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Nomenclature of the phosphoferrite structure type" 
refinements of landesite and kryzhanovskite 

P. B. MOORE, T. ARAKI, AND A. R. KAMPF* 

Department of the Geophysical Sciences, The University of Chicago, Illinois 60637, USA 

S Y N O P S I S  

T rIE ideal end-members reddingite, Mn 2 + (H 20)3 
(PO4)2, phosphoferrite, Fe2+(H20)3(PO4)2, and 
kryzhanovskite, Fe]  +(OH)3(PO4)2 form a complex 
triple series. Similarities in crystal axes and pro- 
nounced differences in site preferences have led to 
erroneous indexing of the powder data  and sub- 
sequent errors in cell refinements. Writing the 
general formula M(I)M(2)2[(H20),(OH)]a(PO4)2, 
the following end-member names apply: 

M(I) M(2) Name 

Fe 2 + Fe 2 § phosphoferrite 
Fe 3 + Fe 2 + unnamed 
Fe 3 + Fe 3 + kryzhanovskite 
Mn 2 § Mn 2 § reddingite 
Fe 2 + Mn 2 + unnamed 
Fe 3 + Mn 2 + landesite 

* Mineralogy-Geology Section, Los Angeles County 
Museum of Natural History, 900 Exposition Boulevard, 
Los Angeles, California 90007, USA. 

Type landesite, 2 + 3 + a + Cao.4Mgl.2Mn7.2Mno.sFe2.7 
(OH)a.2(H20)8.a(PO4)a. o, has a = 9.458(3) A, b = 
I0.I85(2) A, c = 8.543(2) A, space group Pbna. R 
5.2% for I82X independent reflexions (Mo-Kct 
radiation). The distance averages are M ( I ) - O  = 
2.o98 A, M(2)-O = 2.205 A, P - O  = 1.539 A. 

Cao.sMgo.aMn3.aFeT.3 Cotype kryzhanovskite, 2 + 3 + 

(OH)7.3(H40)4.7(PO4)8.o, has a = 9.450(2)/~, b = 
IO.OI3(2), c = 8.I79(2). R = 7.2% for 1,7o3 inde- 
pendent reflexions (Mo-Kct radiation). The dis- 
tance averages are M 0 ) - O  = 2.oi7 A, M(2)-O = 
2.115, P - O  = 1 . 5 4 2 .  

Computed powder pattern intensities from the 
structure data admitted extensive revisions of 
earlier published Miller indices and revised powder 
data  are presented. 

[Manuscript received 7 December ;979] 
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o f  l m d a s i t e  and  k r ~ h a n o v s k i t e  
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Departaent o f  the Ceophysical Sciences 

The U n i v e r s i t y  o f  Chicago  
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REDDINGITE, Ym|§ s(PO~)~; phoephoferr i te,  Fe|+~H:O)~CPO~)~; and 

k r y z h a n o v s k i t e ,  Fe]§ a r e  t h r e e  end-me~bers  Of an  i n t e r e s t i n g  

S o l i d - s o l u t i n n  s e r i e s  i n v o l v i n g  two t r a n s i t i o n  m e t a l s  o f  t h e  same f o r m a l  

c h a r g e  (~n=+,Feg§  and one t r a n s i t i o n  m e t a l  o f  two d i f f e r e n t  c h a r g e s  

(Fe~*,Fe  s+) , t h u s  c o ~ i n i n g  �9 m i x e d - v a l u t a  s o l i d - s o l u t i o n  s e r i e s  (Mn~+, 

Fe ~+ , 9e ~§ . Detai led study on synthet ic  crysta ls  o f  the two end-me~bers 

p b o s p h o f e r r i t e  and k r y z h a n o v s k i t e  e s t a b l i s b e d  an  i somorphism be tween  t h e  

t ~  and  a f ~ o r d u d  c o e ~ a r i s o n  o f  bond d i s ~ a n e e  and a n g l e  r e l a t i o n s h i p s  

ha~l~ee~ ~he  9eZ+(H~O) and ~e~§ coup l e s  ~4oore and  k r a k i ,  1 9 7 6 ) .  An 

e a r l i e r  s t u d y  (Moore,  1971) on a ~ t u r a l  k r y z h a n o v s k i t e  c r y s t a l  r e p r e s e n t i n g  

t h e  s e r i e s  (Fe ~§ ~ )  ~ g g e s t e d  t h a t  t h e  c a t i o n s  a r e  e x t e n s i v e l y  o rde r ed  

o v e r  the two non-equivalent o c t a h a d r a l  (N) s i tes in t h e  s t r u c t u r e  t )~e, 

w i t h  s ~ a l l e r  cat ions p r e f e r r i n g  t h e  M(1) s i te  o f  equipoint  r a n k  ~ b e r  4 

on invers ion c e u t r e s  and t h e  l a r g e r  c a t i o n s  d is t r i bu ted  o v e r  t h e  M(2) s i t e  

of e~ipoint r a n k  number 8 and w i t h  no symmetry.  Thus, i t  appea red  

desirable to e~plore i n  d e t a i l  and sumaarlze the resu l t s  fo r  ~he  ~o~posi- 

t i o n s  i nvo lv ing  Ve|+(HgO],(FO~)~, Fe|+(OH),(FO~)~, Mng+Fe~+(0H)z(HzO)(~O~),, 

and Mn|§ Crystals o f  the f i r s t  two yielded data o f  

h i g h  q u a l i t y ,  t h e  X - n y  s t r u c t u r a l  r e s u l t s  o f  wh ich  e v e n  e s t a b l i s h e d  

e x p e r i n e n t a l  l o c a t i o n  o f  hydrogen  a toms (Moore and A r a k i .  1970) .  Type 

k r y t h a n o v s k i t e ' s  c o m p o s i t i o n  i s  c l o s e  t o  t h e  t h i r d  f o r e ,  i n  b u t ,  owing t o  

i n f e r i o r  d a t a  and ,  ~ o r s e  s t i l l ,  �9 s e r i c u s  e r r o r  i n  t h e  e n t i r e  s t u d y  (Moore, 

1 9 7 1 ) ,  a r e - i n v e s t i g n t i o n  s e i n e d  a p p r o p r i a t e .  The f o u r t h  c o ~ p o s i t i n a  i s  

M O O R E  E T  A L .  

r e p r e s e n t e d  by t h e  s p e c i e s  l a n d e s i t e ;  we r e p o r t  h e r e  d e t a i l e d  i n v e s t i g a t i o n s  

on b o t h  n a t u r a l  k r y z h a n o v s k i t e  ~md l a n d e s i t e  and i n c o r p o r a t e ,  i n  t h e  

genea-al  d i s c u s s i o n ,  t h e  s t r u c t u r a l  r e ~ l t s  a v a i l a b l e  t h u s  f a r  on  t h e  e n t i r e  

s e r i e s .  

~ Z  ~t~a,s ~ ~ ~ .  N a t u r a l  s i n g l e  c r y s t a l s  o f  

k r y ~ h a n o v s k i t e  ( spec imen  f r c a  t h e  t y p e  l ~ a l l t y ,  s ee  Moore. 1971) and 

l a n d e s i t e  ( ~ a r d  ~ u i v e r s i t y ,  91214TYPE) w e r e  p r e p a r e d  f o r  moving f i l ~  

methods and t h e  b e s t  i n d i v i d u a l s  s e l e c t e d  f o r  c e l l  p a r a m e t e r  r e f i n e m e n t  

on a P i c k e r  FACS-I a u t o ~ a t e d  f u u r - c i ~ l e  d i f f r � 9  U t i l i z i n g  ~oKa 1 

�9 udiati~ (~. = 0.70920 J~) with kTaphlte ~ochrom~%or, 24 high-angle 

r e f l e c t i o n s  were  s u b m i t t e d  t o  l ~ s t - s q u a r e s  9 a l i n e m e n t ,  t h e  r e s u l t s  o f  

wh ich  a p p e a r  i n  T a b l e  1 a l o n g  w i t h  t h e  e a r l i e r  p u b l i s h e d  d a t a  on t h e  

s y n t h e t i c  e nd -~e ~be r s .  The r e f i n e d  c e l l  d a t a  a r e  i n  poor  agreew~-nt w i t h  

t h e  p r e v i O U s l y  p u b l i s h e d  r e s u l t s  o f  Moore ( 1 9 7 1 ) .  i n  p a r t i c u l a r  k ryz ha nov -  

s k i t e ~  ~ - a x i n  wh ich  d i f f e r s  by 4 . 2 ~ .  The source  o f  t h i s  e r r o r  was 

e v e n t u a l l y  t r a c e d  t o  t h e  ~ f o r t u ~ a t e  j u x t a p o s i t i o n  o f  m ~ y  n o n - e q u i v a l e n t  

powder l i n e s  ~ d  t h e  s ubs e que n t  d i f f i m l t y  i n  unambi~uous  a s s i ~ l m e n t  o f  

M i l l e r  i n d i c e s  i n  t h e  e a r l i e r  s t u d y .  R e v i s i o n s  o f  M i l l e r  i n d i c e s  f o r  

k r y z h a n o v s k i t e  and l a n d e s i t e  a p p e a r  i n  T a b l e  2 and w e r e  o b t a i n e d  from t h e  

r e f i n e d  s i n g l e  c r y s t a l  d a t a  and t h e  c a l c u l a t e d  po~der  p a t t e r n s ,  t h e  i n t e n -  

s i t i e s  o f  wh ich  were  o b t a i n e d  f r o ~  t h e  a t o m i c  c o o r d i n a t e  p a r a m e t e r s ,  s i t e  

d i s t r i b m t i o n s  and l s o t r o p i c  t h e r m a l  v i b r a t i o n  p a r a m e t e r s  o f  t h i s  s t u d y .  

I t  i s  seen  t h a t  ag reemen t  be tween  obse rved  a~d c a l c u l a t e d  d a t a  i s  now 

q u i t e  sat is factory,  b e a r i n g  i n  mind  t h a t  a s i g n i f i c a n t  a b s o r p t i o n  e f f e c t  

o c ~ r s  i n  t h e  obse rved  d a t a ,  p a r t i c u l a r l y  fo~  t h e  k r y z h a n o v s k i t e .  Of t h e  

51 d a t a  e a r l i e r  i nde xe d  f o r  k r y z b a n o v s k i t e  ~ o o ~ ,  1971~,  14 r e q u i r e d  new 

a s s i g n m e n t s ;  f o r  l a n d e s i t e  (Moore,  1 9 8 4 ) ,  o f  t h e  22 d a t a ,  6 r e q u i r e d  

r ~ i s i o n s .  A f u r t h e r  s e t  o f  po~der  d a t a  has  been p u b l i s h e d  f o r  s y n t h e t i c  

p h o s p h o f e ~ i t e  ~ d  h r y z h a n o v s k i t e  ( N o o ~ ,  1974) .  C a l c u l a t i o n  o f  t h e  

i n t e n s i t i e s  f r o ~  t h e  s t r u c t u r e  p a r a m e t e r s  c o n f i r m s  t h e  c h o i c e  o f  i n d i c e s  

r e p o r t e d  t h e r e i n .  

TABI~ 1. ~ o e p ~ f ~ ' i C e  serif ,  a s .  ~'ys~a~ ~ll, d~z~ ,  "~ 

1 2 3 4 

P h o e p b o f e r r i t e  L a n d e s i t e  Kz- /~hanovski t  e K r y z b e n o v s k i t e  
( s y n t h e t i c )  ( t y p e )  ( co type )  ( s y n t h e t i c )  

a b a h 

a(A) 9,460(2) 9.438(8) 9,40(3) 0,450(2) 9,40(g~ 9.81g(4) 
b(~)  1 0 . 0 2 4 ( 8 )  1 0 . 1 8 8 ( 2 )  1 0 . 0 7 ( 3 )  1 0 . 0 1 3 ( 2 )  9 . 0 7 ( 1 )  9 . 7 4 9 ( 4 )  
C(~) 8 . 6 7 0 ( 2 )  8 . 5 4 3 ( 2 )  8 . 6 0 ( 3 )  8 . 1 7 9 ( 2 )  8 . 5 4 ( 1 )  8 . 0 8 1 ( 3 )  
V(~ ~) 822.2 822.9 822.3 773.9 800.5 745.2 
Ax ia l  ra t ios  0.9437:1:0.0649 0.ggg6:l:O.8388 0.9438:1:0.0158 0.9763:1:0.8288 

n 143g 1821 1703 530 1316 
R 0.024 0.052 0.072 0.086 0,036 
Bw 0 .040  0 .041  0 .043  - - -  0 .0S5  

M(I)-O(X), obs .  2,160(2) 2.098(2) 2.017(8) 2.05(1) 2.014(3) 
MC1)-O(A), caZc. 2.13 2 . 0 3  2.01 2.01 

M(2)-O(~, ob$. 2.170(g~ 2.205(3) 2.115(3) 2.16(1) 2.041(3) 
M(2)-O(~), c �9  2.13 2.18 2.11 2.01 

P-O(X], obs. 1.544(2) 1.539(2) 1.542(3) 1.53(1) 1.544(3) 

s p e c i f i c  g r a v i t y  - -  3.026 3 .31 '  - -  
densi ty  (g Cl  -$) 8.82 3.210 3.213 3.464 $.349 3.64 

l C6] ~ [ ~ ]  z 
Moore and  A r a k i  ( 1 9 7 6 ) .  A l l  c a l c u l a t e d  p o l y h e d r a l  H-O a v e r a g e s  a r e  ba sed  on Fe +-- 0 " and  i o n i c  r a d i i  
f rom ~ mid P r e w i n t  ( 1 9 6 9 ] .  E r r o r s  i n  e x p e r i m e n t a l  bond d i s t a n c e  ~ v e r a g e s  a r e  t h e  Reau o f  t h e  i n d i v i d -  
u a l  d i s t a n c e s .  

2eYhi s  s t u d y .  C a l c u l a t u d  p o l y h e d r a l  Y~O a v e r a g e s  f r o l  t h e  f o l l o w i n  s i t e  p o p u l a t i o n s  i n  t h e  c e l l :  M(I)  - 
1.21(g 2§ § 0.1~n s+ * 2.7Fe I§ and M(2) - 0.4Ca z§ § 7.2Mn z* § 0.4Mn ~*. 

2bMoore (1971). The spec i f i c  g rav i t y  i s  from Berman and Gonyer (1930]. 

3"This study. Caiculatud polyhedral 14-0 �9 from the fo l lowing s i te  popul �9 i n  the c e l l :  M(I) - 
0 . 4 ~ : *  + 3 .6Fe  s*,  and M(2) - 0 .SC�9  x§ * 3.gMa 2§ § 3 .7Fe  s*.  

3~ Moore (1971). 

Moore and  B ~ l k i  ( l g 7 6 ) .  The c a l c u l a t e d  p o l ) ~ l e d r a l  14-O a v e r a g e s  � 9  ba sed  on [S l fe*~-- [Sdo 2" 

tFo~ ref~J~mlent, n = malber og i u d e p e ~ t  ~ef lex ions.  The f i n a l  cycle i ~ n i l i z e d  EW[ [%]-[9r where w = 
O'2(F). 
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TABLE I I .  K m y ~ s k ~  and ~mdss4~. Po~der ~ . ?  

l(obs) l(calc) d(obs) d(calc) hks 

- 3 . . . . .  6 . 184  101  . . . . .  
4 19  5 .249  5 .262  111  (111 )  
7 40 4.996 5.007 020 (O2O) 

5 25  4 .701  4 .725  200 ( 200 )  
5 23  4 .253  4 .273  210  (210 )  

0 . . . . .  4 . 270  021  . . . . .  
2 . . . . .  4 . 090  002  . . . . .  

4 17  5 .8g7  5 .891  121  (121 )  
0 . . . . .  8 , 787  21 i  . . . . .  

- 0 . . . . .  5 . 514  l i 2  . . . . .  
2 8 3 .435  3 .436  220 (220) 

lO  lOO 3,156 8 .168  221  (221 )  
5 ---=- 3 .167  022 ..... 

52  3 .071  3 ,092  202 ( 122 ) *  
28  8.006 3.003 122  (212 ) *  

3 2 , 940  2 .955  212  (131 ) *  
2 . . . . .  2 . 959  301  . . . . .  
1 ..... 2 .937  151  ..... 

1 . . . . .  2 . 82 i  811  . . . . .  
16 2.725 2.726 280 (230) 

6 . . . . .  2 , 681  222  . . . . .  
11  2 .825  2 .820  108  (115 ) *  

0 . . . . .  2 . 586  25 i  . . . .  
2 ..... 2,535 521  ..... 

17 2.534 2,$34 113  (i32)* 

i ..... 2.508 049 ..... 

4 2.404 2.494 152 ( 028 ) *  
8 2 . 400  2 .421  512  (123 ) *  
8 . . . . .  2 . 394  025  ..... 

7 ..... 2 .394  041 ..... 

3 . . . . .  2 . 582  400  . . . . .  
IO 2.325 2 .321  123  (141 ) *  
10  . . . . .  2 . 320  14 I  . . . . .  

1 . . . . .  2 . 299  410  . . . . .  
1 . . . . .  2 . 298  218  . . . . .  
1 . . . . .  2 . 268  252  . . . . .  
1 ..... 2 .255  522  ..... 

12  . . . . .  2 . 215  411  . . . . .  
. . . . .  2 . 212  240  . . . . .  

lO  2 .207  2 .206  831 ( 411 ) *  
..... 2.137 420 ..... 

. . . . .  2 . 158  223  . . . . .  

. . . . .  2 . 155  241  . . . . .  
2 . 15g  2 .155  042  (042 )  
2 . 084  2 .082  142  (142 )  
. . . . .  2 . 067  421  . . . . .  
2 , 058  2 .061  508  (114 ) *  
. . . . .  2 . 06 i  153  . . . . .  

..... 2.048 402 ..... 

..... 2.045 004 ..... 

..... 2.0i9 515 ..... 

..... 2,004 412  . . . . .  
1.997 1.999 352 ( 332 )  
. . . . .  i . 9 8 0  114 . . . . .  
..... 1,946 242 ..... 

..... 1,928 450  ..... 

..... 1,928 255  ..... 

I I  . . . . .  1,906 52g . . . . .  
. . . . .  1 . 906  541  . . . . .  
. . . . .  1 . 905  18 i  . . . . .  
. . . . .  1 . g04  422  . . . . .  
. . . . .  i . 8g$  024  . . . . .  
. . . . .  1 . 877  451  . . . . .  
..... 1,877 204  ..... 

O . . . . .  1 . 856  124  . . . . .  
. . . . .  1 .g44  214  . . . . .  

O ..... 1.844 045  ..... 

..... 1 .g44  250  ..... 

2 1 .842  1 .841  501  (501) 
1 .807  1.811 S l l  (511) 

l(obs) I(calc) d(obs) d(calc) hks 

..... 1.810 145 ..... 

..... 1.799 281 ..... 

..... 1.767 542 ..... 

..... 1.767 152 ..... 

..... 1.75g 413  ..... 

..... 1 .757  224 ..... 

..... 1.754 553  ..... 

..... 1.744 452 ..... 

1 .727  1 .72g  521  (514)* 

..... 1,71g 440 ..... 

..... 1.71g 243  ..... 

..... i.7i 5 134 ..... 

1,891 1 .69 i  g12 (512) 
. . . . .  1.690 514 . . . . .  
. . . . .  1 . 682  423  ..... 

. . . . .  1.681 441 ..... 

..... 1.681 252  ..... 

..... 1.669 060 ..... 

I ..... 1.655 551 ..... 

. . . . .  1 . 636  234  . . . . .  

..... 1.655 061 ..... 

0 ..... 1.625 522 ..... 

I ..... 1.623 324  ..... 

3 1.613 1.612 531  (O2S)* 

..... 1 .612  105 ..... 

5 ..... 1.611 161 ..... 

. . . . .  1.591 115 . . . . .  
o ..... 1.591 845 ..... 

..... 1.591 155 ..... 

3 ..... 1.594 442  ..... 

..... 1.584 044  ..... 

o ..... 1.575 600 ..... 

..... 1.574 433 ..... 

2 ..... 1.574 260 ..... 

6 1.580 I.g62 352 (852) 

o . . . . .  1.562 144 . . . . .  
..... 1.556 610 ..... 

4 1.5S2 1.555 025 (g13)* 

..... 1.555 505 ..... 

O ..... 1.546 404  ..... 

..... 1.545 261 ..... 

2 ..... 1.545 062 ..... 

..... 1.555 513  ..... 

4 . . . . .  1.534 125 ___c_ 
..... 1.528 611 ..... 

..... 1.528 414  ..... 

. . . . .  1 . 528  215  . . . . .  
o ..... 1.528 450  ..... 

..... 1,527 295 ..... 

1 . . . . .  1 . 526  532  . . . . .  
..... 1 .525  534 ..... 

5 . . . . .  1.$25 162 ..... 

. . . . .  1.502 820 ..... 

1.505 1.502 451 ( 451 )  
12  . . . . .  1 .501  244  ..... 

..... 1.484 523 ..... 

1 . . . . .  1.485 541  ..... 

..... 1 .47g  621 ..... 

3 1.481 1 .477  424  (5 iS ) *  
. . . . .  1 . 477  225 . . . . .  

o ..... 1 .470  602  ..... 

. . . . .  1 . 469  262  . . . . .  
i . . . . .  1 . 454  612  . . . . .  

..... 1,454 443  ..... 

..... 1.452 505 ..... 

1 ..... 1,451 135 ..... 

1.453 1.451 361  (361) 

2 . . . . .  1.437 315 . . . . .  
..... 1.436 555  ..... 

..... 1.451 452  ..... 

I(obs) l(calc) d(obs) d(calc) hks 

g 

5 

o s 
4 

io 

2 . . . . .  6 . 340  101  . . . . .  
22  5 .570  5 .382  111  (111 )  
54  5 .096  5 .095  020  [ 020 )  
18 4.728 4.729 200 (200) 
O ..... 4,374 021 ..... 

27  4 .284  4 ,289  210  (210 )  
4 . . . . .  4 . 272  002  . . . . .  

11 5.966 8,970 121 (121) 

1 ..... 5,835 211 ..... 

0 3.631 3.656 112 (112) 

16 5.464 3.465 220 (220) 

5 ..... 3 .273  922  ..... 

I00 5.207 3.211 221 [221) 

55 5.163 5.170 2O2 (202) 

25 5.090 3.095 122 (122) 

6 3.021 5.027 2i2 (212) 

4 ..... 2,993 151 ..... 

5 2.956 2.958 501 (151)* 

1 2.836 2.840 811 [511) 

29 2.758 2.758 230 (230) 

15 2.721 2.727 105 (103) 

8 ..... 2.691 222 ..... 

24 2.650 2.634 113 (231)* 

0 ..... 2.624 251 ..... 

4 2.557 2.559 132 (040)* 
1 . . . . .  2.558 321 . . . . .  
1 ..... 2.546 040 ..... 

7 2.484 2.485 025 (023) 

12 ..... 2.461 312 ..... 

5 2.448 2.440 041 (512)* 

17 2.400 2.404 123 (i28) 

1 ..... 2.572 213 ..... 

1 ..... 2.565 409 ..... 

iO 2.563 2.365 141 (215)* 

0 ..... 2.317 252 ..... 

1 ..... 2.505 410 ..... 

0 ..... 2.271 322 ..... 

0 ..... 2.242 240 ..... 

i5 2.227 2.250 331 (240)* 

14 ..... 2.224 411 ..... 

0 ..... 2.200 223 ..... 

I0 2.190 2.187 042 ..... 

4 2.165 2.169 241 ..... 

O ..... 2.145 420 ..... 

3 ..... 2.156 004 ..... 

I0 2.132 2.131 142 ...... 

2 ..... 2.126 133 ..... 

3 ..... 2.115 503 ..... 

1 ..... 2.080 42i . . . . .  
2 ..... 2 .069  315  ..... 

o ..... 2.069 402 ..... 

2 ..... 2.041 114 ..... 

8 2.034 2.032 352 ..... 

O ..... 2.027 412 ..... 

3 ..... 1.985 242 ..... 

2 ..... 1.981 258 ..... 

o ..... 1.970 024 ..... 

15 1.952 1.952 525  ..... 

i . . . . .  1.946 204 ..... 

4 ..... 1 .940  430  . . . . .  
0 ..... 1.939 151 ..... 

7 ..... 1.930 341 ..... 

I ..... 1.928 124 ..... 

6 ..... 1.917 422 ..... 

4 ..... 1 .912  214  . . . . .  
0 ..... 1. 898 045 ..... 

2 . . . . .  1,892 481 . . . . .  
O ..... 1.871 250 ..... 
0 ..... 1.861 143 ..... 

5 ..... 1.847 504 ..... 

~Pe/Mn radiation. 114,6 mm GandolPi mount ~era dinmeter. Film corrected for shrinkage but an absorption correction was not applied, 

Calculated intensities are from the single crystal refinments. Previously assigned M i l l ~  indices are in parentheses (see text), the erroneOUS 

assignments are starred. 

I t  has been our  expe r i ence  t h a t  c e l l  p a r m e t e r s  ob t a ined  from 

single crystal high-angle diffractometric rePine.eat using MO~Xl radiation 

a~e quite satisfactory and along with cal~lated powder intensities 

directly from crystal stTucture parameters usually give ~ch imp~ved 

matches w i th  e a r l i e r  r e p o r t e d  powder p a t t e r n s .  Many c r y s t a l  s t ~ c t u r e s ,  

o f  which t he  p h o s p h o f e r r i t e  s t r u c t u r e  t ype  i s  an e x t r ~ e  ease ,  possess  

cell geometries and intensity distributions which render assi~ents of  

M i l l e r  i n d i c e s  to  t he  powder p a t t e r n s  d i f f i c u l t  a t  be s t  and ambiguous a t  

wors t .  There fo re ,  we r e c ~ e n d  t h a t  powder p a t t e r n s  be r o u t i n e l y  c a l c u -  

l a t e d  as a p a r t  o f  any program i u  c r y s t a l  s t r u c t u r e  ~ a l y s i s ,  

The d i f f i c u l t y  o f  matching powder p a t t e r n s  f o r  members of  t he  phos-  

p h o f e r r i t e  t e r n a r y  s e r i e s  i n v o l v i n g  Mm2+-~e2§ a r i s e s  from t he  s t rong  

an ino t ropy  and n o n - l i n e a r i t y  o f  t he  t h r e e  c r y s t a l l o g r a p h i c  ~ e s  wi th  

r e s p e c t  t o  t he  mean ~-O d i s t a n c e  averages .  Al though a l i n e a r  r e l a t i o n s h i p  

e x i s t s  between the c e l l  v o h m e s  and the  cube o f  the  mean M~ d i s t a n c e  

averages  (F ig .  l a ) ,  t h e  behaviour  o f  each o f  t he  t h r e e  c r y s t a l l o g r a p h i c  

axes wi th  r e s p e c t  to  the  mean M-O d i s t ~ c e  i s  very  compl ica ted  (P ig .  l b ) .  

1%is d o u b t l e s s  a r i s e s  from the  h i g h l y  o r d ~ e d  n a t u r e  o f  t he  two non- 

equivalent sites with respect to three components with substantially 

different ionic radii, and that two of the components involve different 

formal charges, There is a pronounced tendency for the c-axis to sub- 

stantinily decrease with decreasing mean M-O dist~ce and for the a-sis 

to r~ain relatively unaffected. Since natural m~bers of the phosphofer- 

r i t e  s t r u c t u r e  type i nvo lve  a t  l e a s t  two o t h e r  components as wel l  (Ca ~+ 

and MgZ+), i n v e s t i g a t o r s  on t h e s e  compo~ds a r e  adv i sed  to  seek c e l l  

~ f i n c m e n t s  v i a  s i n g l e  c r y s t a l  t echn iques  r a t h e r  t han  by indexed powder 

p a t t e r n s .  
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PHS ' - "  [ ' [ ' I ' '1 ' -  

, , , , 

8~30 810 790 770 750 730 

V, ~3 

Fi~. I s .  P lo t  o f  c e l l  v o l ~ e  ( y , J~ )  vs .  ~ b e  o f  average  ~-O d i s t a n c e  f o r  

l a n d e s i t e  ( IA) ,  s Y n t h e t i c  p h o ~ o f e r f i t e  ( ~ ) ,  h ry=hanovsh i t e  

(KR) and sYn the t i c  k ryzhanovsks  Note t h e  l i n e a r  r e l a t i o n  

t h roughou t  t he  s e r i e s ,  

IpH ~-~ ' I ' T ' I ' - 

,+> c(A)/I l 
o 87  ' 

(=) bl(oA 2) 8"6~_ ~ KR KRS 

9.6 ~o.~ 8.5- ~ ; & 

~.~ ~o.o e .4  + ' - . _  ~ _ _ . - +  �9 - 

9.4 9.9 8.3~ ~ ' ~  - 

9.3 9.8 8.21 , ~ . . . +  - 

9.7 8.1 ~ 

8 01 , I , I , I 
2.17 2.13 2.09 2.05 

<M-O>,~ 
P ig ,  l b .  P l o t  o f  average ~ d i s t a n c e  vs .  c e l l  edges ~.  b and o in ~. 

The PH5 and ~ end-=e~bers have been connected with thin l i n e s .  

Note tha marked n o n - l i n e a r i t i e s ,  e x p l a i n i n g  in  p a r t  t he  d i f f i -  

c u l t y  i n  i n d e x i n g  powder p a t t e r n s .  

~r~. ~-~wpos~. Very little type landesite an~ kryzh~u~vski~e 

are  ~ a i l s b l e  f o r  co .p l ebe  wet r  a n a l y s i s .  The re fo re .  we ado~Yted 

f o r  t h i s  s tudy  t h e  a n a l y t i c a l  r e s u l t s  o f  Barman and Gonyer (I930) and o f  

A I e ~ s e ~  in  Ginzburg (1950) f o r  l a n d e s i t e  =nd k ry2hanovsk i t e  r e s p e c t i v e l y .  

~e adopted t h e  c e l l  conten~s  on ~he ba s i s  o f  D~ ~ 12 ~nd ~P = 8. r e s u l t i n g  

i n  the two composi t ions :  

and 

kryzhanov s k i t  e Ca0. s~ge.  ~Fm] .* s F e ~  (O~) 7. ~ (HzO) ~. 7 (pO~) t .  0 

The a n a l y t i c a l  r e s u l t s  a re  s ~ a ~ i z e d  in  Table  3. 

1 2 

l . lndes i t  e Kryzhanovski te  

s b a b 

CaO 1,41 1.39 1.74 1.30 
~gO 8.04  ~.07 1 .o0  1.30  
NmO 32,09  33.65 16.69 16.39 
MnzOs 2.48  2.69  . - 
Fe20~ 13.54 13.91 36.10 34.62 
PzOs 35.68 31.94 35 . i 6  33 .30  
HaD 11.76 13.60 9.31 9 .70  

To ta l  lO0.OO 100.58 100,00 99.37 

l=ca lcu la t ed  weight  ~ e r c e n t a g e  f o r  c e l l  c o n t e n t s  
Ca e. ,Mg 1. zMn2 .*=g~ ~. s Fe]~. 7 (OHJ 3. = (fI2O) =. e (FO~) e. =- 

lhp .  h .  Gouyer a n a l y ~ t s  i n  Ber~an and Gonyer (1930).  
To ta l  inc ludes  0.15~ i n s o l u b l e .  

ZUCalculzted ~e igh t  ~ e r c e n t a g e  ~or c e i l  c o n t e n t s  
Cat .  sRge. ~ .*aFe~. s (OH} 7. j 04=0) ~. ~ (PO, ) . .  e . 

~bklekseev a n a l y s i s  in  Ginzharg  (1950) .  To ta l  
inc ludes  o.g6~ i n s o l u b l e .  

In  ba th  i n s t a n c e s ,  t h e  ca lCu la ted  d e n s i t i e s  are  s u b s t a n t i a l l y  h i g h e r  

t han  t h e  observed s p e c J f l c  g r a v i t i e s  (Table l ) .  C r y s t a l s  o f  t h e s e  spec ies  

a r e - i n v a r i a b l y  cracked wnd c r e n u l a t e d ,  and we advance t h e  i n t e r p r e t a t i o n  

(v ide  i~fra_ ) t h a t  t he  composi t ions  r e p r e s e n t  ox id ized  phases ,  where ox ida-  

t i o n  pos tda t ed  t h e  o r i g i n a l  c r y s t a l  growth o f  f e r rous  ana logues .  

S~r~Ze r d n ~ .  Thr~-d i~ens ior=a l  s i n g l e  c r y s t a l  d=ea c o l l e c t i o n  

and r e f inemen t  fol lowed the  sa~e p ~ r  a s  OUtlined in  a~ e a r l i e r  s t udy  

(Moore and Araki .  1976). Data  were c o l l e c t e d  t o  sinB/~ = 0.73,  scan speed 

2 .0"  mtn "1, background co tmt ln8  t ime  20 sac ( s t a t i o n a r y )  on each s ide  o f  

t h e  peak .  base scan  width 4 .0 " .  The c r y s t a l s ,  b o t h  approx imate ly  cubes 

in  shape,  were measured and co r rec t ed  f o r  abaol-pgion a n i s e t r o p y  by t h e  

G g o s s i ~  i n t e g r a l  method (Burnham, I966) ;  Loren tz  and p o l a r i z a t i o n  cor rec-  

t i o n s  were app l i ed ,  t h e  s ~ e t r y  e d u t v a l e n t  [Po[ t h e n  averaged ,  y i e l d i n g  

1821 independent  [Po[ fo~ l a n d e s l t e  and 1705 Independent  ~oJ f o r  h r y z h a ~ v -  

s h i r e .  
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TABLE Ira. f.<;n~ear162 ( ~ )  m~tla~hmwvek~r 
(7.o~ep). Ato.r~ ooop~#,w:~ep~r.er 

Ato~ = ~ a 

M ( I )  O 0 0 
0 0 0 

M(28 0.06251(58 0.10100(S) 0.65964(6) 
0.05105(7) 0.11200(7} 0 . 6 3 6 0 2 ( 8 )  

P 0.20753(7) 0.10506(78 0.29255(9} 
0.20931(10) 0.i0544(11) 0.20005(i3) 

0 ( i )  0.2155(2) 0.2926(2) 0.3294(5) 
0.2131(8) 0.2541(5) 0.5291(5) 

0(28 0.1051(2) 0.0578(28 0.4074(5) 
0 . 1 1 1 9 ( 5 )  0,0320(5) 0.4128(4) 

0 ( 3 )  0.3566(2] 0.0444(2) 0.5087(3) 
0.3614~3) 0,0446(8~ 0.3035(4] 

0(4) 0.i580(5) 0.0870(5) 0.1227(5) 
0.1073(5} 0.0840(5) 0.i148(4) 

O~(18 -0.0049(4) �88 
-0.0072($) % 

0~(2) -0.0293(2] 0.3322(2) 0.1563(3} 
-0.0503(5) 0.5389(3) 0.1558(4) 

mrLso~opi~t~z's, al o'6i~ai~psn.ar~e~s (xlO~)~ 

M(i) 281(5] 248(5) 49iC7 ) - 21(4) - 44(6) - 16(6) 
200(78 349(0) 508(12} - 39(7) - 4 4 ( 1 0 8  - 48(9) 

H(28 328(4) 334(4) 474(6) -175(48 - 9(4] 41(4] 
419(7) 510(68 545(9 )  -161(6) 06(7} - 47(8) 

P 121(88 185(5) 558(8) - 21(8) 80(0) - 8(88 
109(88 122(8) 570(14) - 5(8) 11(9) 14(10) 

0 ( 1 )  2~8(178 175{14) b12(298 26(16) 22(19) 4(19) 
250(26) 127(238 588(40) - 29(26) - 20(29) - 20(29] 

0(2) 165(178 291(178 404(27} - 69(15) 105(188 56(19) 
146(26) 205(268 585(45) - 50{22) 88(29) 108(308 

0(3) 168(108 206(10} 841(348 61(16) 126(22) 12(228 
115(28) 206(288 641(478 64(23) 49(818 112(818 

0(4} 499(24) 780(29) 582(Z98 -500(24] 38(258 - 80(25) 
231(288 557(31} 445(44] - 77(24) - 20(508 -146(318 

OW(I) 095(35) 570(29) 700(48} 0 0 - 99(~) 
727(58) 196(40) 615(67) 0 0 13(47) 

OW(2) 217(19} 349(198 716(35) - 57(158 - 14(218 -101(228 
147(288 243(26) 850(51) - 53(22) - 43(55) 149(34) 

~Coefficients in  the expression exp. [~ l l  h= § ~=lk z + ~ l ig  z § 
2~12 ~b~ § 2~la~ + 262aks Estimated standard errors refer 
to the l i s t  d i g i t  except for  those coeff icients r by 
s)~Betry, 
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~udes i t  e K ~ / z h a ~ e v s k i t  e 

M(1) I 0.104(18 32(5} 62(4) 75(2) 1.15(i) 0.090(2} 19(2) 76(2) 77(2) 1.16(18 
2 0.117(1} 115(48 28(4} 95(5) 0.228(2) 71(2) 127(6) 187(6) 
3 0,157(1) 104(28 94(38 19(28 0.140(2) 88(5) 140(0) 50(5) 

M(2) 1 0.087(1) 159(18 151(18 89(1) 1.51(18 0.097(2) 129(1} 141(1) 89(2} 1.40(18 
2 0.131(1) 102(1) 84(I) 167(1) 0 . 1 5 1 ( 1 )  74(2) 104(2) 158(2) 
5 0.158(18 129(1) 41(i) 78(18 0.105(i) 44(18 120(I) 68(2) 

P 1 0.071(2) 15(2) 78C5) 98(2) 0.7511) 0.070(3) 12(15) 79(16) 94(5) 0.02(i) 
2 0.099(1) 101(5) 15(3) 80(4) 0.079(3) 78(16) 268(14) 86(4) 
5 0.116(1) 100(2) 82(4) 168(5) 0.112(2) 95(5} 99(4) 174(5) 

O(1) 1 0.092($) 120(13] 50(13) g0(S) 1.1l($) 0.077CS ) 78(12) 16(118 e6(s) 0.99(4) 
2 0,10~(4} 51(15)  60(13} 94(4) 0.100[0) 164{11) 74(I2} 94(88 
S 0.i51(4) 86(4) 09(4} 0(3} 0.141(58 99(0) 05(5} 5(6} 

0(2) 1 0,000(0) 152(5) 109(38 70(3) 1.05(5} 0.067(9) 147(98 117(9} 71(48 0.97(5) 
2 0.129(4) II0(88 20[8] 90[20} 0.101(7) 121(I08 ~4(9] i02(6) 
5 0,157(48 7 1 ( 8 8  85(20} 20(3] 0.149(5} 8 0 ( 4 8  71(5} 22(4) 

0(5) 1 0.070(5) 160[5] 75(4) 79(2) 1.41(48 0,065(98 164(68 74(7) 88(5) 1.09(5) 
2 0.126(4] 74(4) 17(48 97(3) 0.113(6) 77(7) 52(68 119(68 
5 0.180(4} 78C28 86(3) 15(2} 0.156(58 81[4) 63(6) 29(6) 

0(4} l 0.117t5 ) 75(45) 74(28) 25(51) 2.06(4) 0.086(8) 44(10) 59(58 62(9) 1.15(58 
2 0.120(4) 54(27} 66(168 112(52) 0.114(6) 48(11) i00(0) 152(9) 
5 0,224(4} 61(28 151(2) 84(2) 0.153(6) 79(6} 143(5) 99(6) 

O~(l) 1 0.151(6] 90 155(78 117(7) 1.85(58 0.100(10} 90 5(10) 98(i0) i.68(8) 
2 0.150(9) 100 90 0o 0 . 1 4 4 ( 8 )  90 07(108 5(108 
d 0.168(6) 90 63(7) 153(7) 0,181(7] 0 90 00 

0~(2) 1 0.094(58 160(58 109(5) 98(5) 1.44(4] 0.075(8) 23(11} 68(108 92(5) 1.26($) 
2 0.152(4) 110(58 52(58 67(5] 0.105[7) 68(11) 150(0) 71(4] 
3 0,169(4] 92(3) 56(9) 156(08 0.177(08 84(5) I09(4) 160(48 

a~ = ~th p~incipal axis, P~ = ms amplitude, 0~, e~h , 0s = angles (deg.) between the s162 principal axis 
and the tell axes a. b and ~. The equivalent isotropic thermal par~ter. 0. is also listed. Estimated 
s t a n d a r d  e r r o r s  i n  p a r e n t h e s e s  r e f e r  t o  t h e  l a s t  d i g i t .  

S~az~ detez~w~#t~n and ~e~t. Inspection of t h e  Taw intensi- 

ties l e d  t o  e x t i n c t i o n  c r i t e r i a  c o n s i s t e n t  w i t h  t h e  space  g roup  Pbna,  u h i c h  

i s  u n i q u e l y  de tec l~ ined .  Weak e x t r a  r e P l e x i o n s  (MOore, 10648 were  sou0ht  bu t  

n o t  found.  T r i a l  p a r a m e t e r s  were  o b t a i n e d  Prom t h e  e a r l i e r  s t u d y  (Hoere  and 

A r ~ k i ,  10768 sud t h e  f u l l - ~ t r i x  l ~ s t - s q u a r e s  r e f i n e m e n t  conve rged  s ~ o t b l y  

to the r e s u l t s  i n  T a b l e  i f o r  a l l  obsecved n o n - e q u i v a l e n t  r e f l e x i o n s ,  where  

~ I ] 0 o I - I F r  
and ~. r ~ ?  

g " ~ L EwPo' j 

PrOgrams and procedures, including scattering curves used in the refinement 

were  d i s c u s s e d  e a r l l ~  (Moore and A r a k i ,  19768.  T a b l e  40 l i s t s  t h e  a tomic  

c o o r d i n a t e s ,  4b t h e  a n l s o t ~ o p i c  t h e r m a l  v i b r a t i o n  p a r a m e t e r s ,  4r  t h e  poz~ameters 

f o r  t h e  e l l i p s o i d s  oP v i b r a t i o n ,  T a b l e  9Stbe  obse rved  and c a l c u l a t e d  s t r u c t u r e  

f a c t o r s ,  and T a b l e  6 t h e  i n t e r a t o l i e  d i s t a n c e s  and  a n g l e s  f o r  l a n d e s i t e ,  

k r y z h a n o v s k i t e ,  ~ d  t h e  p r e v i o u s  r e p o r t e d  s y n t h e t i c  end  members. 

~ s t a Z  ~ r ~ s t r ~  o~ # ~  o ~ 2 ~  s e r ~ e s .  T h i s  s t u d y  r  t h e  

e ~ l i e r  c o n c l u s i o n  (Moore, 19718 t h a t  c a t i o n s  o f  d i f f e r e n t  r a d i i  a r e  

e x t e n s i v e l y  o rde r e d  o v e r  tb~  N( I}  ~ d  M(2) s i t e s  i n  t h e  p h o s p h o P e r r i t e  

strocture type and that the M(1) site zcco~tes the smallest cations. 

Fa~agenetic araJ physical ~idence suggest that these compounds are oxidation 

p r o d u c t s  o f  p r e - e x i s t i n g  members o f  t h e  r e d d i n g i t e - p h o s p h o f e r r i t e  s e r i e s .  

T h e r e f o r e .  t h e  p r i n c i p a l  d i v a l e n t  o c t a h e d r a l  c a t i o n s  a r e  a ~ s n g e d  a c c o r d i n g  

t o  i n c r e a s i n g  i o n i c  r a d i u s ,  Mg 2 §  Fe z§ < ~ I  z+ <Ca =+, a s sumin$  t h a t  a l l  Pe 3§ 

r e f l e c t s  t h e  o r d e r i n g  s c h ~ e  o f  Fe =+ p r i o r  t o  o x i d a t i o n .  

The p e c u l i a r  d i s t r i b u t i o n s  os t h e  o r d e r  o f  i n c r e a s i n g  i n d i v i d u a l  

p o l y h e d r a l  bond d i a r i e s  i n  T a b l e  0 and t h e  c ons e que n t  n o ~ - l i n e a r  r e l a t i o n -  

*On f i l e  w i th  the Mineralogical  Society 
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M(X) 

2 N(12-O(4) 2.012(23 ~ l 2 .0~(2 )  l 

-OH(2~') 2,164(2) 2 2.086(22 2 

.0(3~ I) 2.304(2) 3 2.171(22 3 

average 2.1601 2,098 

~d14_ 0 +0.000~ .0.0~2 

*2OW(2)~LO(3~) 2.772(3) 76.6(1)* 2.749(3) 80.4(1)" 

2 0(4)-0(3) 2.920(3) 84.9(12 2.948(3) 88.9(1) 

2 0k~(2~'10(4) (m) 2.945(52 09.6{12 2.878(5) S8.6(1) 

2 0(4)-0~(2~') 2.969(3) 90.4(12 2.952(3) 91.5(12 

20(4) -0 (3 )  ~) 3.190(32 95.1(1) 3.C~5(3) 91,1(1) 

2 0 '~(2~0(3)  (1) 3,507(3) 103.4(1)': '  3.253(4) 99,6(1) 

average 3.050 90.0 2.964 ~.0 

~dO. o, oO.0Oo -0.o86 

P 

P-O(3) 1.539(22 1 1.548(2) 4 

-0(42 1.543(2) 2 1.531(22 1 

-0(2) 1.544(2) 3 1.540(2) 3 

-0(12 1.f~0(2) 4 1.538(2) 2 

average 1.544 1.$39 

0(1)-0(42 2.490(3) 107.2(13 2.495(3) 108.8(12 

0(3)-0(4) 2,516(3) 109.5(1) 2.496(3) 108.3(12 

0(1)-0(32 2.S19(32 109,3(12 2.512(32 109.0(12 

0(12~)(2) 2.523(3) 109.3(12 2.514(32 1~9.6(12 

0(22-0(3) 2,528(3) 110.2(12 2,525(3) 109.8(12 

0(2)-0(42 2.550(3) 111.4(1) 2.536(3) 111.3(1) 

my�9 2.521 109.5 2.513 10~.5 

1.949(32 1 (1.96) 1.941(32 1 

1.979(32 2 (2,01) 1.957(32 2 

2.122(3) 3 (2.19) 2.144(32 3 

2.017 (2.05) 2,014 

-0.143 -0.146 

2.652(4) 80.5(12 (2.66) 2.572(4) 77.5(12 

2.902(42 90.8(12 (2.96) 2.965(4) 92.9(12 

2.737(4) $g.~(l) (2.73) 2.688(4) 87.2(12 

2.817(42 91.6(1) (2.88) 2.824(4) 92.8(12 

2.860(4) 89.2(12 (2.93) 2.817(4) 87.1(12 

3,132(4) 99.5(12 (3.26) 3.199(42 102.5(12 

2.850 90.0 (2.90) 2.844 90.0 

-0.20~ - 0 , 2 0 6  

1.558(3) 4 (1.52) 1.$51(3) 3 

1,516(32 I (1.59) 1.511(32 I 
1.$47(3) 3 (1.542 1.569(3) 4 

1.546(3) 2 (1.473 1.543(3) . 2 

1.542 (1.53) 1.544 

2.501(42 109.5(22 (2,30) 2.499(4) 109.7(1) 

2.501(4) 108,9(22 (2,51) 2.483(42 108.4(12 

2.532(4) 109.3(22 (2.44) 2.542(4) 110,3(12 

2.516(4) 108.9(2) (2.44) 2.515(4) 107.8(1) 

2.523(4) 108.8(22 (2.49) 2.535(4) 108.6(1) 

2.529(4) 111.3(12 (2.60) 2.553(4) 112.0(12 

2.517 109,5 (2.50) 2.521 109.5 

~C22 

U(22-O(I~ ~) 2.094(2) 

-0(2) 2,124(22 

-0(2~ +) 2.102(2) 

-0(3~ z) 2.205(2) 

-o~(2~) 2.2o9(32 

~w(I) 2.453(4) 

av~age 2.205 

~d~_ o *o.ooo 

�9 o(22-o(2~ ~) 2,634(4) 

�9 0 ( 3)('a~O~ (22~) 2.749(3) 

o(1~(2~) 2.9s6(3) 

q(Z)-Ct~(1) 2.970(3) 

0(2~'L0(3) b) 2.989(3) 

O(2~t~ON(l) 3.038C22 

0(2)(~0~(2) (') 3.204(3) 

0 ( 1 ~ 0 ( 3 ~ )  3.269(3) 

0(12~0(2) 3.271(32 

O(I~OM(I )  3.274(42 

O~(t)-ON(2)P) 3.276(3) 

0C2)-0(3 ~) 3.347(42 

average 3.100 

~ 0 - 0 '  +00o0 

1.055(3) 

2.075(3) 

2,147(3) 

2.240(3) 

2.077(3) 

2,096(32 

2.115 

-0,O9O 

2.066(2) 

2.121(22 

2.108(22 

2.132(2) 

2.192(22 

2.399(3) 

2.17o 

-0.035 

2.6'11(32 

2.772(3) 

2.908(32 

2,909(4) 

2.968(3) 

2.989(4) 

3,149(32 

3.145(3) 

3.2?,6(3) 

3J1~(4) 

3.202(4) 

3.496(3) 

5.051 

.0.O49 

76.3(1) 77.3(12 2.630(5) 

77.0(12 79.7(1) 2.652(4) 

86.7(1) 86.1(1) 2,917(4) 

81.2(1) 79.9(1) 2,853(4) 

86.4(I) 99.9(12 2.957(4) 

92,5(1) 82.8(12 2.943(3) 

94.3(12 94,2(12 3.076(4) 

98.9(12 97.0(12 3.182(5) 

101.7(1) 101.2(12 3.155(4) 

92.3(1) 91.2(1) 2.995(5) 

89.6(1) 88.3(12 3.128(32 

110.0(1) 110.6(1) 3,294(42 

89.8 89.8 2,982 

-0.118 

(2.10) 1.989(3) 

(2.15) 2.059(3) 

(2.16) 2.114(3) 

(2.27) 2.204(3) 

(2.142 1.906(32 

(2.13) 1.973(3) 

(2 . i6 )  2,041 

-0.164 

77.0(12 (2.69) 2.610(42 77.4(12 

75,7(12 (2,66) 2.572(4) 77,1(12 

98,8(1) (2,90) 2.832(4) 93.3C12 

96.3(L) (2.85) 2.749(4) 83.9(12 

84.7(1) (2.99) 2.956(4) 86.4(1) 

87.8(12 (2.96) 2.869(4) 89,1(1) 

93,5(12 (3.132 2.092(4) 91.9(12 

95,5(1) (3.24) 5.050(4) 93.2(1) 

99.6(12 (3,28) 3.039(4) 97.3(12 

92.4(12 (3.04) 2.842(42 91.7(1) 

97.1(12 (3.24) 2.964(4) 99.6(I) 

99.5(1) (3.46) 3.182(4) 96.5(1) 

89.9 (3.04) 2.880 89.9 

-0.220 

aSynthetic phcsphafe~l te  tnd synthet ic  k :Tth~ovski te  (US) f r ~  ~k~ore and k ~ k i  (1976). Type l ~ e s i t e  (tA} and 
cotype kry?hanovskite (r~) f r ~  t h i s  study. Octahedral shared edges are sta~red. ~ 4 - 0  and ~do_~ refer  to the 
difforeaee h e t w ~  the polyhed~l avenge and the largest  polyhedron tn t ha t  category. Synmetrically related a t - -  
are designated with s u ~ r s c r i p t s  and aaopt the re la t ions  in Y~=e ~ kr tk l  (1976). T~@ ozx~er of Increasln8 ~-O and 
P-0 d i s t ~ c e s  are numbered 1, 2, 3, . . - .  Ear l i e r  data for  gR ( k~ re .  1971) ~re l i s t ed  in p~rentheses. 

ships mong the cell  Imra~eters with i n c r u s i n g  o x i d a t i ~  in the series 

is ~ t i r e l y  cowpatible with a bocA length-bond s t rength aodel *hich adopts 

the m p i t i ~ l  re la t ionships  of  SJur (1970). I t  i s  eoqwenient to  r e p r e s ~ t  

the compoeitic~s ideal ly  as fol lc~l :  ~'~liaO)s(PO,)z (pbospkofe~ite,  

reddingi te)  , N|+M s+ (OH) (1420) t (PO~) 2 ( landesi te)  , M2+M| . (OH) a ~HaO) (PO+) Z 

(type k r y Z h ~ s k t t e ) ,  M|*(OH) I(PO~) 2 (kryzhanovskite ~ d ~ b e r ) .  Me note 

that  these " i d o l  M c(~po/ i t imt$ re f l ec t  c lose ly  the Jnelysls i n  Table 3 

for  lamdesite Imd kry fJum~sk i te  types, he fu r ther  note that  the c e l l  

voluaes decrease Ln the order P R $ = k k > g R > ~  o, t ha t  is in the order of  

the ideal r t r f i t t ~  above, Thus, in  Table 6, the ~ and p-O 

distances ~ r e  arranged i n  t h e  saw.e order. ~t is seon tha t  ~ n - l i n e a r i t i e s  

In c e l l  p a p e r e r s  ar ise f ~  pe~u ta t ions  of  the order of  P-O and N(2)-O 

bonds (with ~ s ~ c t  to increasing distance) t h i g h  the series.  Xe note 

that  there exis t  six possible '~ure" r  of e~ rd ina t ions  of 

cations about the OH(1) ~ d  OW(2) anions: M|~42 (0pc = ,0 .67) ,  Ma+Ml§ 

{~r " § SO). , | ' H ,  ( ~  �9 . 0 3 3 ~  . | + H  (Ap<~ - - o . 1 7 ) ,  N ' M ~ ' H  ( ~  . 

-0.33), and N|~/ (Apo �9 -0.50 e . s . u . ) .  Tne colbinatlons M|*H* and ~*H 

�9 I t  Is convn ien t  to use abbreviations: PHS , synthet ic  end-~mher 

phesphoferr i te, l.A - l ~ d e s i t e ,  I~ - ktTzhanovskite ( t ype) , )~S  - synthet ic  
m3d - . tuber  kr;rs 



P H O S P H O F E R R I T E  

cannot exist as t h e  end-me.bets, combination M~r = PHS and combination 

M~'~I ffi KRS. Theze are. in addition, the following combinations in solid 

s o l u t i o n s  w i t h i n  n o n - e q u i v a l e n t  s i t e s :  M{I ) ,  M(2) = M**, M~+; OW = HgO , 

OH-. Thus, to sort out the possible c~binatlons for intermediate mmbers. 

We f i r s t  note the distributions in M(1) and M(2], then ask which cOmbina- 

tions of OW admit charge balance for the entixe crystal, 

In Table 1, the averaged M-O and p-o dist~ces are compared with 

cat.tared distances from i~ic radii tables (Shannon and Prewitt. 1969). 

The calculated values tend to be slightly s~ller (0,01-0.05~) for all 

entries except M ( 1 ) ~ )  for LA where the  value is Smaller by 0.07~. Th is  

doubtless arises from the fact that we based ou r  ionic radii on r[a]0 = 

1.$6~.  Nevertheless, the M(2 )~  = 2 .20g(obs)  ~ s i t e  i n  LA i nd i ca tes  

complete popu la t i on  by tbe  l a rge  ca t i ons  a t  t b i s  s i t e .  The M(1)-O = 

2.017(obs)  ~ i n  kryzhanovskite i nd i ca tes  complete occupancy hy Fes* .  ~ l us ,  

we can write (as pure  compositions) LA: M(1) = Fe 3+, M(2) = Mn~+; and KR: 

M(1) = Fe ~+, M(2) = Pe~.sMn~+. s, These pure compositions were than used to 

assess the relatlonshap in individual dist~ce deviations from polThedrsl 

a v e r a g e  (Ad) w i t h  deviations f rom local e l e c t r o s t a t i c  n e u t r a l i t y  ~Aps) in 

Table 7. Good agreement is achi~ed ~dtb the following r 

CAW(I) = H~O, 0W(2) ffi HI.s0 and gR: OW(1) = OW(2] = Ht.ssO. Note that the 

o r d e r  o f  Ape f o l l ows  6d i n  a c o n s i s t e n t  way,  p rog ress ing  a l o n g  PHS--LA--KR-- 

KRS, 

We can trace tbe bebeviour of tbe individual H atoms in ~re detail 

~ing to tbe locations of these atoms in the earlier study (Moore and 

Araki. 1976) for the PHS and KRS. In that study, it was found that OW~2). 

which  has  two n o n - e q u i v a l e n t  H atoms H(2a)  and H(2h) ,  loses H ( 2 b ) ;  ~ d  

t h a t  t b e  H~I) p a i r s  which  a r e  r e l a t e d  by a 2 - f o l d  r o t o r ,  merge  on t h e  ~ t o r  

f o r  t h e  p u r e  KRS. Our p~sent results a r e  entirely c~sistent with t h e  

former study hat add additional info~ation: through progressive oxidation 

of M, H(2b) is progressively removed until it is abe.t 1/5-occupied and 

t h e n  H(1)  i s  p r o g r e s s i v e l y  r ~ o v r d .  T h r o u g h o u t ,  H(Za) r e m a i n s  i n t a c t .  

Co~eZues Tile t r i p l e  se r i es  reddingite-phosphaferzite-kryzhanovskite 

possesses the general formula M(1)M(2)2[0(I}~O][H(ga)H(2b]O]~[PO~]s. The 

comp~nds are highly ordered witb the ~aller cations partitioned into 

the M(1) site. Progressive ~rdati~ os the M cation leads to progressive 

rem~al of the H atoms in tbe order N(2b)-H(1), the H(2a) hydrogen r~ain- 

ing intact throughOUt oxidation, The ordered nature of the M cations and 

the preferential r emova l  o f  the hydrogens lead t o  subst~tial n o n -  

l i n e a r i t i e s  i n  t h e  a x i a l  r e l a t i o n s  t b ~ u g h o u t  t h e  s e r i e s  and ,  s u b s e q u e n t l y ,  

serious prohl~s i n  cowect indexing of the  powder patte~s in the 

absence of powder intensities ca1~lated directly from tbe refined st~c- 

tures, 

~Za~z~Pe. The following nomenclature is advanced according to 

naming of eed-members in the general formula M(1)M(2)I[~HIO),(OH)]z[PO~]2: 

M(I___2.) ~ N~ 

I Fe z+ Fe 2+ phospho f e r~ i t e  

2 Fe ~+ Fe ~+ u ~ a ~ e d  

3 Fe ~+ Fe z+ kryzhanovskite 

4 M~ 2+ ~M ~+ reddinglte 

S Fe 2+ ~+  unnamed 

6 Fe a+ Mn ~+ landesite 

There is no evid~ce that extensive ~* exists i n  crystals of t h e  phospbo- 

fe~rite structure type. Note tbat type kryzb~novskite is at the d i v i d i n g  

line between l~desite ~d kr/zbanovskite end-members and it is proposed 

that tbe n~e apply to all compositions where Pe ~+ is the greatest ~raction 

oc~pying beth M(1) and M(2). Composition 2 may be unstable or, if it did 

occur, the conditions of its fo~ation are predicted to be quite restricted. 

Is M(1) and M(2) remain i~ff~obile components during the course of oxidation 

(cf, the triphylite-heterosite series. Eventoff et al., 1972; Alberti. 

1976). t h e n  composition S ~ i t e  likely exists i n  rrddingites f r ~  Pol~d. 

S E R I E S  

TABLE V I I .  The p h ~ p h ~ f s ~ z ~  aer4~e.a: eZe~a, oe~m~.e ~Zemoe 
~aZcowe o f  c~r about wr~ona.a 

&Po 

Anion Cooedinating cations PHS LA gg KRS 

O(1) H(2a]+P*M(2) -0 .2g  -0 ,25  -0 ,17  -0 .08  
0(2)  P+IM(2) -0 ,08  -0 .08  *0 ,08  § 
0(5) H(1)  + P+M(1)+N(2) +0.08 *0 ,25  +0.28 +0.39 
0 ( 4 )  H(2b)r247 - 0 . 2 9  -0.17 -0.19 - 0 . 2 9  

OW(1) 2H(1)+gH(2) +0.33  +0.3~ -0 ,05  - 0 . 1 7  
OW(2) H(Za)+H(2b)§ +0.33 +0,22 +0.03 -0 .17  

795 

~MS LA 

Anion p N(1) M(2) P M(1) ~(2) 

0(1) +0.OO6 ....... 0.I04 -0.001 ...... O.lll 
0(2)  +0.000 . . . . . . .  0.062.-0.049 +0,001 . . . . . . .  0 .081 , -0 ,04g  
0 ( 5 )  -0,OO5 +0.144 -0 .088  +0.009 +0,078 +0,000 
0(4) -O.OOl -0.148 ....... 0.008 -0,062 ...... 

~W(1) . . . . . . . . . . . .  +0 .229(x2)  . . . . . . . . . . . .  +0 .228(x2)  
OW(2) . . . . . .  +0,004 +0.022 . . . . . . .  0.012 +0.004 

Anion P X(1) X(2) P X(]) X(2) 

0 ( 1 )  *0 .004  . . . . . . .  0.060 +0.001 . . . . . . .  0.052 
0(2)  +0.0OS . . . . . . .  O,040,+O.Og7 +0.025 . . . . . .  r  
0 ( 3 )  +0.016 +0,105 § +0.007 *0 ,1o0  +0.165 
0(4) - 0 . 0 2 6  - 0 . 0 6 8  . . . . . . .  0 .035  - 0 , 0 7 3  . . . . . .  

OW(1] . . . . . . . . . . . . .  0 , 0 1 9 ( x 2 )  . . . . . . . . . . . . .  0 . 0 6 8 ( x 2 )  
OW(2) . . . . . . .  0.038 -O.OS9 . . . . . . .  0.057 -0 .135 

aA bend l e n g t h  d e v i a t i o n  r a f t s  t o  t h e  p o l y h e d r a l  a v e r a g e  s u b t r a c t e d  
f ~ m  t h e  i nd i v i d~ l  bond d i s t a n c e .  R e f e r  t o  ~ o T e  and Arak i  (1976) 
f o r  hydrogen  nomevciatu~e.  The d e v i a t i o n  o f  e l ec t~s ta t i c  bond 
strength sum from neut~lity (Po ffi 2.00 e.s.u.) assumed the following: 

PHS: 0~(i) R H20, o~(g) = H ( 2 a ) l . ~ H ( 2 b ) l . n O .  
LA: OW(I) = H~O, OW(2) = H(ga)z .0H(2b)0 .sO.  
LR: OW(1} ffi HI,a~O, OW(2) = H(2a)1.eH(gb)0.3~O. 

KRS: OW(1) = H*.00. 0~(2} = H(2a)~.0H(2b)0,o0. 

Maine; and s~e ~ddingites from Branchville. Co~ecti~t (see analyses S 

and 6 in Palacbe et al.. 1951). But the matter of mobility of H(1) and 

M(2) cations has not been settled nor is the relationship between site 

oc~pancy and temperature kno~ for the raddingite-phasphof~ite series. 

Owing to similarlties s ionic radii and scattering power between Pe ~§ 

and M~ ~+, it w~ld appear that ~6ssbauer resonance spectroscopy would be 

the appropriate t~l to investigate these intemediate compositions rather 

than g-ray diffraction. 

Ae~ed~or,~ags .  ~ne k ~ y z h a n o v s k i t e  d a t a  wex~ f ~  a f r a ~ e n t  o f  the 

material provided by Professor A. S. P~arennykh and used in the earlier 

study (Moore, 1971}. P~fessor Clifford Frondel kindly donated a fragment 

of the type l~desite. 

We appreciate support of this study by the Natlonal Science Po~datlon 

g r a n t  EAR-19485 (Geochemistry). 
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