--20 (151) against composition 
for all the specimens used for the determination of lattice parameters 
together with some extra ones. If  the anorthite content lies between An 0 
and An20 , measure the separation 20 (132)-20 (131) and compare with 
fig. 4, which shows the variation of 20 (132)--20 (131) with chemical 
composition and thermal state. I f  the thermal state is found to be low- 
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tempera ture ,  measure  28 ( l l l )  28 (1T1) as a check and compare  with  

fig. 5, which shows the var ia t ion of 28 ( 1 1 1 ) - 2 8  ( I l l )  wi th  chemical  

composi t ion for low- tempera ture  albites and oligoclases. I f  the the rmal  

s ta te  is found to be h igh- tempera ture  or in termediate ,  measure  

28 (131)--28 (151) as a cheek and conlpare with fig. 3. 

20(I]1)-20('31) ~l~ DEGREES 

I l r X 
2 ' 0 ~ ' ~ " - ' ~ u  xia -c)::--- -- -- "-: "--  

I 

1 " 8 1  ~ O ~  ~ ~ _-0 
1 . 6 1  r~ 

o ,b 2 0  g o  4 '0 s o  
WEICHr PER CENT Ar/hn*Ab 

.FIG 3. The values of 28 (131) - 29 (131) plotted ag~inst 
chemical composition. �9 natural ; E heated natural; X syn- 

thetic. The d~l~ ,~re listed in table VII. 

20(T32)-20 (13i) IN DEGREE~ 

2-B- 

2?- ~" 
--o 

2'6 - 0 ~ 

25- ~ 

24- rn 

2"3- [ ]  0 
[] . . . . . .  >Ja._ B . . . . . . .  

2.2- ~< [ ]  

o ;o 20 3b io  so 
WEIGHT PER CENT AII/An*Ab 

Fzo. 4. The valu~ of 20 (i32) - -  20 (13l) plotted against 
chemical composition. �9 natural ; ~ heated natural ; • synthetic. 

The data are listed in table VII. 

Delermination of the composition of low-temperature specime~s. 

I f  the  thermal  s tate is ad judged to be low-temperature ,  measure 

28 (] 31) - 20 (151) and compare  with fig. 3. I f  the measurement  indicates 

a composi t ion lying between An 0 and An20 measure  ei ther or both  of 

B 5381 ]," 
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28 (T32)- 20 (131) and 20 (111)-20 (111) and compare with figs. land 5. 
The resultant composition should be more reliable than the composition 
deduced from 2/? (131)--2~ (151). 

The data for the construction of figs. 3, 4, and 5 are given in table VII. 

0"7 

0"6-  

0"5-  

0"4 

2e(lll)-2e(iTl~ IN DEGREES 

I I 'G 

o ,~ 2~ 3~ 
WEIGHT PER CENT An/An*Ab 

FIG. 5. The values of 28 ( l l l )  
-- 20 ( l l l )  plotted against chemieM 
composition for natural low-tempera- 
ture specimens. The data are listed 

in table VII. 

The accuracy of determination of 
composition or thermal  state is rather  
difficult to estimate. Unfortunately 
the plagioclase powder pa t te rn  is so 
complex tha t  the peaks tend to be 
rather  weak, the only prominent  
one being the composite peak at  
20c. = 28 ~ composed largely of the 
(002) and (040) reflections. I t  is ad- 
visable, therefore, to use only samples 
in which the plagioclase is the major 
component. The (131) and (131) re- 
flections are among the strongest ones 
in the region around 20 = 30 ~ The 
(T32) is rather weaker, and i t  may  
often be found preferable to use the 
pair (111) and (1T1) in preference to 

(131) and (T32). Assuming opt imum conditions, i t  is likely tha t  the 
precision of measurement can reach 0.005 to 0.02 ~ in 20 for the 
expenditure of 10 to 20 minutes running-time of a diffraetometer 
(Smith and Sahama, 1954). In  photographic powder cameras the pre- 
cision is likely to be lower. In  addi t ion to this error, the presence of 
potash or other oxides in the plagioelase may lead to uncertainty in 
the interpretat ion of the measurement. I t  seems likely tha t  in the 
region An o Ana0 the composition of low-temperature specimens can 
be determined with an accuracy of 2 % An and tha t  a clear differentia- 
t ion of the thermal states can be obtained. 

In  conclusion, there are a few minor points concerning the work of 
Goodyear and Duifin. The F and G reflections of Goodyear and Duffin 
have the following indices: G, (204); F,  probably mainly (045), but  
includes other reflections as weI1. Diffractometer records of reflection F 
often show a complex structure and i t  is doubtful whether i t  is suit- 
able for measurement. In  fig. 2 and table IV of Goodyear and Duffin's 
paper the reflection (131) is missing, although it  is one of the strongest 
reflections near 20 = 31 ~ Probably  it was masked by  a rock-salt  
reflection. 
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TABLE V I I .  D a t a  for  figs. 3, 4, a n d  5. Al l  va lue s  a r e  fo r  t h e  e s t i m a t e d  c e n t r e  o f  
g r a v i t y  o f  t h e  ~1 §  d o u b l e t .  A n / ( A n  + A b )  is g i v e n  in w e i g h t  % .  T h e  va lues  o f  2 
a r e  in  degrees ,  a n d  t h e  a c c u r a c y  o f  t h e  m e a s u r e m e n t s  lies b e t w e e n  0-005 a n d  0 .02  ~ 

A n  28(m) - -  2~(131) - -  2 0 ( 7 3 2  ) - -  

S p e c i m e n  ( A n §  20(1il ) . 20(1~1 ) . 20(lal ) 

A m e l i a  u n h e a t e d  . . . . . . . . .  0-0 0 .467  1.062 2 .766  
A m e l i a  h e a t e d  . . . . . . . . .  0-0 - -  1 .990 2 .16  
B M  1940,27 u n h e a t e d  ... ... 11.2 0-537 1 .255 2 .643 
B M  1940,27; 12 d a y s  1060 ~ C . . . .  11-2 - -  1 .625 2 .415  
B M  1940,27;  24  d a y s  1060 ~ C . . . .  I1-2  - -  1-805 2 . 3 2 0  
E m m o n s  10(2) u n h e a t e d  ... 11.6 0-540 n o t  2.63(} 

m e a s u r a b l e  
E m m o n s  73(3) u n h e a t e d  . . . . . .  16-6 0-610 1"425 2-575~ 
E m m o n s  156(4) u n h e a t e d  ... 16.9 0 .615 1.390 2 .59~  
81822 u n h e a t e d  . . . . . . . . .  17.9 0-605 1 .405 2 . 5 6 0  
81822 h e a t e d  . . . . . .  ... 17.9 - -  1 .940 2 .225  
E m m o n s  94(5) u n h e a t e d  ...  20 .4  0-630 1"550 2 .510  
103086 u n h e a t e d  . . . . . . . . .  22 .9  0-642 1.525 2 .500  
103086 h e a t e d  . . . . . . . . .  22.9 - -  1 .930 2 ,170  
97490  u n h e a t e d  . . . . . . . . .  31-0 0 ,694  1-595 2-462 
97490  h e a t e d  . . . . . .  ... 31-0 - -  1-912 2 .228  
E m m o n s  152(6) u n h e a t e d  ... 36 .4  - -  1"735 2 .380  
E m m o n s  152(6) h e a t e d  . . . . . .  36 .4  - -  1-948 2-245 
E m m o n s  64(7) u n h e a t e d  . . . . . .  37 .3  - -  1 .840 2 .300  
E m m o n s  64(7) h e a t e d  . . . . . .  37-3 - -  1 .963 2.225 
E m m o n s  144(8) u n h e a t e d  ... 38.8 - -  1 .750 2 .380  
E m m o n s  24(9) u n h e a t e d  . . . . . .  50 .9  - -  1.813 2 .340  
S y n t h e t i c  . . . . . . . . . . . .  0 - -  2"030 2 .160  
S y n t h e t i c  . . . . . . . . . . . .  10 - -  1"980 2 .180  
S y n t h e t i c  . . . . . . . . . . . .  30  - -  1 .930 2 .245  
S y n t h e t i c  . . . . . . . . . . . .  50  - -  1 .975 2 . 2 4 0  
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