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A key c o n s t r a i n t  on t h e  o r i g i n  o f  t h e  Earth-Moon sys t em i s  
t h e  abnormally  l a r g e  v a l u e  o f  t h e  s p e c i f i c  a n g u l a r  momentum o f  
t h e  sys tem,  compared t o  t h a t  o f  t h e  o t h e r  p l a n e t s  i n  t h e  s o l a r  
sys tem.  A t  an e a r l y  s t a g e ,  when t h e  Moon was c l o s e  t o  t h e  E a r t h ,  
most of  t h e  a n g u l a r  momentum r e s i d e d  i n  t h e  s p i n  o f  t h e  E a r t h .  
Th i s  s p i n  was presumably impar t ed  by a  c o l l i s i o n  w i t h  a  major  
secondary  body i n  t h e  l a t e  s t a g e s  o f  accumula t ion  o f  t h e  E a r t h ,  
w i t h  t h e  secondary  body add ing  i t s  mass t o  t h e  remainder  o f  t h e  
12rotoear th .  The c o l l i s i o n a l  v e l o c i t y  must have been c l o s e  t o  
11 km/sec, and i f  t h e  impact  pa rame te r  was one e a r t h  r a d i u s ,  
t h e n  t h e  mass o f  t h e  impac t ing  body was comparable t o  t h a t  o f  
Mars. I t  i s  p robab le  t h a t  t h e  l a r g e s t  accumula t ive  c o l l i s i o n  
shou ld  have invo lved  a  mass o f  t h i s  o r d e r ,  b u t  t h e  s i z e  and 
l o c a t i o n  of  t h e  impact  pa rame te r  would have been a  m a t t e r  of  
chance.  I t  i s  l i k e l y  t h a t  b o t h  b o d i e s  would have been d i f f e r e n -  
t i a t e d  and p o s s i b l y  molten a t  t h e  t ime o f  impact .  

c o n s i d e r  t h e  consequences  of  t h i s  t a n g e n t i a l  impac t .  
The outward- fac ing  hemisphere  o f  t h e  s m a l l e r  bodv would be 
s h e a r e d  o f f  and shock- re t a rded  i n  i t s  motion;  i t s  many r e s u l t i n g  
f ragments  would r e impac t  upon and amalgamate w i t h  t h e  E a r t h .  The 
inward- fac ing  hemisphere  would undergo c o l l i s i o n  a t  11 km/sec. 
A t  t h i s  v e l o c i t y  most s i l i c a t e s  v a p o r i z e  upon s h o c k - u n l o a d i n g ( l ) ,  
b u t  t h e  m e t a l l i c  c o r e  o f  t h e  s m a l l e r  body p robab ly  would n o t .  
Thus t h e  man t l e  m a t e r i a l  o f  b o t h  b o d i e s  i n  t h e  r e g i o n  o f  t h e  
c o l l i s i o n  would shock-unload predominant ly  i n  t h e  forward d i r e c -  
t i o n  r e l a t i v e  t o  t h e  c o l l i s i o n  v e l o c i t y  and much of  t h e  m a t e r i a l  
would v a p o r i z e .  The subsequen t  motion o f  t h i s  m a t e r i a l  is  n o t  
j u s t  a  se t  o f  b a l l i s t i c  t r a j e c t o r i e s ;  t h e  e a r l y  motion o f  t h e  
m a t e r i a l  i s  e n t i r e l y  governed by g a s  p r e s s u r e  g r a d i e n t s  i n  t h e  
vapor  which i s  expanding i n t o  vacuum. I f  t h e  m a t e r i a l  were t o  
remain i n  vapor  form t h e  b u l k  v e l o c i t y  of expans ion  would 
approximate  sound speed  ( -5  km/sec) and t h e  s u r f a c e  l a y e r s  would 
be a c c e l e r a t e d  t o  s e v e r a l  t i m e s  t h i s  v a l u e .  A c t u a l l y ,  t h e  more 
r e f r a c t o r y  s i l i c a t e s  would condense i n t o  p a r t i c l e s  i n  t h e  c e n t i -  
meter  s i z e  r ange  ( 2 )  e a r l y  i n  t h e  expansion and t h e  more v o l a t i l e  
m a t e r i a l s  would condense i n t o  a  f i n e r  d u s t  a t  a  l a t e r  s t a g e  when 
t h e  expansion v e l o c i t y  i s  c l o s e r  t o  i t s  a sympto t i c  v a l u e .  Most 
of t h i s  f i n e  d u s t  p robably  e s c a p e s  from t h e  sys tem o r  i s  o t h e r -  
w i s e  s e g r e g a t e d  from t h e  r e f r a c t o r y  m a t e r i a l s  by rnaqnetic 
e f f e c t s .  

A s imple  geomet r ic  c o n s i d e r a t i o n  shows t h a t  most o f  t h e  
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shoch--unloading o f  t h e  s i l i c a t e  m a t e r i a l s  t a k e s  p l a c e  w h i l e  t h e  
ou tward - f ac ing  hemisphere  o f  t h e  s m a l l e r  body i s  s e p a r a t i n g  from 
t h e  c o l l i s i o n  a r e a ;  t h e  expans ion  o f  t h e  v a p o r i z e d  rocky m a t e r i a l  
t h r u s t s  a g a i n s t  t h i s  hemisphere ,  s o  t h a t  t h e  main v e l o c i t y  v e c t o r  
o f  t h e  expans ion  i s  r o t a t e d  and  t h e  p e r i a p s e  of  t h e  motion l i e s  
above t h e  r a d i u s  of t h e  p r o t o e a r t h .  Gas p r e s s u r e  g r a d i e n t  
a c c e l e r a t i o n  produces  a  s u b s t a n t i a l  d i s p e r s i o n  i n  v e l o c i t y  vec-  
t o r s  abou t  t h i s  d i r e c t i o n .  A s u b s t a n t i a l  p o r t i o n  of  t h e  m a t e r i -  
a l  shock-unloaded i n  t h e  forward  d i r e c t i o n  s h o u l d  go i n t o  o r b i t ;  
o n l y  a  s m a l l  p o r t i o n  of t h a t  e j e c t e d  toward t h e  s i d e s  would go 
i n t o  o r b i t .  

The i n i t i a l  t r a j e c t o r i e s  a r e  h i g h l y  e c c e n t r i c .  Because of 
t h e  enormous numbers of s m a l l  p a r t i c l e s ,  mutua l  c o l l i s i o n s  w i l l  
r a p i d l y  c i r c u l a r i z e  t h e  o r b i t s  and form a  t h i n  d i s k  of  t h e  
r e f r a c t o r y  p a r t i c l e s .  A ve ry  e c c e n t r i c  o r b i t  t h a t  i s  c i r c u l a r i z -  
e d  w i t h  c o n s e r v a t i o n  o f  a n g u l a r  momentum r a i s e s  i t s  p e r i a p s e  
d i s t a n c e  by a  f a c t o r  o f  two. Hence t h e  i n i t i a l  d i s k  would have 
a l a r g e  amount o f  m a t e r i a l  i n  t h e  r ange  two t o  f o u r  E a r t h  r a d i i ,  
w i t h  s m a l l e r  amounts i n s i d e  and o u t s i d e  t h o s e  l i m i t s .  

C o l l i s i o n s  c o n t i n u e  t o  be i m p o r t a n t  among t h e  s m a l l  p a r t i -  
c l e s  i n  t h e  d i s k ,  s o  t h a t  t h e  d i s k  behaves  a s  though i t  were a  
v i s c o u s  g a s .  Ilence t h e r e  w i l l  be  an outward t r a n s p o r t  o f  
a n g u l a r  momentum, an inward t r a n s p o r t  o f  mass n e a r  t h e  p r o t o -  
e a r t h ,  and an outward t r a n s p o r t  o f  mass n e a r  t h e  o u t e r  edge  o f  
t h e  d i s k .  Beyond t h e  Roche l i m i t  n e a r  t h r e e  E a r t h  r a d i i ,  a  c o l -  
l e c t i v e  g r a v i t a t i o n a l  i n s t a b i l i t y  can t a k e  e f f e c t  and produce 
g r a v i t a t i o n a l  clumping o f  t h e  p a r t i c l e s ( 3 ) .  The r ange  of  t h e  
i n s t a b i l i t y  p r o g r e s s i v e l y  i n c r e a s e s  beyond t h e  Roche l i m i t ,  and 
t h e  clumps t h a t  form w i l l  have a  s u b s t a n t i a l  t i d a l  i n t e r a c t i o n  
w i t h  t h e  E a r t h .  

W e  e s t i m a t e  t h a t  t h e  Moon can form ve ry  q u i c k l y  from t h i s  
d i s k .  I t s  compos i t ion  r e f l e c t s  two s t a g e s  of p r o c e s s i n g ;  chem- 
i c a l  d i f f e r e n t i a t i o n  i n  t h e  c o l l i d i n g  b o d i e s  fo l l owed  by v o l a t i l -  
i z a t i o n  of  man t l e  and c r u s t  m a t e r i a l  and s e l e c t i v e  r e t e n t i o n  o f  
t h e  r e f r a c t o r y  condensa t e .  The Ploon should  t h u s  be d e f i c i e n t  i n  
m e t a l l i c  i r o n  and v o l a t i l e  e l emen t s  and m i l d l y  e n r i c h e d  i n  c r u s -  
t a l  m a t e r i a l s  such a s  Ca and A l .  

Not a l l  o f  t h e  m a t e r i a l  i n  t h e  d i s k  would be  accumulated 
i n t o  t h e  Moon. Tha t  l e f t  i n  o r b i t  c l o s e  t o  t h e  E a r t h  would b e  
d i s s i p a t e d  e i t h e r  by magnetospher ic  i . n t e r a c t i o n s ,  by o r b i t a l  
r e sonances  w i t h  t h e  PJoon, o r  by t h e  Poynt ing-Robertson e f f e c t .  

We wish  t o  emphasize t h a t  t h i s  p i c t u r e  f o l l o w s  a s  a  l o g i c a l  
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consequence o f  t h e  p r o c e s s  needed t o  p r o v i d e  t h e  a n g u l a r  
momentum o f  t h e  Earth-Moon sys tem.  The p r o c e s s  c a n  form a 
l a r g e  s a t e l l i t e  o n l y  f o r  a body comparable  i n  mass t o  t h e  E a r t h  
where t h e  e s c a p e  v e l o c i t y  i s  s u f f i c i e n t  t o  v a p o r i z e  s i l i c a t e s .  
I f  a s i m i l a r  l a r g e  c o l l i s i o n  happened i n  t h e  l a t e  s t a g e s  of  
accumula t ion  o f  Venus, t h e  o r b i t  of any major  s a t e l l i t e  formed 
would have decayed i n t o  t h e  p l a n e t  l o n g  ago ( 4 )  . 
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