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R e c e n t  h y p o t h e s e s  f o r  t h e  o r i g i n  of u r e i l i t e s  ( c a r b o n a c e o u s  o l i v i n e  
pyroxene achondr i t e s )  p o r t r a y  t h e s e  r o c k s  a s  p r i m a r i l y  i g n e o u s  u l t r a m a f i c  
a s s e m b l a g e s  formed by f r a c t i o n a l  c r y s t a l l i z a t i o n  and s i l i c a t e  m i n e r a l  
a c c u m u l a t i o n  i n  t h e  upper  c r u s t a l  r e g i o n s  of t h e  p a r e n t  body [ 1 ,2 ] .  A s  a  
f i r s t  approximation t h i s  hypothes is  s u c c e s s f u l l y  accounts f o r  gross  t e x t u r a l  
f e a t u r e s  and c e r t a i n  minera l  composi t ion p r o p e r t i e s  and t r e n d s  [1,2,3,4] but  
l e s s  adequate ly  accounts f o r  more ~ r o b l e m a t i c  f e a t u r e s  such as ( i )  t h e  o r i g i n  
of  c a r b o n a c e o u s  m a t r i x  ( C - m a t r i x ;  m a i n l y  g r a p h i t e  w i t h  minor  d iamond 
l o n s d a l i  t e ) ,  ( i i )  V-shaped c h o n d r i t e - n o r m a l i z e d  REE p a t t e r n s  [ 5 ] ,  and ( i i i )  
h i g h  p l a n e t a r y - t y p e  n o b l e  g a s  c o n t e n t s  [ 6 , 7 ] .  We have e v a l u a t e d  t h e s e  
p r o b l e m s  u s i n g  e l e c t r o n  m i c r o p r o b e ,  n e u t r o n  a c t i v a t i o n ,  and p e t r o g r a p h i c  
d a t a ,  and t h e r m o c h e m i c a l  c a l c u l a t i o n s  b e a r i n g  on t h e  n a t u r e  and p h y s i c a l  
s i g n i f i c a n c e  of r edox  r e a c t i o n s  f o r  a  c a r b o n  s a t u r a t e d  s i l i c a t e  m e l t  i n  
e q u i l i b r i u m  with  maf ic  s i l i c a t e  m i n e r a l s  and g raph i t e .  We conclude t h a t  the  
p r o b l e m s  and f e a t u r e s  c i t e d  above can  be a d e q u a t e l y  e x p l a i n e d  w i t h i n  t h e  
conceptual  framework of a  closed-system cumulate body. 

Competing hypotheses f o r  the  o r i g i n  of C-matrix i n  u r e i l i t e s  include (a) 
f o r c e f u l  s o l i d  s t a t e  c a r b o n  i n j e c t i o n ,  p o s s i b l y  d u r i n g  an i m p a c t  e v e n t  
[ 2 , 5 , 7 , 8 ]  a n d  ( b )  p r i m a r y  i n t e r c u m u l u s  i n c o r p o r a t i o n  d u r i n g  i g n e o u s  
c r y s t a l l i z a t i o n  and cumulate fo rmat ion  [ 1,4]. The problems of REE and noble  
gas  p a t t e r n s  a r e  i n t i m a t e l y  a s s o c i a t e d  wi th  the  o r i g i n  of C-matrix, thus [ 5 ]  
concluded t h a t  LREE enrichments a r i s e  by s e c o n d a r y  LREE i n t r o d u c t i o n  a l o n g  
w i t h  i n j e c t e d  C-matrix and [7] proposed a  s i m i l a r  mechanism f o r  incorpora t ing  
p l a n e t a r y  noble gases. I t  i s  improbable t h a t  C-matrix entered u r e i l i t e s  by 
f o r c e f u l  i n j e c t i o n  a s  d e t a i l e d  by [ I ] .  T h i s  c o n c l u s i o n  i s  f u r t h e r  
c o r r o b o r a t e d  by new m i c r o p r o b e  d a t a  showing  q u a l i t a t i v e  i n d i c a t i o n s  of  
s i g n i f i c a n t  C i n  u r e i l i t e  kamaci te  and kamaci te-sul f ide  spherules  of igneous 
o r i g i n .  F u r t h e r m o r e ,  d e l i c a t e  g r a p h i t e  c r y s t a l s  (F ig .  1)  o b s e r v e d  i n  g r a i n  
boundary i n t e r s t i c e s  and as i n c l u s i o n s  i n  s i l i c a t e  g ra ins  i n  the  v i r t u a l l y  
unshocked (e.g., no diamonds) u r e i l i t e  ALHA78019 suggest  t h a t  most g r a p h i t e  
c r y s t a l l i z e d  i n  s i t u  from intercumulus  l iqu id .  This observat ion e f f e c t i v e l y  
precludes  v i o l e n t  carbon i n j e c t i o n  i n t o  u r e i l i t e s .  

However secondary i n t r o d u c t i o n  may be required t o  exp la in  the  enrichment 
o f  LREE s i n c e  no known s i n g l e - s t a g e  p r i m a r y  mechanism c o u l d  p r o d u c e  t h e  
h i g h l y  f r a c t i o n a t e d  V-shaped REE p a t  t e r n s  i n  u r e i l i t e s  [ 5 , 1 ] .  I r v i n e  [ 91 
r e c e n t l y  s t r e s s e d  the  requirement t h a t  r e l a t i v e l y  r a r e  adcumulate fo rmat ion  
i n  t e r r e s t r i a l  layered i n t r u s i o n s  i s  accompanied by s i g n i f i c a n t  i n f i l t r a t i o n  
of- and r e a c t i o n  w i t h -  t h e  u n c o n s o l i d a t e d  c u m u l a t e  p i l e  by l o w e r - l e v e l  
s i l i c a t e  f l u i d s .  U r e i l i t e s  a r e  adcumulates,  thus  by analogy t o  t e r r e s t r i a l  
sys tems,  they may have acquired t h e i r  LREE, noble gas,  and some C content  by 
i n f i l t r a t i o n  metasomatism from below. The low abso lu te  abundances of REE [ 5 ]  
a l s o  stem from the  adcumulate n a t u r e  of u r e i l i t e s  because adcumulates c o n t a i n  
l i t t l e  or  no m a t e r i a l  r e p r e s e n t i n g  REE-rich in tercumulus  l iquid .  LREE [ 51 
and n o b l e  g a s e s  [ 7 ]  a r e  c o n c e n t r a t e d  i n  t h e  C-mat r ix  of  u r e i l i t e s , a  f a c t o r  
t h a t  i s  c o n s i s t e n t  w i t h  s e c o n d a r y  i n t e r g r a n u l a r  i n t r o d u c t i o n  of  t h e s e  
components, poss ib ly  i n  the  manner desc r ibed  above. 
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Given  t h a t  c a r b o n  c o n s t i t u t e d  a  s i g n i f i c a n t  component in  the  u r e i l i t e  
parent  mel t  as  we propose, we have c a l c u l a t e d  the  e f f e c t  of C on Fe/Mg r a t i o s  
i n  m a f i c  s i l i c a t e  m i n e r a l s  ( u s i n g  o l i v i n e  a s  r e p r e s e n t a t i v e )  f o r  
p e t r o l o g i c a l l y  r e l e v a n t  t e m p e r a t u r e s  (1200 and 1 6 0 0 ' ~ ) .  A t  f i x e d  T and 
m e l t  c o m p o s i t i o n ,  o l i v i n e  c o m p o s i t i o n  i s  l a r g e l y  c o n t r o l l e d  by oxygen 
f u g a c i t y  (see  [ l o ] )  according t o  the  r e a c t i o n  MgSio - 5  02 (01) + FeSi0 -1; 02(01)= 
Fe(meta1)  + 0.5 02(g) + MgSi03(px). I n  a  g r a p h i t e - b e a r i n g  s y s t e m  £02 i s  
d o m i n a t e l y  c o n t r o l l e d  by a  r e a c t i o n  s i m i l a r  t o  3C(s) + 202(g) = 2CO(g)+ C02 
(g) ( f o r  Pt= 2). This  e q u i l i b r i u m  a l lows  c a l c u l a t i o n  of £02 f o r  any 
g i v e n  P,T ? F i g .  2). C a l c u l a t e d  £02 i n  e q u i l i b r i u m  w i t h  known 
u r e i l i t e  o l i v i n e  c o m p o s i t i o n s  a r e  p l o t t e d  i n  F i g .  2  and y i e l d  rough t o t a l  
p r e s s u r e  e s t i m a t e s  of  < 25 ba rs ,  c o n s i s t e n t  w i t h  previous e s t i m a t e s  [1,81 of 
r e l a t i v e l y  low pressures  of format ion. Assuming an approach t o  e q u i l i b r i u m  
c o n d i t i o n s  ( r e a s o n a b l e ,  c o n s i d e r i n g  e q u i l i b r a t e d  s i l i c a t e s )  theC-CO-C02 
r e a c t  i o n  s h o u l d  f i x  ma£ i c  s i l i c a t e  c o m p o s i t i o n s  f o r  a  g i v e n  T and m e l t  
composit  ion ,  prevent ing "runaway reduc t  ion" of the  magmatic system. 
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F i g .  1. Schematic s k e t c h  of t e x t u r a l  
r e l a t i o n s h i p s  i n  C-matrix a r e a s  i n  
ALHA78019. 

pt bars 

Fig.  2 .  Equi l ibr ium curves  f o r  
system C-CO-C02 a t  1200 and 1600°K. 
Dashed lines show f 0 2  i n  e q u i l i b r i u m  
w i t h  o l i v i n e  ( F o ~ ~ )  and corresponding 
P of format ion a t  s p e c i f i e d  T ' s .  
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