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Problems a s s o c i a t e d  wi th  t h e  meta l  phase i n  lunar  rocks a r e  major.  The 
meta l  phase i n  l u n a r  l avas  i s  o f t e n  i n  a  m e t a l l i c  i r o n - t r o i l i t e  a s s o c i a t i o n  
def ined by t h e  e u t e c t i c  r e l a t i o n s h i p  of B r e t t  and B e l l  ( 1 ) .  However, me- 
t a l l i c  phases i n  s o i l s  and b r e c c i a s  a r e  no t  s o  simply expla ined.  These meta l  
phases c o n t a i n  v a r y i n g  amounts of n i c k e l  and c o b a l t  and a r e  a s s o c i a t e d  wi th  
s c h r e i b e r s i t e  and t r o i l i t e ,  depending on the  bu lk  concen t ra t ion  of phos- 
phorus and su lphur  i n  the  assemblage. The o r i g i n  of the  meta l  phase i n  s o i l s  
and b r e c c i a s  could be lunar ,  m e t e o r i t i c ,  o r  could be t h e  r e s u l t  of annea l ing  
and d i f f u s i o n  d u r i n g  l a t e r  processes  i n  the  lunar  r e g o l i t h .  

The p r o b a b i l i t y  of e i t h e r  a  lunar  o r  m e t e o r i t i c  o r i g i n  of a  given meta l  
phase assemblage has  been p rev ious ly  assessed  on the  b a s i s  of the  Ni-Co-Fe 
r a t i o  of t h e  i r o n  a l l o y  ( 2 ) .  Furthermore, the  v e r y  f r a c t i o n a t i o n  h i s t o r y  
of a n o r t h o s i t e  rocks has  been pos tu la ted  on t h e  b a s i s  of meta l  phase com- 
p o s i t i o n .  I n  the  p r e s e n t  s tudy  t h e  problem of t h e  chemis t ry  of the  metal  
phase has  been addressed by s tudy ing  meta l  phases, i n  rocks wi th  t h r e e  
fundamental c h a r a c t e r i s t i c s  : 1) the  rocks c o n t a i n  so -ca l l ed  "lunar" metal  
phases ;  2) the  rocks a r e  b r e c c i a s  and c o n t a i n  so -ca l l ed  "meteor i t ic"  metal  
phases i n  r e s t r i c t e d  zones;  3)  the  rocks have been heated by con tac t  wi th  
molten rock of d i f f e r e n t  bulk  composit ion.  The purpose has  been t o  de- 
termine evo lu t ionary  s t e p s  i n  t h e  meta l  composit ion t h a t  occurred i n  r e -  
sponse t o  r e g o l i t h  h e a t i n g  p rocesses .  With t h i s  o b j e c t i v e ,  Apollo 16 rock 
60015 se rves  a s  a n  e x c e l l e n t  example f o r  t h i s  d i s c u s s i o n .  This rock has 
been " c l a s s i f i e d "  wi th  the  f i r s t  two c h a r a c t e r i s t i c s  above (2), and i s  a n  
a n o r t h o s i t i c  b r e c c i a ,  coated w i t h  a  r ind  of g l a s s y  quench product,  r i c h  i n  
i r o n  and magnesium. A l i q u i d  cons ide rab ly  more mafic than the  a n o r t h o s i t i c  
b recc ia  has  hea ted  t h e  b r e c c i a  and has  reac ted  wi th  i t  i n  a  narrow zone 
dur ing f r e e z i n g  t o  a  v i t r i c  t e x t u r e  of g l a s s ,  c r y s t a l ,  and meta l .  

The metal  phases cons i s  t of m e t a l l i c  i ron ,  i ron-n icke l -coba l t  a l l o y ,  and 
va ry ing  amounts of t r o i l i t e  and s c h r e i b e r s i t e .  The occurrence i s  i n  the  
form of spheres  o r  subpheres (diameter range 0.001-50.0 pm wi th  most l e s s  
than 5 pm), and it i s  ev iden t  t h a t  t h e  meta l  phases were l i q u i d  i n  most 
cases .  The mafic r i n d  c o n s i s t e d  of a  two-liquid assemblage, a s  d id  the  
melted r e a c t i o n  zone wi th  a n o r t h o s i t e .  The range i n  c o b a l t  con ten t  i s  ap- 
proximately 0.01-1.5 weight percent ,  and given t h e  high frequency of me- 
t a l l i c  g r a i n s  l e s s  than  5  pm i n  d iameter ,  t h e  r e s u l t i n g  a n a l y t i c a l  uncer-  
t a i n t y  i n  c o b a l t  de te rmina t ion  makes c o b a l t  a  poor i n d i c a t o r .  However, 
n i c k e l  (and, t o  a  l e s s e r  e x t e n t  s u l f u r  and phosphorus) s e r v e s  a s  a n  ex- 
c e l l e n t  i n d i c a t o r  of chemical r e a c t i o n  dur ing r e g o l i t h  h e a t i n g  because 
n i c k e l  ranges i n  concen t ra t ion  between approximately 0  and 30 weight per-  
c e n t .  The process  i s  one of nonequil ibrium dur ing  quenching. While such 
a  process  tends t o  d i s p e l 1  t h e o r i e s  t h a t  l i n k  meta l  composit ion t o  the  
p r e - b r e c c i a t i o n  h i s t o r y  of lunar  a n o r t h o s i t e  formation,  t h e  ve ry  r a p i d i t y  
of the  quench has  preserved hard evidence of a  major p rocess  i n  the  lunar  
r e g o l i t h .  

The m e t a l l i c  phase i n  t h e  va r ious  p a r t s  of 60015 can be c lassed  a s  fo l lows:  
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a )  h igh  n i c k e l  (b) in te rmedia te  t o  low n i c k e l  c)  g r a d a t i o n a l  n i c k e l  d )  t r o i -  
l i t e  c o n t a i n i n g  assemblages e )  s c h r e i b e r s i t e  con ta in ing  phases .  Analys is  of 
the  meta l  phase is used t o  suppor t  p o s t u l a t i o n  of the  fo l lowing processes :  
1)  two l i q u i d  r e a c t i o n  wi th  a  t h i r d  a n o r t h o s i t i c  l i q u i d  r e s u l t s  g e n e r a l l y  i n  
the  m e t a l l i c  phase be ing  r e l a t i v e l y  "enriched" i n  n i c k e l ;  2) growth of t h e  
m e t a l l i c  phase fo l lows the  p a t t e r n  of be ing  f i r s t  h igh i n  n i c k e l  and l a t e r  
low i n  n i c k e l ,  c o n s i s t e n t  wi th  t h e  thermodynamics of a  s i l i c a t e  l i q u i d - i r o n -  
n i c k e l  system; 3) su lphur  r e a c t i o n s  t o  produce t r o i l i t e  i n  t r a n s i e n t  e q u i l i -  
brium w i t h  i r o n  a l l o y  a r e  two f o l d :  a )  me ta l - r i ch  l i q u i d  ga ins  su lphur  from 
mafic o r  a n o r t h o s i t i c  l i q u i d  r e s u l t i n g  i n  r e l a t i v e l y  h igh n i c k e l  concentra-  
t i o n  i n  t h e  a l l o y ;  b) me ta l - r i ch  l i q u i d  l o s e s  su lphur  t o  ma£ i c  o r  anor tho-  
s i t i c - l i q u i d  r e s u l t i n g  i n  r e l a t i v e l y  low n i c k e l  concen t ra t ion  i n  the  a l l o y ;  
4)  p r e c i p i t a t i o n  of m e t a l l i c  i r o n  by r e g o l i t h  h e a t i n g  of a n o r t h o s i t i c  f r a g -  
ments which had o r i g i n a l l y  c r y s t a l l i z e d  a t  h igher  temperatures  (and appro- 
p r i a t e l y  lower oxygen f u g a c i t i e s )  . 

Documentation of t h e  above p rocesses  on the  b a s i s  of n i c k e l  and su lphur  
con ten t  provide  convincing evidence t h a t  c o b a l t  and phosphorus behave i n  a  
s i m i l a r  way. The r e g o l i t h  h e a t i n g  process  is e v i d e n t l y  major i n  the  pro- 
d u c t i o n  of meta l  phases i n  t h e  l u n a r  s u r f a c e .  M e t e o r i t i c  meta l ,  i f  p r e s e n t ,  
l o s e s  i t s  chemical i d e n t i t y  i n  t h e  process ,  and a  range of  meta l  phase com- 
p o s i t i o n s  r e s u l t .  
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