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New shock wave d a t a  f o r  l una r  gabbroic  a n o r t h o s i t e  (15418) and a  s y n t h e t i c  g l a s s  of a n o r t h i t e  
composit ion (CaA12Si208) a l l ow c a l c u l a t i o n  of t he  c r i t i c a l  shock-pressures r equ i r ed  f o r  i n c i p i e n t  
mel t ing  (IM), complete mel t ing  (CM), and i n c i p i e n t  vapor i za t ion  (IV),  a s  we l l  a s  the  amount of 
impact-induced vapor i za t ion  a s  a  func t ion  of shock pressure .  The p re s su re s  r equ i r ed  f o r  I M ,  CM, and 
I V  can be used wi th  models of t h e  s p a t i a l  a t t e n u a t i o n  of peak shock-pressures i n  a  p l ane t a ry  su r f ace  
due t o  hype rve loc i ty  impact,  such a s  g iven by Ahrens and O'Keefe ( I ) ,  i n  o rde r  t o  c a l c u l a t e  t he  
q u a n t i t i e s  of shock-melted and shock-vaporized ma te r i a l .  

Shock-temperature exper iments  were conducted wi th  o p t i c a l  pyrometers a t  Livermore (2 )  and 
Cal tech (Table 1). The two lowest p re s su re  p o i n t s  agree  w e l l  wi th  t he  c a l c u l a t e d  
temperature-pressure Hugoniot of t he  high-pressure phase of a n o r t h i t e  based on t h e  thermal equa t ion  
of s t a t e  of Jeanloz  and Ahrens (3 )  (Figure  1).  The two h ighes t  p re s su re  p o i n t s  agree  w e l l  w i th  t h e  
curve c a l c u l a t e d  f o r  an  i n f e r r e d  h igh  p re s su re  CaA12Si208 l i q u i d  us ing  a  mel t ing  energy of t he  
high-pressure phase of about 500 KJ/mol. The in t e rmed ia t e  po in t  l i e s  between the  curves ,  and is  
i n r e r p r e t e d  t o  be on t h e  me l t i ng  curve i n  t h e  mixed-phase region.  P re s su re s  were determined by a n  
impedance-match s o l u t i o n  u s i n g  a  f i t  t o  s i n g l e - c r y s t a l  a n o r t h i t e  d a t a  (3 ,  4) wi th  a  thermal  
c o r r e c t i o n .  

Entropy-gain c a l c u l a t i o n s ,  a s  desc r ibed  by Ahrens and O'Keefe ( 5 ) ,  were used t o  determine 
Hugoniot p re s su re s  r equ i r ed  t o  melt  and vapor ize  shocked a n o r t h i t e  upon r e l e a s e .  We used mel t ing  
e n t r o p i e s  from Robie e t  a l .  ( 6 )  and i n f e r r e d  vapor i za t ion  e n t r o p i e s  (5 ) .  The Hugoniot p re s su re  
r equ i r ed  f o r  IM i s  46.2 GPa, 52.4 GPa f o r  CM, and 92.4 GPa f o r  I V .  The mass f r a c t i o n  of vaporized 
m a t e r i a l  a s  a  f u n c t i o n  of shock p re s su re  was c a l c u l a t e d  s i m i l a r l y ,  and i s  shown i n  Figure 2. 

Hugoniot experiments on a n o r t h i t e  g l a s s  (Table 2) were c a r r i e d  out  t o  i n su re  t h a t  t he  thermal  
equa t ion  used i n  reducing the  temperature exper iments  was app ropr i a t e .  These p o i n t s ,  a long wi th  t h e  
c a l c u l a t e d  Hugoniot, a r e  shown i n  Figure 3. Two r e l e a s e  s t a t e s  a r e  a l s o  shown. Because these  
p o i n t s  a r e  i n  t h e  l i qu id /vapor  regime one would expect  them t o  r e l e a s e  shal lower  t han  t h e  Hugoniot, 
a s  does the  lower-pressure po in t .  The dense s t a t e  t o  which the  h igher  p re s su re  po in t  r e l e a s e s  is  
n o t  exp la ined ,  but s i m i l a r  behavior has  been observed i n  porous a n o r t h o s i t e  (3 ) .  The r e l e a s e  d a t a  
f o r  gabbroic  a n o r t h o s i t e  (Figure  4 ) ,  however, i n d i c a t e  t h a t  vapor i za t ion  occurs  above 120 GPa, i n  
agreement w i th  t h e  ent ropy-gain  c a l c u l a t i o n s .  

F in i t e -d i f f e r ence  c a l c u l a t i o n s  (1 )  show t h a t  f o r  a  gabbroic a n o r t h o s i t e  ob jec t  impacting a  
gabbroic  a n o r t h o s i t e  su r f ace  a t  15 km/s, about 50 t imes the  mass of the  impacting ob jec t  w i l l  r e ach  
a  pressure  above 125 GPa, where 10% of the  mass of t he  m a t e r i a l  is vaporized.  This  g ives  a  simply 
obta ined lower bound of 5  meteoroid masses f o r  t he  quan t i t y  of m a t e r i a l  vaporized i n  such a  
c o l l i s i o n .  S i m i l a r l y ,  100 t imes  the  mass of t he  impacting o b j e c t  w i l l  r e ach  a  peak p re s su re  above 
52 GPa, and w i l l  be complete ly  melted upon r e l e a s e .  These e s t i m a t e s  a r e  over an  order  of magnitude 
g r e a t e r  t han  previous  c a l c u l a t i o n s  (7 ,  81, appa ren t ly  due t o  t he  inadequacy of equa t ion  of s t a t e  
models used by these  workers.  

As a  r e s u l t ,  impact models of l una r  o r i g i n  ( 9 ,  10) become much more p l a u s i b l e .  Because a  
p l ane t e s ima l  smal ler  than 0.2 lunar  masses impacting a t  15 km/s can vapor ize  1.0 l una r  mass, 
c o n s t r a i n t s  on t h e  p l ane t e s ima l  composit ion ( 9 )  can  be relaxed. The n e c e s s i t y  t o  invoke an  impact 
i n t o  a  magma ocean (10)  i n  order  t o  minimize the  con t r ibu t ion  of u n d i f f e r e n t i a t e d  p l ane t e s ima l  
m a t e r i a l  a l s o  becomes l e s s  important.  Because the  shocked a n o r t h i t e  is  incongruent ly  vapor ized,  t he  
molten m a t e r i a l  l e f t  behind is  d e v o l a t i l i z e d .  It i s  t h i s  ma te r i a l  which, i f  c a r r i e d  i n t o  
e a r t h - o r b i t ,  w i l l  determine t h e  bulk composit ion of t he  moon. 

Table 1  Table 2  

CaA12Si208 Shock-Temperatures CaA12Si208 Glass  Hugoniot and Release S t a t e s  

SHOT T ~ ( O K )  PH(GPa) SHOT PH(GPa) pH(g/cm3) PR(GPa) pH(g/cm3) 

* 4930 110.3 
* 3800 90.4 
* 2890 68.2 

LGG 131 2715 57 .O 
LGG 132 2455 50.3 

*Experiments c a r r i e d  ou t  a t  
Lawrence Livermore Laboratory 

LGG 124 97.0 4.883 82.1 4.651 
LGG 129 123.5 5.154 101.0 5.095 
LGG 133 111.3 4.936 - - 

Table 3 

Lunar Gabbroic Anor thos i te  Hugoniot and Release S t a t e s  
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Pig. 3 E x p r i ~ n t a l  Hugoniot and r e l e a s e  s t a t e o  and 
Hugoniot c a l c u l a t e d  us ing  sam? eque t ion  of s t a t e  u w d  
t o  d e t e r r i n  e l t i n g  and vapor iza t ion  l e v e l s .  

Fig. 1 Calculated and exper imen ta l  shock temperatures  
a h w i n a  evidence f o r  a l t i n g  of the h igh  p ressu re  
phase of CPA12Si 0 . and suppor t ing  the  t b e r m l  
equa t ion  uned fo r  t fe8high p ressu re  phase. 
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F ig.  2 Curve showing the  maas I of CaAl S i  0 
vaporized a s  a func t ion  of shock pressure (and $epic@ 
v e l o c i t y  f o r  a one-dirensional  c o l l i s i o n ) .  Also s h w o  
a r e  p ressu res  r equ i red  for i n c i p i e n t  ~ l t i n g  (In), 
complete s e l t i n g  (CU) and i n c i p i e n t  vapor iza t ion  (IV). 

Fig. 4 E k p e r i ~ e n t a l  and t h e o r e t i c a l  h g o n i o t s  f o r  
15,418, gabbroic anor thos i t e  ( s o l i d ) ,  and R e d a r i c k  
diabasa (dashed). Both ore pyroxem-and 
p lag ioc lase - t ea r ing  rocks.  New r e l e a s e  ad iaba t  d a t a  
f o r  gsbbroic anor thos i t e  demonstrates  incongruent  
vapor iza t ion  upon shocking t o  I25 CPa, 1.25 Hhr 
(Ahrens, 1982, unpublished). 
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