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S u b s t a n t i a l  mel t ing  o f  t h e  moon must have occurred very e a r l y  i n  i t s  
evo lu t ion  i n  o rder  t o  have generated t h e  l u n a r  h ighlands .  Subsequent p a r t i a l  
mel t ing must have occurred between about 3.8 BYbp and 3.0 BYbp i n  o rder  t o  
have produced t h e  mare b a s a l t s .  I n  t h i s  paper we consider  a l t e r n a t i v e  mecha- 
nisms f o r  producing t h e  magma and t h e  i n f l u e n c e  of magma migrat ion.  We 
conclude t h a t  r a d i o a c t i v e  h e a t i n g  i s  u n l i k e l y  t o  have produced t h e  magmas 
a s s o c i a t e d  wi th  t h e  mare b a s a l t s .  

Mel t ing w i t h i n  t h e  m o n  could have occurred w i t h  o r  wi thout  s o l i d  s t a t e  
convection.  Without s o l i d  s t a t e  convection l o c a l i z e d  o r  genera l  h e a t i n g  of 
t h e  l u n a r  i n t e r i o r  would have been necessary .  One source  of h e a t  was t h e  
a c c r e t i o n a r y  p rocess  i t s e l f .  This  could  have been r e s p o n s i b l e  f o r  t h e  e a r l y  
mel t ing  which r e s u l t e d  i n  t h e  formation of t h e  highlands .  It h a s  been sug- 
ges ted  (1) t h a t  t h e  i n i t i a l  temperature  d i s t r i b u t i o n  i n  t h e  moon combined 
wi th  h e a t i n g  due t o  t h e  decay of r a d i o a c t i v e  i s o t o p e s  could have been respon- 
s i b l e  f o r  t h e  second mel t ing  episode a s s o c i a t e d  w i t h  t h e  mare b a s a l t s .  

There is  a l s o  a s u b s t a n t i a l  p o t e n t i a l  source  of h e a t i n g  from t i d a l  d i s s i -  
pa t ion .  I f  a t  any time t h e  moon had a moderately e l l i p t i c a l  o r b i t  t h e  t i d a l  
d i s s i p a t i o n  a s s o c i a t e d w i t h  t h e  reduc t ion  of t h e  e l l i p t i c  o r b i t  t o  a c i r c u l a r  
o r b i t  could have produced s u b s t a n t i a l  p a r t i a l  mel t ing  (2) . 

On t h e  e a r t h ,  a s u b s t a n t i a l  f r a c t i o n  of t h e  p r e s e n t  volcanism is  asso- 
c i a t e d  w i t h  ascending,  s o l i d - s t a t e  mantle convection.  S i m i l a r  convect ive  
processes  w i t h i n  t h e  moon could have been r e s p o n s i b l e  f o r  t h e  genera t ion  of 
t h e  mare b a s a l t s  (3).  

Once t h e  s o l i d u s  o f  t h e  l u n a r  mantle rocks  i s  reached magna i s  produced 
on t h e  i n t e r s e c t i o n s  of g r a i n  boundaries.  Th i s  l i q u i d  f r a c t i o n  can be  con- 
s i d e r e d  t o  be  an equ iva len t  l i q u i d  f i l l e d  p o r o s i t y  w i t h i n  a s o l i d ,  c r y s t a l l i n e  
matrix.  Once t h e  degree o f  p a r t i a l  m e l t i n g  reaches  s e v e r a l  p e r  cent  t h e  
p o r o s i t y  on t h e  g r a i n  boundaries becomes in te rconnec ted ,  r e s u l t i n g  i n  a n  
e f f e c t i v e  pe rmeabi l i ty  ( 4 ) .  The permeabi l i ty  of t h e  magma w i t h i n  t h e  c r y s t a l -  
l i n e  mat r ix  i s  e a s i l y  c a l c u l a t e d  us ing t u b u l a r  m d e l s .  

Because t h e  magma i s  l i g h t e r  than t h e  c r y s t a l l i n e  r e s i d u e ,  i t  w i l l  be 
dr iven upwards by t h e  l u n a r  g r a v i t a t i o n a l  f i e l d .  A t  temperatures  above t h e  
s o l i d u s  t h e  r i g i d i t y  of t h e  c r y s t a l l i n e  m a t r i x  i s  s o  low t h a t  n e g l i g i b l e  
s t r e s s e s  a r e  requ i red  t o  deform i t  a s  t h e  magma i s  removed by t h e  v e r t i c a l  
migration.  Using Darcy's law (5 ,  6 )  t h e  concen t ra t ion  and v e l o c i t y  of t h e  
magma have been determined f o r  a wide range of condi t ions .  

Once t h e  degree of p a r t i a l  mel t ing  has  reached a few p e r  cent  t h e  magma 
w i l l  migra te  upwards as r a p i d l y  as i t  i s  produced. I f  a s t a t i o n a r y  l u n a r  
i n t e r i o r  i s  being hea ted  t h e  low temperature  mel t  f r a c t i o n s  w i l l  migra te  
v e r t i c a l l y  f i r s t  followed a t  l a t e r  times by t h e  h igher  temperature  melt f rac-  
t i o n s .  A s i m i l a r  s u r f a c e  sequence of flows might be expected.  

It i s  expected t h a t  t h e r a d i o a c t i v e  e lements ,  uranium, thorium and potas- 
sium, w i l l  be concentra ted i n  t h e  e a r l y  mel t  f r a c t i o n .  These w i l l  then  migrate  
upwards and w i l l  no t  be  a v a i l a b l e  f o r  f u r t h e r  melt ing.  It is  t h e r e f o r e  con- 
cluded t h a t  r a d i o a c t i v e  h e a t i n g  cannot produce degrees of p a r t i a l  mel t ing  
g r e a t e r  than a few p e r  cent .  
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I f ,  a l t e r n a t i v e l y ,  s t eady  ascending convect ion occurred w i t h i n  t h e  l u n a r  
i n t e r i o r  t h e  low temperature  mel t  f r a c t i o n s  would be produced a t  g r e a t e s t  
depths w i t h  h i g h e r  temperature  m e l t  f r a c t i o n s  be ing  produced at  shal lower  
depths.  However, t h e  l i q u i d s  would mix t o  form a completely mixed magma a s  
they migrated upwards. Surface  flows would appear  t o  be t h e  r e s u l t  o f  t h e  
simultaneous mel t ing  of t h e  low and high temperature components. S ince  we 
have concluded t h a t  t h e  high degrees  of p a r t i a l  mel t ing  a s s o c i a t e d  w i t h  t h e  
l u n a r  b a s a l t s  could  n o t  have been produced d i r e c t l y  by r a d i o a c t i v e  h e a t i n g ,  
we favor  e i t h e r  t i d a l  h e a t i n g  o r  p r e s s u r e  r e l e a s e  mel t ing  a s s o c i a t e d  w i t h  
s o l i d - s t a t e  convection.  

I n  t h a t  p o r t i o n  of t h e  l u n a r  i n t e r i o r  i n  which t h e  temperature exceeded 
t h e  s o l i d u s  ( i .  e .  , t h e  asthenosphere) , t h e  magma would migra te  f r e e l y  upwards 
by t h e  porous flow mechanism. When t h e  magma reached t h e  c o o l e r  l i t h o s p h e r e  
it  would e i t h e r  f r e e z e  o f  form an  e x t e n s i v e  magma chamber depending upon t h e  
r a t e  of magma genera t ion  and t h e  th ickness  of t h e  l i t h o s p h e r e .  The pooled 
magma at t h e  base  of t h e  l i t h o s p h e r e  could p e n e t r a t e  t h e  l i t h o s p h e r e  e i t h e r  by 
d i a p i r i c  mechanisms (7) o r  h y d r a u l i c  f r a c t u r i n g  mechanisms (8).  
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