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I n  o r d e r  t o  account f o r  t h e  h igh  r e f r a c t o r y  and low v o l a t i l e  element 
concen t ra t ions  i n  l u n a r  rocks compared t o  chondr i t es ,  s e v e r a l   worker^^,^,^^^ 
have p o s t u l a t e d  t h a t  t h e  moon is  h igh ly  enr iched i n  high-temperature s o l a r  
nebula  condensates such a s  t h e  Ca-Al-rich i n c l u s i o n s  i n  t h e  Allende meteor i t e .  
Clayton e t  a l e 5  and Grossman and ~ a r i m e r ~  have c r i t i c i z e d  these  models be- 
cause o f  t h e  v a s t  d i f f e r e n c e  i n  6018 between lunar  m a t e r i a l s  and Allende in -  
c lus ions .  I n  t h i s  paper we p r e s e n t  t h e  r e s u l t s  o f  simultaneous measurements 
of 6018 and 6017 i n  l u n a r ,  t e r r e s t r i a l  and m e t e o r i t i c  m a t e r i a l s  and d i s c u s s  
t h e  o r i g i n  of t h e  moon i n  t h e  l i g h t  of these  d a t a .  

Clayton e t  a l e 7  showed t h a t  a graph of 6017 us. 6018 of anhydrous min- 
e r a l s  i n  C2 and C3 chondr i t es ,  inc lud ing  t h e  r e f r a c t o r y  i n c l u s i o n s  i n  Allende,  
i s  a s t r a i g h t  l i n e  of s l o p e  +I, l i n e  b. The s imples t  i n t e r p r e t a t i o n  of t h i s  
l i n e a r  a r r a y  i s  t h a t  the  oxygen i n  a l i  t h e  i n c l u s i o n s ,  r e g a r d l e s s  of t h e i r  
h o s t  m e t e o r i t e  o r  t h e i r  mineralogy, c o n s i s t s  of two components. One of t h e s e  
is  probably pure  016 and t h e  o t h e r  has  an i s o t o p i c  composition c l o s e  t o  
"normal" s o l a r  system oxygen. The 016 may have been incorpora ted  by t h e  con- 
densates  a s  i n t e r s t e l l a r  g r a i n s  which escaped i s o t o p i c  homogenization a t  t h e  
b i r t h  of t h e  s o l a r  system o r  i t  may have been produced i n  and e j e c t e d  from 
t h e  e a r l y  sun. at80 rel.  SMOW 
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I n  c o n t r a s t  t o  t h e  d a t a  on t h e  anhydrous i n c l u s i o n s ,  t h e  oxygen i s o t o p i c  
compositions of o rd inary  chondr i t es  and t e r r e s t r i a l  m a t e r i a l s  f a l l  a long a 
l i n e  o f  s l o p e  +1/2, l i n e  a .  This s l o p e  i s  expected f o r  samples whose i s o -  
t o p i c  compositions are r e i a t e d  through a s e r i e s  of chemical f r a c t i o n a t i o n  
processes .  The d a t a  f o r  s e v e r a l  l u n a r  s o i l s  and s o i l  b r e c c i a s ,  shown i n  
Table 1, have a mean v a l u e  of 6018 = 5.63+0,05 and 6017 = 3,8+0,2 r e l a t i v e  t o  
SMOW and appear t o  be s l i g h t l y  dep le ted  i n  016 r e l a t i v e  t o  p o i n t s  on l i n e  5. 
The oxygen i s o t o p i c  composition of t h e  l u n a r  samples cannot be a simple mix- 
t u r e  of oxygen from Allende i n c l u s i o n s  and o rd inary  chondr i t es ,  nor  can i t  be 
der ived from any such mixture by f r a c t i o n a t i o n  processes .  

Table 1 
Oxygen I s o t o p i c  Compositions of Lunar Samples 

Sample No, Descr ip t ion  6018 (SMOW~ ~ O ~ ~ ( S M O W )  
70019,lO Breccia  5.53 3.7 

S o i l  
S o i l  
S o i l  
S o i l  
S o i l  
S o i l  

The s c a t t e r  of t h e  i n c l u s i o n  d a t a  about l i n e  b i s  l a r g e r  than can be  
accounted f o r  by a n a l y t i c a l  e r r o r  and may be due to chemical i s o t o p e  e f f e c t s  
superimposed on t h e  mixing l i n e .  The sum of t h e  maximum d e v i a t i o n s  i n  6018 
on e i t h e r  s i d e  of l i n e  b f o r  d i f f e r e n t  i n c l u s i o n s  is  3.7'/00. I f  t h e  sample 
r i c h e s t  i n  chemically f r a c t i o n a t e d  018 i s  assumed t o  have condensed a t  
1 5 0 0 0 K , ~  then t h i s  d i f f e r e n c e  impl ies  a range i n  nebular  e q u i l i b r a t i o n  tem- 
p e r a t u r e s  of 1500-950°K, us ing t h e  cosmothermometer of Onuma e t  a1.' 

I f  t h e  amount of t h e  016 component i n  excess of t h a t  p resen t  i n  t h e  lu-  
na r  s o i l s  i s  s u b t r a c t e d  from t h e  i n c l u s i o n s ,  they p l o t  a long l i n e  5 over  a 
3.7O/00 range i n  8018 centered near  t h e  i n t e r s e c t i o n  of l i n e s  5 and b. The 
displacement of t h e  6018 of t h e  l u n a r  s o i l s  along 5 from t h i s  p o i n t  can be  
r e l a t e d  t o  t h e  minimum d i f f e r e n c e  between t h e  mean condensation temperatures 
of i n c l u s i o n s  and pro to lunar  m a t e r i a l s  us ing t h e  cosmothermometer. I f  t h e  
mean condensation temperature of t h e  r e f r a c t o r y  i n c l u s i o n s  i n  t h e  m e t e o r i t e s  
i s  1400°K, then t h e  mean e q u i l i b r a t i o n  temperature of a l l  t h e  m a t e r i a l  which 
acc re ted  t o  form t h e  moon i s  9 8 0 ? $ < 3 ~ ~ ,  The oxygen i s o t o p i c  composition of 
the  moon i s  thus  c o n s i s t e n t  wi th  a l a r g e  p ropor t ion  of high-temperature con- 
densates  whose oxygen i s o t o p i c  compositions a r e ,  however, q u i t e  u n l i k e  those  
of a l l  observed Allende i n c l u s i o n s  which a r e  d ramat ica l ly  enr iched i n  t h e  016 
component r e l a t i v e  t o  t h e  l u n a r  samples, The r e l a t i v e l y  low mean e q u i l i b r a -  
t i o n  temperature of t h e  moon i s  200' below t h e  condensation temperatures of 
n icke l - i ron  and magnesium s i l i c a t e s  a t  a t o t a l  p ressure  of atm, suggest -  
i n g  t h a t  these  phases c o n s t i t u t e  p a r t  of t h e  lower-temperature f r a c t i o n .  The 
very low concen t ra t ions  of r e f r a c t o r y  s i d e r o p h i l e  elements ( I r ,  O s ,  Ru) i n  
l u n a r  rocks4 compared t o  those  p r e d i c t e d  f o r  high-temperature condensates1° 
and observed i n  the  Allende i n c l u s i o n s 4  9 i n d i c a t e  a very  e f f i c i e n t  post -  
a c c r e t i o n a l  removal process ,  such a s  t h e  g r a v i t y  s e p a r a t i o n  of an Fe o r  
Fe-S melt .  
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There i s  a sugges t ion  i n  our  d a t a  t h a t  t h e  l u n a r  p o i n t s  a r e  d i sp laced  
s l i g h t l y  from t h e  t e r r e s t r i a l  chemical l i n e  2. This  may i n d i c a t e  t h a t  t h e  
moon i s  dep le ted  i n  t h e  016 component by about 2O/oo r e l a t i v e  t o  t h e  e a r t h .  

There remains t h e  problem of understanding why t h e  Allende i n c l u s i o n s  
a r e  s o  enr iched i n  t h e  016 component compared t o  t h e  r e f r a c t o r y  condensates 
which accumulated t o  form t h e  moon, This  could be  expla ined i f  t h e  moon 
formed from m a t e r i a l s  t h a t  condensed a t  a smal le r  h e l i o c e n t r i c  d i s t a n c e  than 
t h e  Allende i n c l u s i o n s .  Here, t h e  i n i t i a l  nebu la r  temperatures may have been 
s u f f i c i e n t l y  high t o  evaporate  most of t h e  p re -ex i s t ing  i n t e r s t e l l a r  g r a i n s .  
The oxygen i n  t h e  Allende m e t e o r i t e  i s  about 1% r i c h e r  i n  the  016 component 
than t h e  moon, Condensation o f  Allende would remove l e s s  than 10% of t h e  to- 
t a l  oxygen from a gas of s o l a r  composition. T o t a l  evaporat ion of t h e  i n t e r -  
s t e l l a r  g r a i n s  i n  t h e  region of t h e  nebula  where t h e  moon accre ted  would thus  
d i l u t e  t h e  016 component beyond d e t e c t i o n .  A l t e r n a t i v e l y ,  l u n a r  a c c r e t i o n  
may have occurred i n  a p a r t  of t h e  nebula  where pre-condensation g r a i n  f r a c -  
t i o n a t i o n  mechanisms may have been much more e f f i c i e n t  than i n  t h e  case  of 
Allende, I f  t h e  016 component has  a s o l a r  o r i g i n ,  then i t s  r e l a t i v e  concen- 
t r a t i o n s  i n  t h e  moon and Allende can be expla ined i f  t h e  mean s u r f a c e  a r e a /  
volume r a t i o  of t h e  Allende i n c l u s i o n s  was h igher  than t h a t  of t h e  g r a i n s  
which formed t h e  moon a t  t h e  t ime of 016 e j e c t i o n  from t h e  sun. 
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