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The c o m p o s i t i o n s  o f  m a r i a  b a s a l t s  were d e t e r m i n e d  p r i n c i p a l b  
by p a r t i a l  m e l t i n g  p r o c e s s e s  i n  t h e i r  s o u r c e  r e g i o n s  f o l l o w e d  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  n e a r  t h e  s u r f a c e .  D e t a i l e d  s t u d i e s  
of  Apo l lo  1 2  and 1 5  b a s a l t s  showed t h a t  a l i m i t e d  deg ree  o f  
n e a r - s u r f a c e  f r a c t i o n a t i o n  had  o c c u r r e d ,  c o n t r o l l e d  main ly  by 
t h e  s e p a r a t i o n  and  accumula t i on  of o l i v i n e .  The h i g h  abundances 
o f  C r  and V (which  a r e  r a p i d l y  d e p l e t e d  by n e a r - s u r f a c e  c r y s t -  
a l l i z a t i o n )  a l s o  d e m o n s t r a t e d  t h e  l i m i t e d  r o l e  o f  n e a r - s u r f a c e  
c r y s t a l l i z a t i o n .  Basalt s which were e r u p t e d  a t  t h e  l u n a r  
s u r f a c e  as p r i m a r y  l i q u i d s  and  which had s u f f e r e d  l i t t l e  o r  
n o  f r a c t i o n a t i o n  e n  r o u t e  f rom t h e i r  s o u r c e  r e g i o n s  may be  
r e c o g n i s e d  by t h e  a p p l i c a t i o n  o f  chemica l  and  p e t r o l o g i c a l  
c r i t e r i a  combined w i t h  d e m o n s t r a t i o n s  t h a t  t h e  c o r e s  o f  t h e  
e a r l i e s t  formed c r y s t a l s  a r e  i s o c h e m i c a l  w i t h  t h e  l i q u i d u s  
phase s  o f  t h e  whole r o c k  as de t e rmined  e x p e r i m e n t a l l y  (1). 

The compos i t i ons  o f  s u c h  b a s a l t s  p l a c e  c o n s t r a i n t s  upon 
t h e  compos i t i ons  o f  t h e i r  s o u r c e  r e g i o n s  which can be  e s t a b l i s h -  
e d  by d e t e r m i n i n g  e x p e r i m e n t a l l y  t h e  n a t u r e  and  compos i t i ons  o f  
n e a r - l i q u i d u s  p h a s e s  o v e r  a wide r ange  o f  P and T c o n d i t i o n s  
( 1 , 2 , 3 , 4 ) .  These  e x p e r i m e n t s  d e m o n s t r a t e  t h a t  t h e  Mg/Mg+Fe 
r a t i o  o f  t h e  s o u r c e  r e g i o n  o f  maria b a s a l t s  r a n g e s  between 0 .75  
and 0 .80 .  A n o t a b l e  f e a t u r e  i s  t h a t  p l a g i o c l a s e  does  n o t  o c c u r  
n e a r  t h e  l i q u i d u s  o f  t h e  v a s t  m a j o r i t y  o f  r e t u r n e d  b a s a l t  macro- 
specimens ( e x c e p t i o n s  a r e  12038,  Lunar 16  and some of  t h e  Apol lo  
11 o p h i t i c  b a s a l t s ) .  The marked u n d e r s a t u r a t i o n  o f  p l a g i o c l a s e  
i n  most b a s a l t s ,  p a r t i c u l a r l y  t h o s e  which can  be  demons t r a t ed  
t o  have e r u p t e d  as l i q u i d s ,  p r o v e s  t h a t  t h e  s o u r c e  m a t e r i a l  from 
which t h e y  formed by p a r t i a l  m e l t i n g  d i d  n o t  c o n t a i n  p l a g i o c l a s e .  

Measurements o f  t h e  compos i t i ons  o f  n e a r - l i q u i d u s  p h a s e s  
f rom Apo l lo  11 ,12 ,15  and 17  b a s a l t s  demons t r a t e  t h a t  t h e y  were 
formed by v a r y i n g  d e g r e e s  o f  p a r t i a l  m e l t i n g  o f  a  s o u r c e  com- 
posed  dominan t l y  o f  s u b c a l c i c  pyroxenes  w i t h  some o l i v i n e ,  a t  
p r e s s u r e s  between 1 0  and 20 kb ( 1 , 2 , 3 , 4 , 8 )   p pol lo 1 2  p a r e n t a l  
b a s a l t s  a p p e a r  t o  have  s e g r e g a t e d  a t  10-12 k b ,  1320-1370°C 
w h i l s t  Apo l lo  15 p a r e n t a l  b a s a l t s  ( i n c l u d i n g  Green G la s s  ) s eg -  
r e g a t e d  a t  15-17 kb ,  1 4 0 0 - 1 4 5 0 ~ ~ .  Composi t ions  o f  l i q u i d u s  
pyroxenes  obse rved  a t  10-20 kb on Apo l lo  11 ,12 ,15  and 17  b a s a l t s  
imply  tha t  t h e  s o u r c e  r e g i o n  c o n t a i n e d  4-5 p e r c e n t  o f  C a O  and 
A120 , i e .  a b o u t  t w i c e  t h e  c h o n d r i t i c  abundances  o f  t h e s e  com- 
poneAts .  It i s  s u g g e s t e d  that  a wide r ange  o f  o t h e r  h i g h l y  
i n v o l a t i l e  o x y p h i l e  e l e m e n t s ,  e g .  U,Th,Ba,Sr,REE,Zr,Sc a l s o  
o c c u r r e d  i n  t h e  s o u r c e  r e g i o n  a t  a p p r o x i m a t e l y  t w i c e  c h o n d r i t i c  
l e v e l s .  
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Abundances o f  i n c o m p a t i b l e  e l emen t s  ( e g .  U,Ba,La,Nb , Z r )  i n  
m a r i a  basa l t s  r a n g e  more o r  l e s s  c o n t i n u o u s l y  f rom 1 0 X  c h o n d r i t i c  
t o  l O O X  c h o n d r i t i c .  Assuming t h a t  t h e s e  e l e m e n t s  a r e  a lmos t  
comp le t e ly  p a r t i t i o n e d  i n t o  t h e  m e l t ,  t h e n  t h e i r  abundances  a r e  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d e g r e e s  o f  p a r t i a l  m e l t i n g .  Apol lo  
15  Green Glass h a s  a b u l k  compos i t i on  c l o s e l y  r e l a t e d  t o  maria 
b a s a l t s  and c o n t a i n s  i n c o m p a t i b l e  e l e m e n t s  at  a b o u t  5X c h o n d r i t i c  
l e v e l s .  E x p e r i m e n t a l  s t u d i e s  show tha t  Green G l a s s  can  be  formed 
by 40-60 p e r c e n t  o f  p a r t i a l  m e l t i n g  o f  t h e  same s o u r c e  r e g i o n  
i n f e r r e d  f rom o t h e r  maria b a s a l t s  ( 4 ) .  T h i s  a g a i n  i m p l i e s  a 
s o u r c e  r e g i o n  c o n t a i n i n g  about  t w i c e  t h e  c h o n d r i t i c  abundances  
o f  i n v o l a t i l e  e l e m e n t s .  

A s e l f  c o n s i s t e n t  model o f  maria b a s a l t  g e n e s i s  h a s  been  
c o n s t r u c t e d  on t h e  b a s i s  o f  e x p e r i m e n t a l  p e t r o l o g y  i n v e s t i g a t i o n s .  
The s o u r c e  m a t e r i a l  (Mg/Mg+Fe = 0 .75  - 0 .80 ,  C a 0 , A l  0  = 4 - 5 % )  
c o n s i s t s  o f  s u b c a l c i c  py roxenes  p l u s  some o l i v i n e .  3 ~ p o l l o  11 
and 17 b a s a l t s  r e p r e s e n t  2 t o  5 p e r c e n t  p a r t i a l  m e l t s  o f  t h i s  
s o u r c e ,  w h i l s t  Apol lo  12 b a s a l t s  r e p r e s e n t  1 0  t o  1 5  p e r c e n t  
p a r t i a l  m e l t s .  R e s i d u a l  p h a s e s  a r e  c l i n o p y r o x e n e ,  o r t hopy roxene  
+ o l i v i n e .  Apo l lo  1 5  o l i v i n e  b a s a l t s  r e p r e s e n t  10 t o  20 p e r c e n t  
p a r t i a l  m e l t s .  With i n c r e a s i n g  deg ree  o f  p a r t i a l  m e l t i n g ,  
r e s i d u a l  c l i n o p y r o x e n e  m e l t s  i n c o n g r u e n t l y  t o  ovthopyroxene p l u s  
l i q u i d .  Green Glass r e p r e s e n t s  40 t o  60 p e r c e n t  p a r t i a l  m e l t i n g  
a t  10-20 kb , - 1450°C, l e a v i n g  r e s i d u a l  o r t hopy roxene  and o l i v i n e  

The s o u r c e  compos i t i on  d e r i v e d  f o r  t h e  m a r i a  b a s a l t s  i s  
b e l i e v e d  t o  have been  o r i g i n a l l y  r e p r e s e n t a t i v e  o f  t h e  e n t i r e  
moon, which a c c r e t e d  homogeneously from m a t e r i a l  o f  t h i s  com- 
p o s i t i o n .  An e a r l i e r  i n f e r e n c e  ( 5 )  t h a t  t h e  moon may have 
a c c r e t e d  inhomogeneously  i s  abandoned.  Fo rma t ion  o f  t h e  l u n a r  
h i g h l a n d s  r e q u i r e s  a t ho rough  d i f f e r e n t i a t i o n  of t h e  ou t e rmos t  
300-400 km o f  t h e  moon, abou t  50 p e r c e n t  o f  i t s  volume. The 
h e a t i n g  r e q u i r e d  f o r  t h i s  d i f f e r e n t i a t i o n  was p r o b a b l y  s u p p l i e d  
by g r a v i t a t i o n a l  ene rgy  o f  a c c r e t i o n  ( 6 , 7 )  which i m p l i e s  a n  
a c c r e t i o n  t i m e  s c a l e  s m a l l e r  t h a n  1000 y e a r s .  Such a  s h o r t  
t ime  s c a l e  can be  a c h i e v e d  o n l y  f o r  a c c r e t i o n  f rom m a t e r i a l  i n  
e a r t h  o r b i t  - e g .  c o a g u l a t i o n  o f  a  sed iment  r i n g .  A c c r e t i o n  a s  
an i ndependen t  p l a n e t  f rom s u n - o r b i t i n g  m a t e r i a l  would be much 
t o o  s low t o  c a u s e  h e a t i n g  o f  t h e  e x t e r i o r .  

Gene ra t i on  o f  m a r i a  b a s a l t s  between 3  and 4 b . y .  ago  i s  
b e l i e v e d  t o  b e  caused  b y  h e a t i n g  from U and Th i n  t h e  deep 
i n t e r i o r  (below 400 km) which was n o t  a f f e c t e d  by t h e  e a r l y  
l u n a r  d i f f e r e n t i a t i o n .  The h e a t i n g  l e d  t o  c o n v e c t i v e  i n s t a b i l i t y  
and upward r i s e  o f  d i a p i r s  o f  p r i m i t i v e  s o u r c e  m a t e r i a l ,  accom- 
p a n i e d  by p a r t i a l  m e l t i n g .  The d i a p i r s  r o s e  t o  w i t h i n  200-400 
km of  t h e  s u r f a c e  b e f o r e  fiagma s e g r e g a t i o n  o c c u r r e d .  
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D i f f e r e n t i a t i o n  a f f e c t e d  t h e  e n t i r e  l u n a r  i n t e r i o r  below 400 km 
l e a d i n g  t o  e x t r a c t i o n  o f  U,Th and K v i a  t h e  g e n e r a t i o n  o f  b a s a l t -  
i c  magmas which were  i n t r u d e d  upwards i n t o  t h e  o u t e r  400 km. 
R e d i s t r i b u t i o n  o f  r a d i o a c t i v e  h e a t  s o u r c e s  i n  t h i s  manner c o u l d  
be  r e s p o n s i b l e  f o r  t h e  a p p a r e n t  c e s s a t i o n  of vo l can i sm  abou t  3  b.y 
ago .  Only a small p r o p o r t i o n  o f  t h e  magmas r e a c h e d  t h e  s u r f a c e .  
Most c r y s t a l l i z e d  a t  d e p t h , o f t e n  t o  form dense  e c l o g i t e  b o d i e s .  
S i n k i n g  o f  some o f  t h e s e  e c l o g i t e  b o d i e s  might  b e  connec t ed  w i t h  
c u r r e n t  s e i s m i c  a c t i v i t y .  

Tempe ra tu r e s  i n  t h e  s o u r c e  r e g i o n s  of b a s a l t  magmas between 
3 .2  and 3 . 8  b . y .  a g o  would have been i n  t h e  v i c i n i t y  o f  1250°C 
( A p o l l o  1 1 , 1 7 )  t o  1450°C ( A p o l l o  1 5 ) .  Al lowing f o r  r a d i o a c t i v e  
h e a t i n g  i n  t h e  s o u r c e  r e g i o n s  caused  by 2X c h o n d r i t i c  abundances  
o f  U,Th, and  K/U o f  2000,  t h e  t e m p e r a t u r e  i n  t h e  deep i n t e r i o r  o f  
t h e  moon soon a f t e r  i t s  f o r m a t i o n  4.6 b . y .  ago  was abou t  900- 
1 0 0 0 ~ ~ .  S i n c e  a c c r e t i o n a l  h e a t i n g  does  n o t  make a n  i m p o r t a n t  
c o n t r i b u t i o n  i n  t h e  v e r y  deep r e g i o n s  o f  t h e  l u n a r  i n t e r i o r ,  i t  
i s  conc luded  t h a t  t h e  ambien t  t e m p e r a t u r e s  i n  t h e  e a r t h ' s  
v i c i n i t y  d u r i n g  a c c r e t i o n  o f  t h e  moon must have been  h i g h  and 
p r o b a b l y  i n  t h e  r e g i o n  o f  900-1000°C. T h i s  i s  c o n s i s t e n t  w i t h  
t h e  d e p l e t i o n  o f  v o l a t i l e  e l e m e n t s  i n  t h e  l u n a r  i n t e r i o r .  

Thermodynamic c a l c u l a t i o n s  show t h a t  s i l i c a t e s  c o n t a i n i n g  
t h e  FeO/FeO+MgO r a t i o s  i n f e r r e d  f o r  t h e  deep l u n a r  i n t e r i o r  
cannot  condense  d i r e c t l y  f rom t h e  s o l a r  n e b u l a  i n  t h i s  t empera -  
t u r e  r a n g e .  The t e m p e r a t u r e s  r e q u i r e d  would be  below 3 0 0 ' ~  which 
i s  much t o o  low. It a p p e a r s  t h a t  t h e  m a t e r i a l  o f  t h e  l u n a r  
i n t e r i o r  o r i g i n a l l y  condensed ( o r  e q u i l i b r a t e d )  w i t h  a ga s  phase  
d e p l e t e d  i n  H2 r e l a t i v e  t o  H20 by one o r  two o r d e r s  o f  magni tude ,  
a s  compared t o  t h e  s o l a r  n e b u l a .  Such an env i ronment  c o u l d  have 
been p r o v i d e d  by a p r i m i t i v e  a tmosphere  "blown o f f "  from t h e  
e a r t h  ( 6 ) .  
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