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High p r e s s u r e - t e m p e r a t u r e  i n v e s t i g a t i o n s  on m a r i a  b a s a l t s  
have been u sed  t o  i n f e r  t h e  compos i t i on  o f  t h e i r  s o u r c e  r e g i o n  
and c o n d i t i o n s  o f  f o r m a t i o n  ( 1 ) .  It was conc luded  t h a t  m a r i a  
b a s a l t s  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 
p y r o x e n i t e  s o u r c e  r e g i o n  a t  d e p t h s  of  200-400 km. The abundances  
o f  Ca, A l ,  and o t h e r  e l e m e n t s  p o s s e s s i n g  h i g h l y  i n v o l a t i l e  oxides ,  
e g .  U, S r ,  B a ,  REE, were  b e l i e v e d  t o  be  p r e s e n t  i n  t h e  s o u r c e  
r e g i o n  a t  abou t  t w i c e  c h o n d r i t i c  l e v e l s .  An a c c e p t a b l e  t h e o r y  o f  
p e t r o g e n e s i s  r e l a t i n g  maria b a s a l t s  t o  t h e i r  s o u r c e  r e g i o n s  and 
b a s e d  upon mine ra logy  and ma jo r  e lement  c h e m i s t r y  must a l s o  be  
capab l e  o f  e x p l a i n i n g  t h e  minor  e l emen t  c h e m i s t r y  o f  m a r i a  
b a s a l t s .  T h i s  o b j e c t i v e  h a s  been d i f f i c u l t  t o  r e a l i z e .  

The p r i n c i p a l  minor  e l emen t  c h a r a c t e r i s t i c s  which must be  
e x p l a i n e d  a r e  as f o l l o w s :  ( A )  The abundances  o f  i n c o m p a t i b l e  
e l emen t s  ( e g .  U,Th,Sr,Ba,REE ,Z r ,Ta ,L i )  v a r y  more o r  l e s s  c o n t i n -  
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o f  a b s o l u t e  abundances ,  t h e  r e l a t i v e  abundances  w i t h i n  t h i s  group 
r a r e l y  d e v i a t e  f rom c h o n d r i t i c  r e l a t i v e  abundances  by more t h a n  
a  f a c t o r  o f  two .  Yet t h e  i n d i v i d u a l  c r y s t a l - l i q u i d  p a r t i t i o n  
c o e f f i c i e n t s  f o r  e l emen t s  w i t h i n  t h i s  group vary  c o n s i d e r a b l y ,  
e g .  t h e  c o e f f i c i e n t s  f o r  Yb and  U i n  pyroxene v a r y  by more t h a n  
100 ( 2 ) .  ( C )  Ti t an ium seems t o  behave a s  an  i n c o m p a t i b l e  e l e m e n t .  
The T i /Z r  r a t i o s  o f  h o s t  maria b a s a l t s  and Green Glass ( e x c e p t  
Ap. 1 7 )  a g r e e  w i t h  t h e  c h o n d r i t i c  r a t i o  w i t h i n  a f a c t o r  o f  two. 
(D) The magni tude o f  t h e  Eu ( a n d  S r )  anoma l i e s  show a  g e n e r a l  
t r e n d  t o  d e c r e a s e  a s  t h e  a b s o l u t e  abundances  of i n c o m p a t i b l e  
e l emen t s  d e c r e a s e ,  e g ,  t h r o u g h  t h e  sequence  Apol lo  11 h i  K ,  
Ap. 11 low K ,  Ap. 1 4 ,  Ap. 12 ,  Ap. 15 ,  Green G l a s s .  T h i s  t r e n d  i s  
a l s o  one of i n c r e a s i n g  d e g r e e  o f  p a r t i a l  m e l t i n g  ( 1 ) .  (E)Whereas 
t h e  a b s o l u t e  abundances  o f  most i n c o m p a t i b l e  e l e m e n t s  v a r y  by 
more t h a n  t e n f o l d  i n  maria b a s a l t s ,  t h e  abundances  o f  S r  v a r y  
o n l y  ove r  a t h r e e f o l d  r a n g e .  (F) Many b a s a l t s  e x h i b i t  s i g n i f i c a n t  
( m o s t l y  1 2 f o l d )  d e p l e t i o n  o f  l i g h t  r a r e  e a r t h s  r e l a t i v e  t o  
i n t e r m e d i a t e  REE. ( G )  Many m a r i a  b a s a l t s  have Rb/Sr model age s  o f  
abou t  4 . 5  b  . y .  whereas  t h e i r  c r y s t a l l i z a t i o n  ages  a r e  3 .2  - 3 . 8  b.y. 

S e v e r a l  h y p o t h e s e s  have a t t e m p t e d  t o  e x p l a i n  t h e  above 
c h a r a c t e r i s t i c s .  One p r o p o s e s  t h a t  m a r i a  b a s a l t s  were formed by 
v a r y i n g  d e g r e e s  o f  e q u i l i b r i u m  p a r t i a l  m e l t i n g  o f  a  s o u r c e  m a t -  
e r i a l  c o n t a i n i n g  i n c o m p a t i b l e  e l e m e n t s  a t  s e v e r a l  t i m e s  chond- 
r i t i c  l e v e l s  and i n  which p l a g i o c l a s e  was an i m p o r t a n t  component 
( e g .  3 ) .  Th i s  model f a i l s  s i n c e  major  e l emen t  phase  e q u i l i b r i a  
demons t r a t e  t h a t  p l a g i o c l a s e  was n o t  p r e s e n t  i n  t h e  s o u r c e  r e g i o n  
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of most mar ia  b a s a l t s  d u r i n g  p a r t i a l  m e l t i n g  ( 1 ) .  Moreover, i n  
view of t h e  very d i f f e r e n t  c r y s t a l - l i q u i d  p a r t i t i o n  c o e f f i c i e n t s  
f o r  many incompat ib le  e l emen t s ,  i t  i s  d i f f i c u l t  t o  e x p l a i n  t h e  
s m a l l  degree of f r a c t i o n a t i o n  w i t h i n  t h l s  group over  a  20-fold 
t o t a l  range of a b s o l u t e  abundances.  Some p rev ious  a t t empts  t o  
achieve  t h i s  have used d o u b t f u l  p a r t i t i o n  c o e f f i c i e n t s  (eg .  4), 
and p o s t u l a t e d  m i n e r a l  assemblages which were n o t  p e r m i t t e d  by 
phase e q u i l i b r i u m  d a t a .  F i n a l l y ,  t h e  model does not  r e a d i l y  
e x p l a i n  c h a r a c t e r i s t i c s  C,F and G above. 

According t o  a second hypo thes i s  ( e g . 5 ) ,  mar ia  b a s a l t s  
were formed by e q u i l i b r i u m  p a r t i a l  m e l t i n g  of  pyroxene-r ich 
cumulates which under lay  and were complementary t o  t h e  h ighland 
a n o r t h o s i t i c  c r u s t .  This model can e x p l a i n  t h e  presence  of Eu 
(and S r )  anomal ies ,  t h e  absence of p l a g i o c l a s e  on t h e  l i q u i d u s  
of mar ia  b a s a l t s ,  t h e  moderate d e p l e t i o n s  of  t h e  l i g h t  r a r e  
e a r t h s  and t h e  4.5 b . y .  model ages .  There a r e  s e r i o u s  d i f f i -  
c u l t i e s  however. The model does not  e x p l a i n  t h e  c o r r e l a t i o n  
between t h e  magnitude of t h e  Eu anomaly and t h e  l e v e l  of abund- 
ances of incompa t ib l e  e lements ,  t h e  i n f e r e n c e  t h a t  t h e  anomaly 
dec reases  a s  t h e  e x t e n t  of p a r t i a l  m e l t i n g  i n c r e a s e s  and t h a t  
f o r  l a r g e  degrees  of p a r t i a l  m e l t i n g  t h e  anomaly almost  d i s -  
appea r s ,  implying  t h a t  t h e  source  r eg ion  of  mar ia  b a s a l t s  d i d  
no t  p o s s e s s  an i n t r i n s i c  anomaly ( 1 , 2 ) .  The model a l s o  encounters  
d i f f i c u l t i e s  i n  e x p l a i n i n g  c h a r a c t e r i s t i c s  A and B above. It i s  
hard  enough t o  e x p l a i n  t h e s e  w i t h  a  s i n g l e  s t a g e  of p a r t i a l  melt-  
i n g  of  r e l a t i v e l y  p r i m i t i v e  m a t e r i a l .  To propose t h a t  p a t t e r n s  
A and B above can be exp la ined  by p a r t i a l  me l t ing  of once- 
f r a c t i o n a t e d  cumulates i s  s c a r c e l y  c r e d i b l e .  Moreover, i t  i s  
d i f f i c u l t  t o  provide  accep tab le  h e a t  sources  f o r  m e l t i n g  r e -  
f r a c t o r y  cumula tes .  Most of t h e  o r i g i n a l  U and Th w i l l  be i n  
t h e  h igh land  c r u s t ,  no t  i n  t h e  cumulate l a y e r .  The h igh  T i  
c o n t e n t s  of  many mar ia  b a s a l t s  a r e  unexplained s i n c e  experiments  
show t h a t  T i  i s  a  l a t e - c r y s t a l l i z i n g  component and e n t e r s  e a r l y  
cumulates only i n  minor amounts. Other  c h a r a c t e r i s t i c s  unexplain-  
ed  by t h i s  model a r e  C and E above. 

D i f f i c u l t i e s  w i t h  t h e  above bulk  e q u i l i b r i u m  models sugges t  
e x p l o r a t i o n  o f  s u r f a c e  o r  l o c a l  e q u i l i b r i u m  models ( 2 ) .  We pro-  
pose ( a )  t h a t  t h e  bulk  of t h e  incompat ib le  elements  i n  t h e  source  
r eg ion  ( i n c l u d i n g  R b ,  K) a r e  l o c a t e d  i n  accessory  m i n e r a l s .  ( b )  
t h a t  most of t h e  Eu and common S r  a r e  l o c a t e d  i n i t i a l l y  i n  a  
r e f r a c t o r y  phase and t h a t  on ly  l i m i t e d  e q u i l i b r i u m  i s  reached s o  
t h a t  most of t h e  r a d i o g e n i c  S r  remains i n  t h e  low m e l t i n g  access-  
ory Rb,K phase ,  ( c )  t h a t  d u r i n g  p a r t i a l  me l t ing ,  t h e  accesso ry  
mine ra l s  c o n t a i n i n g  t h e  incompat ib le  elements  and S r  87 e n t e r  
t h e  f i r s t  increment  of l i q u i d  i n  t o t o .  This increment  i s  irnmed- 
i a t e l y  seg rega ted  from t h e  system. With f u r t h e r  degrees  o f  
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m e l t i n g ,  t h i s  l i q u i d  i s  d i l u t e d  by major  e l e m e n t s  f rom t h e  pyro-  
x e n i t e  s o u r c e  w h i l s t  Eu and S r  a r e  c o n t r i b u t e d  by p a r t i a l  m e l t i n g  
of t h e  r e f r a c t o r y  p h a s e .  

An e a r l y  v e r s i o n  o f  t h i s  model p r o p o s i n g  t h a t  t h e  t r i v a l e n t  
REE were c o n t a i n e d  i n  a c c e s s o r y  phospha t e s  whereas  S r  and  Eu were 
p a r t i t i o n e d  i n  pyroxenes  e x p l a i n e d  i n  p r i n c i p l e ,  c h a r a c t e r i s t i c s  
A,B,D,E and G above ( 2 ) .  However C was u n e x p l a i n e d  and t h i s  v e r -  
s i o n  o f  t h e  model r e q u i r e s  m o d i f i c a t i o n .  An e x t e n d e d  h y p o t h e s i s  
i s  p r e s e n t e d  below.  

We c o n s i d e r  t h a t  t h e  moon a c c r e t e d  f rom m a t e r i a l  which had 
u l t i m a t e l y  formed by f r a c t i o n a l  c o n d e n s a t i o n  from a ga s  phase  o f  
a p p r o p r i a t e  compos i t i on .  The e s s e n t i a l  members o f  t h e  condensa t im  
sequence  w i t h  f a l l i n g  t e m p e r a t u r e  were p e r o v s k i t e ,  m e l i l i t e ,  
f o r s t e r i t e ,  e n s t a t i t e ,  a l k a l i  f e l s p a r  ( 6 ) .  A s  t h e  g a s  c o o l e d  o v e r  
an ex t ended  p e r i o d  ( >  100 y e a r s )  l a r g e  megac rys t s  ( >  1 m e t r e ) w e r e  
formed. Trace  e l e m e n t s  were p a r t i t i o n e d  i n t o  t h e s e  p h a s e s  a cco rd -  
i n g  t o  e q u i l i b r i u m  c o n d e n s a t i o n  and c r y s t a l  c h e m i c a l  r e l a t i o n -  
s h i p s .  The f o l l o w i n g  p r e d i c t i o n s  can be made on t h e s e  g rounds :  
t r i v a l e n t  REE would main ly  e n t e r  p e r o v s k i t e ,  most o f  t h e  Eu and 
S r  would e n t e r  m e l i l i t e  t o g e t h e r  w i t h  an a p p r e c i a b l e  p r o p o r t i o n  
o f  l i g h t  REE, Rb would e n t e r  a l k a l i  f e l s p a r .  The moon a c c r e t e d  
f rom a  m i x t u r e  o f  t h e s e  c o n d e n s a t e s  t o  form a d i s e q u i l i b r i u m  
m i n e r a l  a ssemblage  w i t h  a  b u l k  compos i t ion  s imilar  t o  t h a t  o f  t h e  
~ v r o x e n i t e  s o u r c e  r e g i o n  o f  m a r i a  b a s a l t s  (1). 

A f t e r  h e a t i n g  deep i n  t h e  l u n a r  i n t e r i o r ,  s o l i d  s t a t e  r e a c -  
t i o n  o c c u r r e d  a round  megac rys t  bounda r i e s  t o  form an e q u i l i b r i u m  
p y r o x e n i t e  ( 1 )  c o n t a i n i n g  l a r g e  u n r e a c t e d  c o r e s  of r e f r a c t o r y  
m e l i l i t e  ( o r  i t s  h i g h  p r e s s u r e  d e r i v a t i v e s )  and p e r o v s k i t e .  The 
l a t t e r  m i n e r a l  r e a d i l y  forms low m e l t i n g  p o i n t  l i q u i d s  when i n  
c o n t a c t  w i t h  pyroxenes  whereas  m e l i l i t e  remains  r e l a t i v e l y  i n e r t .  
A s  p a r t i a l  m e l t i n g  commenced, a l l  t h e  p e r o v s k i t e  and  o t h e r  low 
m e l t i n g  phase s  ( e g .  a l k .  f e l s p a r )  e n t e r e d  t h e  f i r s t  l i q u i d  which 
t h e r e b y  r e c e i v e d  most o f  t h e  i n c o m p a t i b l e  e l e m e n t s  ( e x c e p t  Eu, 
S r )  p r e s e n t  i n  t h e  s o u r c e  r e g i o n .  Th i s  l i q u i d  was withdrawn as i n  
t h e  e a r l i e r  model and  d i l u t e d  by l i q u i d s  r e s u l t i n g  from f u r t h e r  
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  t h e  e q u i l i b r i u m  p y r o x e n i t e .  R e f r a c t r  
o r y  m e l i l i t e  c o r e s  were g r a d u a l l y  consumed, t h e r e b y  s u p p l y i n g  
r e l a t i v e l y  c o n s t a n t  amounts o f  Eu and S r  t o  l i q u i d s  s o  p roduced .  
It i s  s u g g e s t e d  t h a t  t h i s  model ,  i n  p r i n c i p l e ,  i s  capab l e  o f  
e x p l a i n i n g  c h a r a c t e r i s t i c s  A,B,C,D,E ,F,G above .  REFERENCES: 
( 1 )  A.E.Ringwood & D.Green, T h i s  volume page L . (-2-)A. Graham & 
A .  Ringwood, E a r t h  P l a n e t .  S c i .  L e t t .  1 3  105 ,  1971.  ( 3 ) . P . G a s t  
e t  . a l .  P roc .  Apol lo  11 Lunar  S c i .  ~ o n f ~ i ,  1143,  1970.  (4) P.Gast  
The Moon, - 5 ,  1972 ( 5 )  S c h n e t z l e r  & P h i l p o t t s ,  P roc .  2nd Lunar 
S c i .  Conf. 2 ,  1101 ,  1971,  ( 6 )  L. Grossman, Geochim. Cosmochim. 
Ac ta .  36, 597,  1972.  
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