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D e s p i t e  t h e  i n c r e a s e  i n  t h e  number o f  l u n a r  samples  w i t h  
t h e  compos i t ion  o f  KREEP, i t s  o r i g i n  h a s  n o t  been e s t a b l i s h e d .  
W e  have con t inued  o u r  e f f o r t s  i n  u n d e r s t a n d i n g  t h e  c r y s t a l l i z a -  
t i o n  h i s t o r y  o f  f e l d s p a t h i c  b a s a l t  14310,  A K m E P  b a s a l t ,  i n  t h e  
hopes t h a t  w e  might  a r r i v e  a t  an i n t e r p r e t a t i o n  o f  i t s  o r i g i n  
and hence t h e  o r i g i n  o f  o t h e r  l u n a r  samples  w i t h  t h e  compos i t ion  
of  KREEP. I n  a d d i t i o n  t o  o u r  d e t a i l e d  s t u d i e s  o f  t h e  pyroxenes 
and f e l d s p a r s  i n  14310 ,21 ,  t h e  i n t e r p r e t a t i o n  g iven  below i s  
based  on t h e  p a p e r s  on 14310 i n  t h e  Proceedings  o f  t h e  Th i rd  
Lunar Sc i ence  Conference and on t h e  work o f  James (1973) .  

I n  t h i s ,  a s  i n  o t h e r  l u n a r  r o c k s ,  t h e  minor e l emen t  v a r i a -  
t i o n s  i n  t h e  pyroxene and f e l d s p a r  a r e  c r i t i c a l  t o  o b t a i n  a  com- 
p l e t e  c r y s t a l l i z a t i o n  h i s t o r y .  I n  14310,  w e  have r ecogn ized  two 
g e n e r a t i o n s  o f  o r thopyroxene  based  on t h e  A1203 zoning t r e n d s .  
The f i r s t ,  o r  c o r e ,  b r o n z i t e  (En76Fs20W04) h a s  a  low (less t h a n  
2%) b u t  v a r i a b l e  A 1 2 0 3  c o n t e n t  w h i l e  t h e  s econd ,  which su r rounds  
t h e  f i r s t ,  i s  s l i g h t l y  b u t  un i fo rmly  more magnesian (En7gFs18 
W O ~ )  and h a s  h i g h e r  A1203 (up  t o  3.6%) a d j a c e n t  t o  t h e  boundary 
o f  t h e  c o r e  g r a i n s .  Outward from t h e  boundary ,  t h e  A l 2 O 3  con- 
t e n t  d rops  smoothly t o  a  l e v e l  comparable t o  t h a t  o f  t h e  c o r e  
b r o n z i t e .  Minor e l emen t s  i n  p l a g i o c l a s e  a r e  used t o  de t e rmine  
t h e  c r y s t a l l i z a t i o n  sequence by  assuming t h a t  t h e  l a t e r  p l a g i o -  
c l a s e  w i l l  have  a  h i g h e r  F e / ( ~ g + F e )  and K/Na r a t i o  due t o  con- 
c e n t r a t i o n  o f  Fe and K i n  t h e  m e l t  a s  c r y s t a l l i z a t i o n  p roceeds .  
The c o r r e l a t i o n  o f  Fe/(Mg+Fe) i n  p l a g i o c l a s e  i n  14310 t o  t h e  
p r o g r e s s i v e  d e c r e a s e  i n  g r a i n  s i z e  from mm long  b locky  g r a i n s  
t o  l a r g e ,  medium and t h e n  f i n e  t a b u l a r  c r y s t a l s  s u p p o r t s  t h e  
r e l i a n c e  on minor e lement  v a r i a t i o n  a s  a  gu ide  t o  t h e  o r d e r  o f  
c r y s t a l l i z a t i o n .  

W e  p ropose  t h e  f o l l o w i n g  i n t e r p r e t a t i o n  f o r  t h e  h i s t o r y  o f  
sample 143 10: 
1. C r y s t a l l i z a t i o n  o f  s o d i c  a u g i t e  t o g e t h e r  w i t h  t h e  f i r s t  gen- 
e r a t i o n  b r o n z i t e .  The s o d i c  a u g i t e  o c c u r s  a s  b l e b s  enc losed  
w i t h i n  t h e  c o r e  b r o n z i t e  a s  d e s c r i b e d  by H o l l i s t e r ,  e t  a1.  (1972). -- 
The e x p e r i m e n t a l  ev idence  (Walker ,  -- e t  a l .  , 1973) s u g g e s t s  t h i s  
c l i nopyroxene  may have c r y s t a l l i z e d  a t  p r e s s u r e s  a s  h i g h  a s  15  
kb .  The minute  amount o f  c l i nopyroxene  observed  and t h e  absence  
of  s p i n e l ,  which c r y s t a l l i z e s  w i t h  t h e  c l i nopyroxene  i n  t h e  

0 Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



Sample 14310 

Crawford, M . L . ,  and L.S.  H o l l i s t e r  

exper imenta l  c h a r g e s ,  sugges t s  t h e  c r y s t a l l i z a t i o n  a t  h igh  p res -  
s u r e  was p o s s i b l y  fol lowed by r e s o r p t i o n  of  e a r l y  c r y s t a l s .  The 
e a r l i e s t  p l a g i o c l a s e  may accompany t h e  c r y s t a l l i z a t i o n  o f  t h e  
c o r e  b r o n z i t e ,  b u t  t h i s  cannot  be  demonstrated;  it forms t h e  
c o r e s  of  t h e  l a r g e  blocky g r a i n s ,  h a s  t h e  lowest  Fe/(Mg+Fe) r a t i o  
(.17-.25) and t h e  h i g h e s t  a n o r t h i t e  con ten t  (An ) of any i n  t h e  

96 
rock.  The c o r e  b r o n z i t e  and t h e  c o r e  of  t h e  b locky p l a g i o c l a s e  
g r a i n s  a r e  f r e e  o f  i n c l u s i o n s  (with t h e  except ion  of  t h e  s o d i c  
a u g i t e )  i n  c o n t r a s t  t o  l a t e r  pyroxene and p l a g i o c l a s e .  
2 .  C r y s t a l l i z a t i o n  of orthopyroxene ceased b u t  growth of blocky 
p l a g i o c l a s e  cont inued.  The F e / ( ~ g + F e )  r a t i o  of t h e  p l a g i o c l a s e  
changes from -25 t o  .38 and it becomes s l i g h t l y  more s o d i c  (An ), 

92 
This  i s  i n t e r p r e t e d  t o  correspond t o  continued c r y s t a l l i z a t i o n  
of p l a g i o c l a s e  d u r i n g  t h e  r i s e  of  t h e  magma, o u t s i d e  t h e  f i e l d  
of  c r y s t a l l i z a t i o n  o f  pyroxene + p l a g i o c l a s e  (10 t o  0  k i l o b a r s ;  
Walker,  -- e t  a l .  , 1973) . 
3 .  Near t h e  o u t e r  margins o f  t h e  blocky p l a g i o c l a s e  g r a i n s  
t h e r e  i s  a  s h a r p  dec rease  i n  a n o r t h i t e  c o n t e n t  ( t o  AnB6), wi th  
no accompanying change i n  F e / ( ~ g + ~ e )  r a t i o .  This  i s  i n t e r p r e t e d  
a s  r e f l e c t i n g  t h e  i n i t i a l  e x s o l u t i o n  of  v o l a t i l e s  from t h e  m e l t  
and probably occurs  when t h e  magma i s  very c l o s e  t o  o r  a t  t h e  
s u r f a c e .  
4.  The second genera t ion  o f  orthopyroxene,  s l i g h t l y  more mag- 
nes ian  than t h e  f i r s t ,  s t a r t s  t o  c r y s t a l l i z e  a t  o r  s h o r t l y  a f t e r  
t h e  abrupt  change i n  p l a g i o c l a s e  c o n t e n t ,  accompanied by nuclea-  
t i o n  and growth o f  t h e  c o a r s e s t  of  t h e  t a b u l a r  p l a g i o c l a s e  
g r a i n s .  Small b r o n z i t e  need les  about  20 mp long and a  few rnp i n  
width a r e  enclosed w i t h i n  t h e  c o r e s  of  p l a g i o c l a s e  o f  An86 on 
t h e  r i m s  of  t h e  b locky g r a i n s .  The f i r s t  genera t ion  b r o n z i t e  
a l s o  served a s  a  n u c l e a t i o n  s i t e  f o r  t h i s  second b r o n z i t e  and i n  
a  number of p l a c e s  t a b u l a r  p l a g i o c l a s e s  have nuc lea ted  on t h a t  
boundary and a r e  enclosed i n  t h e  second b r o n z i t e .  The i n i t i a l l y  
h igh  A1203 c o n t e n t  of  t h e  second b r o n z i t e  i s  probably  due t o  
r a p i d  growth i n  a  h i g h l y  aluminous mel t .  Many o f  t h e  b r o n z i t e  
g r a i n s  t rapped m e l t  which l a t e r  c r y s t a l l i z e d  t o  p l a g i o c l a s e  with 
a  d i s t i n c t i v e  h igh  K c o n t e n t .  A s  p l a g i o c l a s e  con t inues  t o  
n u c l e a t e  and grow, i n  l a r g e  p a r t  a s  r a d i a l  aggregates  of  t a b u l a r  
g r a i n s ,  t h e  A1203 i n  t h e  b r o n z i t e  dec reases  and reaches  a  l e v e l  
equa l  t o  o r  s l i g h t l y  below t h a t  of  t h e  c o r e  b r o n z i t e  (T@120O0, 
Walker, e t  a l .  1973) .  I n d i v i d u a l  g r a i n s  of  second genera t ion  
orthopyroxene,  some w i t h  c o r e s  of  f i r s t  genera t ion  orthopyroxene, 
occur  i n  i n t e r g r o w t h s  which can b e s t  be i n t e r p r e t e d  a s  a  group 
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o f  g r a i n s  growing outward from a  common nuc lea t ion  a r e a .  When 
t h e s e  c l u s t e r s  a r e  i n t e r s e c t e d  by t h e  p lane  of a  t h i n  section t h e  
i n t e r g r a n u l a r  r e l a t i o n s  can be q u i t e  complex. 
5.  Due t o  t h e  r a p i d  i n i t i a l  growth of p l a g i o c l a s e  and pyroxene 
and consequent r e l e a s e  o f  h e a t  of  f u s i o n ,  t h e  r a t e  of  tempera- 
t u r e  dec rease  is slowed and p o s s i b l y  even reversed  l o c a l l y .  
This  i s  i n t e r p r e t e d  t o  r e s u l t  i n  complex c r y s t a l l i z a t i o n  t r e n d s  
i n  t h e  o u t e r  zones of  t h e  second b r o n z i t e .  Some con t inue  t o  
c r y s t a l l i z e  a s  or thopyroxene,  reaching composi t ions of  En60Fs36 
Wo4. James (1973) r e p o r t s  even more i r o n  r i c h  hypers thene .  
Others  zone con t inuous ly  outward t o  p i g e o n i t e  (En59Fs31Wo10) fo l -  
lowed by a u g i t e  . A number of  g r a i n s  which fo l low 
t h e  l a t t e r  t r e n d  show evidence  of  invers ion  of t h e  e a r l i e s t  p ig-  
e o n i t e  back t o  orthopyroxene wi th  accompanying e x s o l u t i o n  of  
a u g i t e  lamel lae  p a r a l l e l  t o  ( l o o ) ,  a s  d iscussed by James (1973).  
6 .  The p l a g i o c l a s e  c r y s t a l l i z a t i o n  t r e n d  s p l i t s  i n t o  two p a r t s  
a s  a  r e s u l t  of t h e  o n s e t  of l i q u i d  i m m i s c i b i l i t y  i n  t h e  remain- 
ing  melt  ( T r z c i e n s k i  and Kul ick ,  1972; Roedder and Weiblen, 
1972) .  One of  t h e  l i q u i d s  i s  enr iched i n  K ,  Ba and Na and pre-  
c i p i t a t e s  p l a g i o c l a s e  t o  An73Ab220r5 followed by a  Ba-K phase. 
The o t h e r  l i q u i d ,  d e p l e t e d  i n  t h e  above e lements ,  p r e c i p i t a t e s  
a n o r t h i t e  (Ang3Ab60rl) , high  i r o n  p i g e o n i t e ,  and f i n e  g ra ined  
plagioclase-pyroxene c l o t s .  The immiscible l i q u i d s  repor ted  by 
Roedder and Weiblen (1972) from sample 14310 may r e p r e s e n t  on ly  
t h e  f i n a l  s t a g e s  of t h i s  i m m i s c i b i l i t y .  

Our d a t a  a r e  c o n s i s t e n t  wi th  a  model of t h e  14310 mel t  
be ing  genera ted  a t  depth  ( 7  300 km) i n  t h e  moon, p a r t i a l l y  
c r y s t a l l i z i n g  dur ing  a s c e n t ,  and f i n a l l y  quenched a t  t h e  su r face .  
Based on t h e  s y s t e m a t i c ,  m u l t i p l e  h i s t o r y  r e f l e c t e d  i n  t h e  p l a -  
g i o c l a s e  and orthopyroxene zoning,  t h e  14310 mel t  i s  u n l i k e l y  t o  
have r e s u l t e d  from a  s imple quench of an impact produced m e l t .  
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