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The Formation of  t h e  Kamacite Phase i n  M e t a l l i c  i~ieteorites 

J. I .  Golds te in  
Nat iona l  Aeronaut ics  and 

Space Adminis t ra t ion  
Goddard Space F l i g h t  Center  

Greenbel t  , Mary1 and 

3 3 ? f O  
A b s t r a c t .  I n  o r d e r  t o  p r e d i c t  t h e  concen t r a t ion  g r a d i e n t s  i n  m e t e o r i t i c  

kamaci te ,  t h e  newly determined Fe-Ni phase diagram of G o l d s t e i n  and O g i l v i e  

w a s  a p p l i e d  and a d i f f u s i o n  a n a l y s i s  was  developed.  The r e s u l t s  of  t h e  

d i f f u s i o n  a n a l y s i s  show t h a t  t h e  kamacite phase cannot  remain i n  equ i l ib r ium 

at  low c o o l i n g  tempera tures  and a N i  d e p l e t i o n  i n  t h e  kamaci te  n e a r  t h e  cr/y 

i n t e r f a c e  occur s  below 450 C. I n  a d d i t i o n  c e r t a i n  o t h e r  f e a t u r e s  of t h e  0 

kamaci te  phase are p r e d i c t e d :  ( 1 )  An inc reas ing  N i  c o n c e n t r a t i o n  from t h e  

c e n t e r  of t h e  kamaci te  phase towards t h e  a / y  i n t e r f a c e  i n  c o a r s e  and medium 

o c t a h e d r i t e s ,  (2 )  A v a r i a t i o n  i n  t h e  average N i  c o n t e n t  of  t h e  average  s i z e d  

kamaci te  bands wi th  t h e  o v e r a l l  N i  conten t  of t h e  m e t e o r i t e ,  and ( 3 )  The 

average  composi t ion of kamaci te  p l a t e s  o f  t h e  same width  i s  t h e  same no 

matter what t h e  o v e r a l l  N i  c o n t e n t  of the  p a r e n t  m e t e o r i t e  i s .  

These p r e d i c t i o n s  have been confirmed by e l e c t r o n  probe  measurements 

of several metall ic m e t e o r i t e s .  This c o r r e l a t i o n  i s  i n  agreement w i t h  c o o l i n g  

rates of pa ren t  bod ie s  which form a t  l o w  p r e s s u r e s .  
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I n t r o d u c t i o n .  The format ion  of t h e  Widmanstatten p a t t e r n  i n  m e t a l l i c  m e t e o r i t e s  

has  r e c e n t l y  been d i s c u s s e d  by Go lds t e in  and O g i l v i e  L1965a) and by Wood [1964]. 

The r e s u l t s  of t h e s e  s t u d i e s  showed t h a t  the i r o n  m e t e o r i t e s  formed under  c o n d i t i o n s  

of low p r e s s u r e  and i n  pa ren t  bod ie s  which cooled a t  a r a t e  of about  1-10 0 6  /10 y e a r s .  

' Therefore  t h e  one atmosphere Fe-Ni phase diagram can be used t o  d e s c r i b e  phase 

e q u i l i b r i a  i n  i r o n  m e t e o r i t e s  and t h e  one atmosphere d i f f u s i o n  c o e f f i c i e n t s  can 

b e  used t o  d e s c r i b e  t h e  m a s s  t r a n s p o r t  of material through t h e  kamaci te  and 

t a e n i t e  phases  i n  i r o n  m e t e o r i t e s .  It  i s  t h e  purpose of  t h i s  paper  t o  p r e d i c t  

t h e  composi t ion v a r i a t i o n s  t h a t  would occur i n  t h e  kamaci te  phase  of meta l l ic  

m e t e o r i t e s  i f  t h e y  had cooled  a t  an average rate of about  2 /lo y e a r s  a t  low 

p r e s s u r e s .  A comparison w i l l  t hen  be made between p r e d i c t e d  composi t ion 

v a r i a t i o n s  and measured d a t a .  

0 6  

The Fe-Ni Phase Diagram. 

redetermined by G o l d s t e i n  and O g i l v i e  [ 1 9 6 5 a ,  F igure  1. The N i  s o l u b i l i t y  i n  

01 and y phase  w a s  determined exper imenta l ly  from 800 C t o  M O ° C  and c a l c u l a t e d  

t h e o r e t i c a l l y  below t h i s  tempera ture .  The maximum N i  s o l u b i l i t y  i n  kamacite w a s  

c a l c u l a t e d  t o  occur  a t  about  450 C. The diagram d i f f e r s  from Owen and L i u ' s  

[1949] i n  t h a t  t h e  range of N i  s o l u b i l i t y  i n  t h e  a l p h a  phase i s  l a r g e r  above 

The one atmosphere Fe-Ni phase diagram has  been r e c e n t l y  

0 

0 

0 
500 C and t h a t  t h e  N i  s o l u b i l i t y  i n  a bends back t o  lower N i  c o n t e n t s  above 

3OoOc. 

Theory. ma11 c o n c e n t r a t i o n  g r a d i e n t s  have been measured i n  t h e  kamaci te  phase  

of i r o n  m e t e o r i t e s  LAgre l l ,  Long, and O g i l v i e ,  19631. T h i s  i n d i c a t e s  t h a t  a t  

some t i m e  du r ing  t h e  coo l ing  of t h e  m e t e o r i t e ,  e q u i l i b r i u m  c o n d i t i o n s  w e r e  no 

l o n g e r  main ta ined  i n  t h e  kamaci te  phase. I n  o t h e r  words,  a t  some tempera ture  

d u r i n g  coo l ing  t h e  composition of t h e  kamaci te  could  no t  be main ta ined  a t  t h e  

v a l u e  g iven  by t h e  phase diagram. 

n o t  enough Fe and N i  can be t r a n s f e r r e d  a c r o s s  t h e  kamaci te  phase  (i.e. low 

This nonequilibrirrm behavior  occur s  because 
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d i f f u s i o n  rates) t o  m a i n t a i n  e q u i l i b r i u m  w i t h i n  t h e  t i m e  a v a i l a b l e .  

I n  o r d e r  t o  d e s c r i b e  t h i s  p r o c e s s  i n  more d e t a i l  a c a l c u l a t i o n  w a s  

made of t h e  l a r g e s t  s i z e d  kamaci te  p l a t e  of h a l f  wid th  W t h a t  could remain 

homogeneous a t  a tempera ture  T . I n  t h i s  s t u d y ,  t h e  h a l f  width o f  t h e  

kamaci te  phase i s  measured a c r o s s  t h e  phase ,  p e r p e n d i c u l a r  t o  t h e  Q’/y 

i n t e r f a c e .  A c e r t a i n  number of assumptions a re  made i n  t h i s  c a l c u l a t i o n :  

(1) The p a r e n t  body c o o l s  a t  a r a t e  o f  2 /lo y e a r s ;  ( 2 )  The p r o c e s s  of 

homogenization i s  d i f f u s i o n  c o n t r o l l e d ;  ( 3 )  The c o o l i n g  o c c u r s  i n  a s tepwise  

p r o c e s s ;  and (4) I n  each i n t e r v a l  of c o o l i n g  A t ,  t h e  homogenization p r o c e s s  

o c c u r s  i so thermal ly  a t  an average  tempera ture  T . 

0 

0 6  

0 

The method of c a l c u l a t i o n  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  2 .  A t  

t i m e  t = 0 ,  t h e  kamacite phase i s  assumed homogeneous a t  a N i  c o n t e n t  

C given by t h e  equi l ibr ium phase diagram. From t i m e  t = 0 t o  t = A t ,  

t h e  e q u i l i b r i u m  compoisi t ion a t  t h e  k a m a c i t e / t a e n i t e  i n t e r f a c e  i s  assumed 

equal  t o  C During t h e  t i m e  increment A t ,  t h e  N i  c o n t e n t  of  t h e  kamaci te  

phase w i l l  i n c r e a s e .  For t h e  assumed c o o l i n g  rate and t h e  tempera ture  T 
0 ’  

t h e  amount t o  which C ,  t h e  N i  c o n t e n t  a t  t h e  c e n t e r  of t h e  kamaci te  p h a s e ,  

approaches C i s  determined by t h e  d i f f u s i o n  c o e f f i c i e n t  of mass t r a n s p o r t  

i n  kamaci te  D a -  
homogenizat ion,  

0 

1’ 

1’ 

The maximum width W of kamaci te  f o r  which t h e  degree  of 

(( c - co ) / ( c - co )) 
A t  

i s  equal  t o  some r a t i o  approaching 1 ,  i s  t h a t  wid th  which can s t i l l  remain 

homogeneous a t  temperature  T . S i n c e  D i s  a f u n c t i o n  of  T one can c a l c u l a t e  

W a s  a f u n c t i o n  of temperature .  

0 CY 0 ’  

~ 
~~ 
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\ *  
The i n t e r d i f f u s i o n  c o e f f i c i e n t s  D [Goldstein and O g i l v i e  , 1 9 6 5 ~ 1  

CY 
* as w e l l  as t h e  s e l f  d i f f u s i o n  c o e f f i c i e n t s  D i n  cy i r o n  have been 

measured [Borg and L a i ,  1963). 

d i f f u s i o n  measurements [Goldstein and O g i l v i e ,  1 9 6 5 ~ )  and t h e  self 

d i f f u s i o n  c o e f f i c i e n t s  of Borg and L a i  [1963] h a s  been found. The 

format ion  of  kamaci te  occurs  below the  Curie tempera ture  o f  pu re  i r o n .  

Unfo r tuna te ly  t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n  has  n o t  been measured 

below t h i s  tempera ture .  

AH due  t o  t h e  magnet ic  e f f e c t  [Borg and L a i ,  19631 and t h e  measurement of  

AH above t h e  Curie t empera tu re ,  t he  va lue  o f  D i s  e s t ima ted  and g iven  by 

t h e  fo l lowing  e q u a t i o n :  

NL 

Good agreement between t h e  i n t e r -  

Using t h e  c a l c u l a t i o n  of  excess  a c t i v a t i o n  energy  

Ey 

= 9.9 exp (-64,300/RTo) Da (1 

The degree  of homogenization and t h e  t i m e  i n t e r v a l  A t  used f o r  t h e  

c a l c u l a t i o n  are i n t e r r e l a t e d  s ince  t h e  d i f f e r e n c e  ( C  -C ) depends on the  va lue  

of A t .  

a d i f f e r e n c e  o f  .01 and -03 atomic 7, N i  between t h e  c e n t e r  of kamaci te  and 

t h e  a / y  boundary. 

f o r  25 C of c o o l i n g ,  t h e  degree  of homogenization a t  600 C cor responds  t o  

.97 and -90 r e s p e c t i v e l y .  U s i n g t h e  r e l a t i o n s  between W ,  D and 

1 0  

C a l c u l a t i o n s  w e r e  made f o r  two d i f f e r e n t  c r i te r ia  of homogeneity, 

If a va lue  of  A t  i s  used ,  cor responding  t o  a t i m e  pe r iod  

0 0 

CY 

(( c-co /( c1 -co 1) 
A t  

g iven  by Crank [1956] t h e  maximum width  of  kamaci te  which can remain homo- 

geneous i s  g iven  by W = [=5 and W = ,/nt f o r  
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c ( C - C  )/(Cl-Co)) = .97 and -90 
A t  0 

r e s p e c t i v e l y .  

g e n i z a t i o n ,  one o b t a i n s  s u b s t a n t i a l l y  t h e  same answers.  

r e su l t s  of t hese  c a l c u l a t i o n s .  

For  o t h e r  compat ib le  va lues  of A t  and t h e  deg ree  of homo- 

F i g u r e  3 shows t h e  

I n  any m e t a l l i c  m e t e o r i t e ,  t h e r e  i s  a d i s t r i b u t i o n  of karnacite band 

wid ths  which u s u a l l y  range from micron t o  mm s i z e .  

band wid ths  shows a maxima, i n  a small range of kamaci te  band s i z e s  

( u s u a l l y  t h e  l a r g e s t  s i z e d  bands) .  It i s  bands of t h i s  g e n e r a l  s i z e  which 

compose t h e  Widmanstatten p a t t e r n  i n  o c t a h e d r i t e s .  

small range  of band s i z e s  i s  des ig l la ted  as t h e ' a v e r a g e  s i z e d  kamaci te  

band width  o f  t h e  me teo r i t e . '  

The d i s t r i b u t i o n  of 

The average  of t h i s  

'Average s i zed  kamacite bandwidths '  and t h e  o v e r a l l  N i  composition 

of  t h e  m e t e o r i t e  are u s u a l l y  r e l a t e d .  A s  t h e  o v e r a l l  N i  c o n t e n t  i n c r e a s e s ,  

t h e  s i z e  of t h e  average  kamaci te  bands d e c r e a s e s .  

o c t a h e d r i t e s  accord ing  t o  t h e  s i z e  of t h e  kamaci te  bands [Lovering, 

Nichiporuk ,  Chodos, and Brown, 1956). 

Table  I c l a s s i f i e s  

TABLE 1 

C l a s s i f i c a t i o n  of metal l ic  m e t e o r i t e s  

Type Average Helf Width of O v e r a l l  N i  
Kamacite Bands (mm) Content of 

M e t e o r i t e  ( w t  % N i )  

Coarse O c t a h e d r i t e s  (Og) >1 < 7 . 3  

Medium O c t a h e d r i t e s  (Om) .25-1 .O <lo .o 

Fine  O c t a h e d r i t  es (Of) .O25-. 25 <16 -0 

A t a x i t e s ,  P l e s s i t e  ( A )  < .025 <27 .O 
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According t o  t h e  r e s u l t s  of t he  c a l c u l a t i o n s ,  kamacite phases  i n  

m e t e o r i t e s  which have a t y p i c a l  coa r se  s t r u c t u r e  remain homogeneous t o  

about  525OC. 

remain homogeneous t o  about  475 and 400 C r e s p e c t i v e l y .  

i n  a t a x i t e s  remain homogeneous below 400 12. I n  general  t h e  t y p i c a l  f i n e  

o c t a h e d r i t e s  and a t a x i t e s  remain homogeneous t o  a tempera ture  below $50 C, 

t h e  t empera tu re  a t  which t h e  maximum N i  s o l u b i l i t y  i n  kamaci te  o c c u r s ,  

wh i l e  t h e  t y p i c a l  c o a r s e  and medium o c t a h e d r i t e s  become inhomogeneous above 

M e t e o r i t e s  which have a t y p i c a l  medium and f i n e  s t r u c t u r e  

0 0 The kamaci te  phase 

0 

0 

450°C. 

From t h e  r e s u l t s  of t h e  homogeneity c a l c u l a t i o n s  c e r t a i n  p r e d i c t i o n s  

about  t h e  r e s u l t a n t  composition g r a d i e n t s  (F igure  4) can  be  made. These 

p r e d i c t i o n s  can most e a s i l y  be d i scussed  by c o n s i d e r i n g  t h e  fo l lowing  two c a s e s  

Case I - Average s i z e d  kamacite bands ,  f i n e  o c t a h e d r i t e s ,  a t a x i t e s ,  

p l e s s i t e .  For kamaci te  bands which remain homogeneous below 450 C ,  w i th  

a h a l f  width less than  0.1 mm, t h e  N i  c o n c e n t r a t i o n  i n  kamacite should 

vary i n  t h e  fo l lowing  manner (F igure  4 ) :  

reached a maximum N i  con ten t  and a r e  homogeneous. A t  a lower t empera tu re ,  

-- -- - 
0 

0 
A t  T q 7  - 450 C ,  t h e  bands have 

T4’ t h e y  a r e  homogeneous and have a lower N i  con ten t  as g iven  by t h e  phase 

diagram. A t  t empera tu re  T D i s  so  low t h a t  N i  cannot  d i f f u s e  comple te ly  

from t h e  i n t e r i o r  of  t h e  kamaci te  phase t o  t h e  kamac i t e / t aen i t e  i n t e r f a c e .  

5 ’  cy 

This  e f f e c t  produces a N i  d e p l e t i o n  i n  t h e  kamaci te  phase  nea r  t h e  kamaci te /  

t a e n i t e  i n t e r f a c e .  

One can a l s o  p r e d i c t  t h a t :  (1) A s  t h e  h a l f  wid th  W of kamaci te  

d e c r e a s e s ,  t h e  average  N i  con ten t  i n  kamaci te  w i l l  dec rease .  I n  o t h e r  

words t h e  ‘average  s i z e d  kamaci te  phase‘  of t h e  a t a x i t e s  w i l l  have lower 

N i  c o n t e n t s  t h a n  t h e  ’average  s ized  kamaci te  phase’  i n  f i n e  o c t a h e d r i t e s .  

( 2 )  Any kamaci te  p l a t e  of h a l f  width W w i l l  have t h e  same c o n c e n t r a t i o n  



v a r i a t i o n  and average N i  c o n t e n t  no matter w h a t  m e t e o r i t e  it i s  found 

i n .  

Case I1 - Average s i z e d  kamaci te  bands,  c o a r s e  and medium o c t a h e d r i t e s .  -- - 
0 For kamaci te  bands which become inhomogeneous above 450 C ,  w i t h  a h a l f  

width greater than  0.1 m m ,  t h e  N i  c o n c e n t r a t i o n  i n  kamaci te  should vary  

i n  t h e  fol lowing manner: 

N i  c o n t e n t  given by t h e  e q u i l i b r i u m  phase diagram. 

as g iven  by t h e  phase diagram must  i n c r e a s e .  However, t h e  d i f f u s i o n  

0 
A t  T1 - 600 C ,  t h e  bands a r e  homogeneous wi th  a 

A t  T2, t h e  N i  c o n t e n t  

c o e f f i c i e n t  i s  so low t h a t  N i  cannot  d i f f u s e  completely from t h e  kamacite- 

t a e n i t e  i n t e r f a c e  i n t o  t h e  i n t e r i o r  of t h e  phase.  Therefore  a N i  g r a d i e n t  

occurs .  By temperature  T t h e  g r a d i e n t  becomes much la rger .  Below 

450 C ,  t h e  N i  c o n t e n t  a t  t h e  k a m a c i t e - t a e n i t e  i n t e r f a c e  begins  t o  d e c r e a s e .  

3 '  
0 

Because of t h i s  d e c r e a s e ,  a N i  d e p l e t i o n  n e a r  t h e  d y  i n t e r f a c e  forms ,  

This  i s  t h e  same type  of d e p l e t i o n  a s  p r e d i c t e d  f o r  t h e  f i n e  o c t a h e d r i t e s  

and t h e  a t a x i t e s .  The r e v e r s e  g r a d i e n t  which i s  p r e d i c t e d  t o  occur  from 

t h e  c e n t e r  of  t h e  kamaci te  phase towards t h e  k a m a c i t e / t a e n i t e  i n t e r f a c e  

has  never  been r e p o r t e d .  

T5 

One can f u r t h e r  p r e d i c t  t h a t :  ( 1 )  A s  t h e  h a l f  wid th  W of  t h e  

kamacite phase d e c r e a s e s ,  t h e  average N i  conten t  i n  kamaci te  w i l l  i n c r e a s e .  

This  occurs  because t h e  smaller s i z e d  kamacite p l a t e s  become inhomogeneous 

a t  a lower temperature .  Therefore  as t h e  width of t h e  ' average  s i z e d  

kamacite phase '  i n  m e t e o r i t e s  d e c r e a s e s  from t h e  mm s i z e  t o  t h e  micron 

s i z e ,  t h e  average kamaci te  composition w i l l  i n c r e a s e ,  going from c o a r s e  

t o  medium o c t a h e d r i t e s  (7-1056 Ni) and then  begin  t o  d e c r e a s e  from t h e  

f i n e  o c t a h e d r i t e s  t o  t h e  a t a x i t e s  (10-27% N i ) .  ( 2 )  Any kamaci te  p l a t e  
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of a h a l f  width W w i l l  have t h e  same concen t r a t ion  v a r i a t i o n  and average  

composi t ion no matter w h a t  m e t e o r i t e  it i s  found i n .  

Experimental  Procedure .  

probe.  The m e t e o r i t e s  and t h e i r  average N i  c o n t e n t s  are l i s t e d  i n  Table 2 .  

Eigh t  me teo r i t e s  w e r e  analyzed wi th  t h e  e l e c t r o n  

TABLE 2 

M e t e o r i t e s  analyzed i n  t h i s  s tudy  

M e t e o r i t e  Average N i  C l a s s i f i c a t i o n  Reference 
Content ( w t  %> 

Smith son i a 5 -88 H Roy and Wyant , 1950 

Canyon Diablo 7.18 o g  Lover ing ,  e t  a l ,  1956 

Carbo 8 -68 Om Pa lache  and Gonyer, 1930 

Breece 9.17 Om Henderson and P e r r y ,  1958 

Mount E d i t h  9 -40 Om Lover ing ,  e t  a l .  , 1956 

Car l ton  12 .77  Of Henderson, p r i v a t e  commun- 
i c a t i o n  

Dayton 18.10 A Henderson and P e r r y ,  1958 

Weaver Mountains 18.03 A Henderson and P e r r y ,  1951 

S e l e c t e d  s e c t i o n s  of t h e s e  me teo r i t e s  w e r e  f i r s t  mounted i n  

b a k e l i t e .  Before e l ec t ron -p robe  mic roana lys i s ,  t h e  samples w e r e  po l i shed  

through % m i c r o n  diamond p a s t e ,  t ak ing  s p e c i a l  care t o  b e  s u r e  t h a t  t h e r e  

w e r e  no apparent  he igh t  d i f f e r e n c e s  between t h e  cy and y phases .  

of t h e  kamaci te  p l a t e s  t h a t  w e r e  analyzed w a s  no t  de te rmined .  

The o r i e n t a t i o n  

An A. R .  L .  (Applied Research L a b o r a t o r i e s )  e l e c t r o n  microanalyzer  

was  used t o  measure t h e  N i  concen t r a t ions  a c r o s s  t h e  kamaci te  phases  

of  t h e  m e t e o r i t e s .  I n  making t h e  measurements two important  f a c t o r s  w e r e  



cons idered:  (1) Accuracy-accurate measurement of  t h e  t r u e  composi t ion 

of kamacite.  (2)  P r e c i s i o n - p r e c i s e  measurement of  t h e  d i f f e r e n c e s  i n  

composition f r o m  one p o i n t  t o  a n o t h e r  i n  t h e  kamaci te  phase.  

To achieve a c c u r a t e  measurement of  t h e  a b s o l u t e  kamaci te  composi t ion,  

w e l l  analyzed Fe-Ni s t a n d a r d s  were used .  The a l l o y s  and t h e  u s e  o f  t h e s e  

s t a n d a r d s  h a s  a l ready  been d e s c r i b e d  [Goldstein and O g i l v i e ,  1 9 6 5 ~ ) .  

To o b t a i n  p r e c i s i o n  of b e t t e r  than  10% one must q u a n t i t a t i v e l y  count  t h e  

X-ray i n t e n s i t y .  I n  t h i s  s tudy  long c o u n t i n g  t i m e s  w e r e  n e c e s s a r y .  

A t  least  100,000 c o u n t s  of N i  were measured i n s u r i n g  t h a t  a v a r i a t i o n  of 

b e t t e r  t h a n  1 per c e n t  of t h e  amount p r e s e n t  a t  any one p o i n t  i n  t h e  kamacite 

phase could be measured (30 - .05 w t %  N i ) .  Allowing f o r  t h e  u s u a l  i n s t a b i l i t i e s  

of  t h e  e l e c t r o n  probe ,  a more reasonable  estimate of p r e c i s i o n  i s  -.l w t %  N i .  

The beam s t a b i l i t y  was checked a f t e r  every  a n a l y s i s  of  a kamaci te  lamellae. 

I f  t h e  X-ray i n t e n s i t y  v a r i e d  more than  2% from t h e  s t a n d a r d s  t h e  d a t a  

w e r e  r e j e c t e d .  

The average composi t ion o f  a kamaci te  band w a s  computed i n  one of  

two ways: (1) Taking an average of a p o i n t  t o  p o i n t  a n a l y s i s ,  a c r o s s  t h e  

phase ;  ( 2 )  Taking an average  of o n l y  a few random p o i n t s  w i t h i n  t h e  

phase.  Although a complete g r a d i e n t  should be measured, it i s  e s t i m a t e d  

t h a t  a n  a v e r a g e  of o n l y  a few measurements w i l l  s t i l l  y i e l d  a v a l u e  of t h e  

average  N i  conten t  a c c u r a t e  t o  .25 w t %  N i .  

R e s u l t s .  Several  e l e c t r o n  probe scans  w e r e  made a c r o s s  kamaci te  bands w i t h  

a h a l f  width l e s s  t h a n  . l m m  (Case I ) .  Typical  s c a n s  a c r o s s  two kamacite 

bands i n  t h e  Car l ton  f i n e  o c t a h e d r i t e  are shown i n  F igure  5 .  The pre-  

d i c t e d  N i  g r a d i e n t s  f o r  Case I are v e r i f i e d .  The average composi t ion of  

t h e  kamaci te  decreases  as t h e  h a l f  wid th  d e c r e a s e s  from .085 mm t o  .020 mm. 
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This  v a r i a t i o n  w a s  a l s o  p r e d i c t e d  a s  a r e s u l t  of t h e  d i f f u s i o n  model, 

Seve ra l  e l e c t r o n  probe scans  were made a c r o s s  kamaci te  bands of a 

h a l f  w id th  greater than  .1 mm (Case 11). A scan a c r o s s  a kamacite band 

i n  t h e  Canyon Diablo c o a r s e  o c t a h e d r i t e  i s  shown i n  F igu re  6 .  The pre-  

d i c t e d  N i  g r a d i e n t s  f o r  Case I1 a r e  a l s o  v e r i f i e d .  A scan a c r o s s  a kamaci te  

band i n  t h e  Breece medium o c t a h e d r i t e  i s  shown i n  F igu re  7 .  This  scan a l s o  

shows t h e  r e v e r s e  g r a d i e n t  from t h e  c e n t e r  of  t h e  kamaci te  phase towards 

t h e  d y  i n t e r f a c e  and t h e  i n t e r f a c e  d e p l e t i o n ,  s t a r t i n g  50 microns from 

t h e  i n t e r f a c e .  From t h e s e  two f i g u r e s ,  one can see as p r e d i c t e d  t h a t  t h e  

ave rage  kamacite composition inc reases  f o r  t h e  ' average  s i z e d  kamacite 

bands '  from t h e  c o a r s e  t o  t h e  medium o c t a h e d r i t e s .  

Measurements of t h e  average composition of 'averaged s i z e d  kamaci te  

p l a t e s '  were made f o r  t h e  e i g h t  m e t e o r i t e s  s t u d i e d ,  The ave rag ing- t echn ique  

h a s  a l r e a d y  been desc r ibed .  These measurements and t h e  measurements of 

Reed [1964] and Shor t  and Anderson [1964] are p l o t t e d  v e r s u s  t h e  o v e r a l l  

Ni c o n c e n t r a t i o n  of t h e  m e t e o r i t e  (F igu re  8 ) .  The measurements by t h e  o t h e r  

two a u t h o r s  d i d  no t  i nc lude  t h e  Ni d e p l e t i o n  n e a r  t h e   CY/^ i n t e r f a c e  i n  

t h e i r  averaging  process .  Therefore  t h e i r  ave rag ing  p rocess  w i l l  y i e l d  

average  N i  c o n c e n t r a t i o n s  s l i g h t l y  h ighe r  t h a n  t h o s e  ob ta ined  i n  t h i s  

s tudy .  The exper imenta l  d a t a  verifies t h e  p r e d i c t i o n  t h a t  t h e  kamacite 

composi t ion w i l l  i n c r e a s e  going from c o a r s e  t o  medium o c t a h e d r i t e s  (7-10% N i )  

and then  begin t o  dec rease  from t h e  f i n e  o c t a h e d r i t e s  t o  t h e  a t a x i t e s  

(10-27% N i l  - 
The composi t ion of  kamaci te  bands smaller than  t h e  ' average  s i z e d  

kamaci te  bands , '  of t h e  me teo r i t e  w a s  measured. The r e s u l t s  o f  t h e s e  

a n a l y s e s  are shown i n  F igure  9 where t h e  average N i  c o n t e n t  of t h e  kamaci te  



phase i s  p l o t t e d  as a f u n c t i o n  of t h e  wid th  o f  t h e  phase ,  

t h rough  t h e  da t a  p o i n t s .  

o r i e n t a t i o n  of t h e  kamaci te  phase wi th  r e s p e c t  t o  t h e  po l i shed  s u r f a c e  

and t h e  u n c e r t a i n t y  i n  t h e  measurement o f  t h e  average  N i  c o n t e n t  i n  kamaci te .  

I n  t h e  Canyon Diablo m e t e o r i t e  (Og),  f o r  example,  a s  t h e  s i z e  of t h e  kamaci te  

phase dec reases  from t h a t  of t h e ' a v e r a g e  s i z e d  band ' (> l  mm) t h e  average  

n i c k e l  con ten t  i n  kamaci te  i n c r e a s e s  and t h e n  d e c r e a s e s .  I n  t h e  Car l ton  

m e t e o r i t e  (Of) a s  t h e  s i z e  of t h e  kamaci te  phase d e c r e a s e s  from t h a t  of  t h e  

ave rage  s i z e d  band (m.1 mm) t h e  average  N i  c o n t e n t  i n  t h e  kamaci te  d e c r e a s e s .  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  f o r  kamaci te  bands c h a r a c t e r i z e d  by a h a l f  

wid th  W ,  t h e  average composi t ion of t h e  phase i s  t h e  same no m a t t e r  what 

t h e  o v e r a l l  N i  con ten t  of t h e  p a r e n t  m e t e o r i t e  i s .  T h i s  r e s u l t  conf i rms  

ano the r  p r e d i c t i o n  which w a s  g iven  as a r e s u l t  of  t h e  d i f f u s i o n  model. 

D i scuss ion .  P r e d i c t i o n s  of  t h e  composi t ion v a r i a t i o n s  i n  t h e  kamaci te  

phase  of m e t a l l i c  m e t e o r i t e s  have been made based on a c o o l i n g  rate of 

2 /10 y e a r s  and t h e  low p r e s s u r e  Fe-Ni diagram. These p r e d i c t i o n s  have 

been v e r i f i e d  by e l e c t r o n  probe m i c r o a n a l y s i s .  The i n t e r f a c e  d e p l e t i o n  

i n  t h e  kamaci te  phase can  now b e  exp la ined  on t h e  b a s i s  of  t h e  newly d e t e r -  

mined Fe-Ni diagram [Golds te in  and O g i l v i e ,  1965b).  The p r e d i c t i o n  of a N i  

enr ichment  from t h e  c e n t e r  of t h e  kamaci te  phase ex tend ing  c l o s e  t o  t h e  

cU/y i n t e r f a c e  f o r  c o a r s e  and medium o c t a h e d r i t e s  h a s  been v e r i f i e d .  

i s  t h e  f i r s t  r e p o r t  o f  such a g r a d i e n t .  An e x p l a n a t i o n  o f  t h e  v a r i a t i o n  

o f  t h e  ave rage  N i  con ten t  o f  kamaci te  p l a t e s  of va ry ing  s i z e s  w i t h i n  one 

m e t e o r i t e ,  f i r s t  repor ted  by Shor t  and Anderson [1964),  has  been g iven .  

The n i c k e l  conten t  o f  t h e  kamaci te  phase i s  n o t  c o n s t a n t .  Even i f  

one n e g l e c t s  t h e  i n t e r f a c e  d e p l e t i o n  i n  kamac i t e ,  t h e  kamaci te  phase i s  

A band i s  drawn 

The band width  r e p r e s e n t s  t h e  u n c e r t a i n t y  i n  t h e  

0 6  

This 
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s t i l l  n o t  homogeneous. Therefore  t h e  on ly  p l a c e  where equ i l ib r ium c o n d i t i o n s  

e x i s t  i n  metall ic m e t e o r i t e s  a t  low tempera tures  i s  a t  t h e  kamac i t e / t aen i t e  

i n t e r f a c e .  The values of  t h e  kamacite and t a e n i t e  composi t ions a t  t h e  

kamac i t e / t aen i t e  i n t e r f a c e  [Reed, 19642' are i n  s u b s t a n t i a l  agreement w i t h  

t h e  s o l u b i l i t y  l i m i t s  of t h e  new Fe-Ni phase diagram a t  about  35OoC. 

The d i f f u s i o n  a n a l y s i s  t h a t  was used i n  t h i s  s tudy  i s  based on a 

number of approximations which l i m i t  i t s  accuracy.  It does n o t  a l low one 

t o  estimate t h e  a b s o l u t e  amount of t h e  N i  concen t r a t ion  g r a d i e n t s  o r  t h e i r  

e x t e n t .  The a n a l y s i s  i s  c o n s i s t e n t  w i th  a c o o l i n g  rate on t h e  o r d e r  

of 1 -10 /10 y e a r s  f o r  t h e  me teo r i t e s  analyzed i n  t h i s  s tudy .  This c o o l i n g  

rate i m p l i e s  e i t h e r  that metall ic m e t e o r i t e s  are formed i n  one o r  s eve ra l  

p a r e n t  a s t e r o i d a l  bodies  of t h e  s i z e  of 100-250 km i n  r a d i u s ,  o r  i n  

i s o l a t e d  metall ic areas i n  a l a r g e r  pa ren t  body coo l ing  a t  t h i s  rate. 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  provide ano the r  p i e c e  of ev idence  f o r  

t h e  case of  t h e  low p r e s s u r e  o r i g i n  of  m e t e o r i t e s .  

Conclusions.  On t h e  b a s i s  o f  a d i f f u s i o n  model and t h e  newly determined 

Fe-Ni phase diagram, t h e  fo l lowing  p r e d i c t i o n s  about  t h e  kamaci te  phase 

i n  m e t e o r i t e s  are made: 

0 0 6  

(1) The kamaci te  phase becomes inhomogeneous du r ing  t h e  coo l ing  

p rocess .  

(2) A N i  d e p l e t i o n  n e a r  t h e  a/y i n t e r f a c e  forms below 450 C. 

( 3 )  A c o n c e n t r a t i o n  g rad ien t  from t h e  c e n t e r  of t h e  kamaci te  

0 

phase towards t h e  a /y  i n t e r f a c e  forms i n  t h e  ' t y p i c a l  s i z e d  

kamacite p l a t e s '  of  coarse  and medium o c t a h e d r i t e s .  

(4) A v a r i a t i o n  i n  t h e  average N i  c o n t e n t  o f  t h e  ' t y p i c a l  s i z e d  

kamaci te  bands '  o c c u r s  wi th  t h e  o v e r a l l  N i  c o n t e n t  of t h e  m e t e o r i t e .  
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(5 )  The average composition of kamaci te  p l a t e s  of t h e  same width  i s  

t h e  same no matter what t h e  o v e r a l l  N i  c o n t e n t  of t h e  p a r e n t  

m e t e o r i t e  i s .  

These p r e d i c t i o n s  have been confirmed by e l e c t r o n  probe measurements 

of s e v e r a l  m e t a l l i c  m e t e o r i t e s .  This c o r r e l a t i o n  i s  i n  agreement w i t h  

c o o l i n g  rates of p a r e n t  b o d i e s  which form a t  low p r e s s u r e s .  
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Figure  1 - Fe-Ni Phase Diagram 

F igure  2 - Dif fus ion  Analys is  

F igu re  3 - Minimum Half Width for I n f i n i t e  D i f fus ion  i n  Kamacite vs. 

Cooling Temperature 

F igu re  4 - P r e d i c t i o n s  of Composition V a r i a t i o n s ;  Case I - Fine O c t a h e d r i t e s ,  

A t a x i t e s ,  P l e s s i t e ;  Case I1 - Coarse and Medium O c t a h e d r i t e s  

F igu re  5 - N i  Concent ra t ion  i n  t h e  Kamacite Phase of t h e  C a r l t o n  M e t e o r i t e  

F igure  6 - N i  Concent ra t ion  i n  t h e  Kamacite Phase of t h e  Canyon Diablo  

M e t e o r i t e  

F igu re  7 - N i  Concent ra t ion  i n  t h e  Kamacite Phase of t h e  Breece M e t e o r i t e  

F igu re  8 - Average N i  Concentrat ion i n  Kamacite vs. t h e  Overall N i  

Concent ra t ion  i n  t h e  Meteo r i t e  

F igu re  9 - Average N i  Concentrat ion i n  Kamacite vs .  t h e  Average Half 

Width of K a m a c i t e  f o r  Several M e t e o r i t e s  
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