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While an  impact o r i g i n  f o r  t h e  Imbrium Basin i s  g e n e r a l l y  accepted,  t h e r e  
a r e  d i v e r s e  opinions  about t h e  record  of t h e  event conta ined i n  t h e  r e t u r n e d  
lunar  samples. The s t r o n g  thermal metamorphism i n  many Apollo 14 b r e c c i a s  
has been a t t r i b u t e d  by some t o  h e a t  genera ted by t h e  Imbrian impact (1 ,2) ;  
o t h e r s  cons ide r  t h a t  p r e v i o u s l y  metamorphosed m a t e r i a l  was simply d i s r u p t e d ,  
mixed and r e - d i s t r i b u t e d  by t h e  impact (3 ,4) .  These d i f f e r e n c e s  i n  i n t e r p r e -  
t a t i o n  r e f l e c t  t h e  u n c e r t a i n t i e s  i n  e x t r a p o l a t i n g  p h y s i c a l  cond i t ions  deduced 
from l a r g e  t e r r e s t r i a l  c r a t e r s  t o  impact s t r u c t u r e s  with Imbrian dimensions. 
However, a s  t h e  Apollo 15 s i t e  i s  c l o s e r  t o  Imbrium than  t h e  Apollo 14 s i t e  
any genera l  model r e q u i r e s  t h a t  t h e  h igh grade e f f e c t s  of t h e  Imbrian impact 
be more prominent i n  samples from t h e  Apennine Front than  i n  t h o s e  from t h e  
Fra  Mauro formation.  

Our ana lyses  of  m a t e r i a l  probably der ived from t h e  Apennine Mountains 
inc lude  g l a s s  and b r e c c i a  fragments i n  t h e  1-2 mm f r a c t i o n  o f  s o i l s  15302,20, 
15222,3 and 15532,7 and s i m i l a r  c l a s t s  i n  b r e c c i a s  15467,4 and 15565,92. We 
agree  wi th  o t h e r s  i n  f i n d i n g  r e l a t i v e l y  few d i s t i n c t l y  annealed b r e c c i a s  o r  
igneous- textured rocks ,  o t h e r  t h a n  mare b a s a l t s ,  bu t  an abundance o f  u l t r a -  
mafic green g l a s s e s  which c l e a r l y  formed a  t h i c k  s u r f i c i a l  d e p o s i t ,  and 
r e l a t i v e l y  homogeneous re-worked b r e c c i a s  der ived from them. The d i f f e r e n c e s  
and s i m i l a r i t i e s  of  t h e  14 and 15 samples a s  they p e r t a i n  t o  t h e  Imbrian 
event suggest  t h e  fo l lowing hypothes is :  t h e  f e l d s p a t h i c  b r e c c i a s  a t  bo th  
s i t e s  a r e  equ iva len t  t o  t e r r e s t r i a l  impact b r e c c i a s  of t h e  Bunte b r e c c i a  type  
(5 ) ,  p o s s i b l y  inc lud ing  l o c a l  m a t e r i a l  (6 ) ,  and t h e  Apollo 15 green g l a s s e s  
and Apollo 14 "howardite'l g l a s s e s  (7) a r e  r e p r e s e n t a t i v e s  of  Imbrian impact 
mel t  e j e c t a .  

S t r u c t u r a l l y  t h e  c l o s e s t  analogs  t o  t h e  Imbrium Basin a r e  l a r g e  (>20 km) 
complex t e r r e s t r i a l  impact c r a t e r s .  Models of  t h e  l a t t e r  i n d i c a t e  t h a t  t h e  
i n i t i a l  excavat ion forms a  t r a n s i e n t  c a v i t y  o f  p a r a b o l i c  shape (8) .  Extra-  
p o l a t i o n  t o  Imbrian dimensions y i e l d s  a  t r a n s i e n t  c r a t e r  almost 700 km i n  
diameter and approximately 230 km i n  depth (Fig.  1, AEB) . Immediate modific* 
t i o n  along r i n g  f a u l t s  produces a  c e n t r a l  u p l i f t  and a  r i n g  depress ion.  In 
t h e  f i g u r e ,  t h e  moon i s  shown with a  50 km c r u s t  s o  t h a t  t h e  c e n t r a l  u p l i f t  
b r i n g s  mantle m a t e r i a l  c l o s e  t o  t h e  su r face  where, t o g e t h e r  with l a t e r  mare 
b a s a l t s ,  it c o n t r i b u t e s  t o  t h e  c e n t r a l  mascon (Fig.  1B). 

Mate r i a l  c l o s e  t o  t h e  p o i n t  o f  impact, t h e  shaded hemisphere i n  Fig. l A ,  
would be vapourized o r  melted.  The remainder, almost 90%, would bemodera te ly  
t o  weakly shocked and form low temperature  e j e c t a  d e p o s i t s  resembling Bunte 
b r e c c i a .  Both c r u s t  and mantle a r e  involved i n  t h e  volume melted a n d d e p o s i t s  
of impact melt  can be expected t o  va ry  i n  composition with d i s t a n c e  from t h e  
c r a t e r .  The i n i t i a l  h i g h  v e l o c i t y  e j e c t a  ( t r a j e c t o r i e s  162 i n  Fig. 1A) would 
c o n s i s t  e n t i r e l y  of  c r u s t a l  m a t e r i a l  wi th  an added small  m e t e o r i t i c  component 
and would no t  be  d i s t i n g u i s h a b l e  from t h e  e j e c t a  of s m a l l e r  l o c a l  c r a t e r s .  
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Melt t r a v e l l i n g  i n  t r a j e c t o r y  3 ,  however, would con ta in  a major mantle compo- 
nent ,  which would become dominant t o  almost t o t a l  i n  4 and 5. Therefore ,  we 
suggest  t h a t  t h e  green g l a s s e s  of approximately howardi t ic  composition a t  t h e  
Apollo 14 s i t e  a r e  Imbrium melt  e j e c t a  with about 75% mantle component, while 
t h e  l a r g e  amounls of u l t r a m a f i c  green g l a s s  a t  t h e  Apennine Front a r e  Imbrium 
e j e c t a  with c l o s e  t o  90% mantle component. 

The two A r  39/40 age de te rmina t ions  on t h e  green g l a s s  d i s a g r e e  f o r  a s  ye t  
undetermined reasons .  One a t  3.38 b.y. i s  c l o s e  t o  t h e  age of t h e  l o c a l  
Apollo 15 mare b a s a l t  e x t r u s i o n  (9) .  The o t h e r  a t  3.79 b.y. (10) argues i n  
favour of t h e  hypothes i s  o f  t h e  green g l a s s  a s  Imbrium impact mel t .  Observa- 
t i o n s  advanced i n  favour  o f  a vo lcan ic  o r i g i n  f o r  t h e  green g l a s s  inc lude :  
(1) t h e  absence of xenocrysts ,  (2) t h e  presence o f  microphenocrysts of 
o l i v i n e ,  (3) s u r f a c e  morphology suggest ing l ava  foun ta in ing  (11). However, 
t h e s e  d a t a  a r e  e q u a l l y  compatible wi th  an impact event o f  t h i s  magnitude. 
Mater ia l  fo l lowing t r a j e c t o r y  4 (Fig. 1A) would have a v e l o c i t y  of approxi-  
mately 1 km/sec and would be p a r t  of a t h i c k  s h e e t  o f  mel t  wi th in  t h e  
t r a n s i e n t  c a v i t y  f o r  s e v e r a l  minutes.  During t h i s  pe r iod  t h e r e  would be 
s u f f i c i e n t  t ime t o  d i s s o l v e  shocked i n c l u s i o n s  of p l a g i o c l a s e  and mafic 
minerals  and, wi th  cool ing,  t o  grow o l i v i n e  microphenocrysts. During l a t e r  
e j e c t i o n  t h e  s t i l l  l i q u i d  melt  shee t  t o r e  a p a r t  and e f f e c t s  s i m i l a r  t o  those  
i n  a vo lcan ic  l a v a  f o u n t a i n  would be produced. 

Experiments i n d i c a t e  t h a t  green g l a s s  compositions may r e s u l t  from 40-60% 
p a r t i a l  mel t ing a t  1450°C and 15 kb of pyroxen i t i c  mare b a s a l t  s o u r c e m a t e r i a l  
(12). Therefore,  i f  a vo lcan ic  product ,  i t  i s  necessary  t o  t r a n s p o r t  a 
v o l a t i l e - f r e e ,  non-super heated "green g lass"  p a r t i a l  melt l i q u i d  from depths  
of approximately 300 km t o  t h e  lunar  s u r f a c e  with l i t t l e  o r  no h e a t  l o s s  and 
e j e c t  it with  s u f f i c i e n t  f o r c e  t o  form a l ava  foun ta in .  We suggest  t h a t  t h i s  
unique s e t  of cond i t ions ,  i f  no t  u n r e a l i s t i c ,  i s  a t  l e a s t  d i f f i c u l t  t o  
envisage.  I n  t h e  impact model presented here  t h e  l o c a l  concen t ra t ions  of 
llhowarditell and green g l a s s  i n  t h e  Apollo 14 and 15 samples r e s p e c t i v e l y  a r e  
def ined by t h e  se lenographic  r e l a t i o n s h i p  of t h e s e  s i t e s  t o  t h e  Imbrium 
impact. Both a r e  t o t a l  mel ts  and approximate t h e  composition of t h e  upper 
l u n a r  mantle wi th  minor c r u s t a l  contamination. The green g l a s s  i s  t h e  deeper 
product and has t h e  l e a s t  c r u s t a l  contamination. As a sample of t h e  lunar  
mantle it  i s  i n  good agreement wi th  t h e  p red ic ted  composition of Gast (13). 
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Fig. 1 (A and B). Schematic c r o s s  s e c t i o n s ,  drawn t o  s c a l e ,  of t h e  Imbrian 
impact i n t o  a  moon wi th  50 km c r u s t  over ly ing  an u l t r a m a f i c  mantle ( z z ) .  I n  
A t h e  ve r t i ca l ly - shaped  hemisphere wi th in  t h e  t r a n s i e n t  c a v i t y  o u t l i n e s  t h e  
7 

volume melted o r  vapor ized.  Representa t ive  t r a j e c t o r i e s  1, ... 5 i n d i c a t e  
r e l a t i v e  p ropor t ions  of c r u s t  and/or mantle i n  e j e c t a  wi th  d i f f e r e n t  e j e c t i o n  
v e l o c i t i e s .  I n  B dimensions of t h e  t r a n s i e n t  c a v i t y  a r e  compared wi th  t h e  
suggested c o n f i g u r a t i o n ,  wi th  c e n t r a l  u p l i f t  of mant le ,  depressed r i m  
and f i l l i n g  of mare b a s a l t  ( v e r t i c a l  b a r s ) .  The r e l a t i v e  r a d i a l  p o s i t i o n s  o f  
Apollo 14 and 15 s i t e s  a r e  shown i n  - A and - B ( r i g h t ) .  
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