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Examining t h e  c r a c k  r e l a t e d  p h y s i c a l  p r o p e r t i e s  of l u n a r  
rocks ,  Todd e t . a l e l  concluded t h a t  lunar  rocks  e x h i b i t  p r o p e r t i e s  
c h a r a c t e r i s t i c  of shocked t e r r e s t r i a l  rocks .  I f  t h e  normalized 
P-wave v e l o c i t y  a t  ze ro  p r e s s u r e  i s  p l o t t e d  a s  a  f u n c t i o n  of 
c r a c k  p o r o s i t y  f o r  v a r i o u s  t e r r e s t r i a l  and l u n a r  rocks ,  F ig .1 ,  
t h e  rocks  s e p a r a t e  i n t o  s e v e r a l  d i s t i n c t  r e g i o n s .  The obse rva t ion  
t h a t  l u n a r  a n o r t h o s i t e ,  b a s a l t  and b r e c c i a  s e p a r a t e  i n t o  d i s t i n c t  
f i e l d s  on such a  p l o t  may h e l p  i n  unders tanding t h e  o r i g i n  of 
l u n a r  rocks .  I n  o r d e r  t o  unders tand t h e  way i n  which c rack  d i s -  
t r i b u t i o n s  a r e  a f f e c t e d  by shock waves, and t h u s  de termine  t h e  
peak shock p r e s s u r e s  t o  which t h e  l u n a r  samples have been subjec-  
t e d ,  we have s t u d i e d  a  s e t  of t e r r e s t r i a l  rocks  shocked t o  known 
peak p ressure .  

A s u i t e  of  g r a n o d i o r i t e  samples has been ob ta ined  from t h e  
v i c i n i t y  of t h e  P i l e d r i v e r  underground nuc lea r  t e s t  i n  Nevada 
where t h e  shock p r e s s u r e s  were monitored i n  t h e  ground surroun- 
d ing  t h e  s h o t  point2. Our samples were cored a f t e r  t h e  d e v i c e  was 
de tonated .  The maximum shock p r e s s u r e  experienced by our  samples 
was 52  kb. 

We have measured s t a t i c  l i n e a r  c o m p r e s s i b i l i t y  and compres- 
s i o n a l  v e l o c i t y  i n  two o r thogona l  d i r e c t i o n s  ( / l a n d  A t o  t h e  c o r e  
a x i s )  f o r  t h e  shocked samples and f o r  a  v i r g i n  sample c o l l e c t e d  
from t h e  a r e a  b e f o r e  t h e  explos ion .  From t h e  s t r a i n  vs .  p r e s s u r e  
curves  f o r  our  samples,  we have determined a  parameter t h a t  i s  
r e l a t e d  t o  t h e  c r a c k  p o r o s i t y  of t h e  sample due t o  c racks  o r i e n -  
t e d  roughly normal t o  t h e  d i r e c t i o n  i n  which t h e  c o m p r e s s i b i l i t y  
was measured. Th i s  parameter ,  n ( R ) ,  i s  t h e  zero  p r e s s u r e  i n t e r -  
c e p t  of t h e  l i n e a r  p a r t  of t h e  s t r a i n  vs .  p r e s s u r e  curve.  For an 
i s o t r o p i c a l l y  cracked rock ,  it would be equal  t o  1/3 of t h e  t o t a l  
c rack  p o r o s i t y ,  qc .  S ince  a  t y p i c a l  l u n a r  rock has  probably been 
exposed t o  shock waves from s e v e r a l  even t s  i n  d i f f e r e n t  loca t ions ,  
t h e  shock induced c rack  d i s t r i b u t i o n  i s  l i k e l y  t o  be i s o t r o p i c  i n  
l u n a r  samples. Therefore ,  i n  o r d e r  t o  compare our  r e s u l t s  f o r  
t e r r e s t r i a l  rocks  shocked by one event  wi th  lunar  samples, we 
cons ide r  an  e f f e c t i v e  c r a c k  p o r o s i t y ,  v c  (ef  f )  = 3Max [nc ( R )  1 . 
0  ( e f f )  i s  t h e  c rack  p o r o s i t y  t h a t  one of our  samples might be 
egpected t o  have i f  it had been sub jec ted  t o  s e v e r a l  shock even t s  
a r r i v i n g  i n  d i f f e r e n t  d i r e c t i o n s .  We use  n ( e f f )  and o t h e r  i n f o r -  
mation d e r i v e d  from c o m p r e s s i b i l i t y  curvesCand v e l o c i t y  measure- 
ments t o  c h a r a c t e r i z e  t h e  c r a c k  d i s t r i b u t i o n s  i n  shocked rocks .  
These c rack  d i s t r i b u t i o n s  w i l l  t hen  be r e l a t e d  t o  t h e  peak shock 
p r e s s u r e  t o  which a  sample has  been exposed by means of compari- 
son wi th  samples exposed t o  a  known peak shock p r e s s u r e .  I n  Table 
1 we l i s t  d a t a  on t h e  P i l e d r i v e r  samples. From t h o s e  d a t a ,  we 
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conclude t h a t  e f f e c t i v e  c r x k  p o r o s i t y  e x h i b i t s  a  f a i r l y  r e g u l a r  
dependence on peak shock p r e s s u r e .  

E f f e c t i v e  c r a c k  p o r o s i t y  v s .  peak shock p r e s s u r e  f o r  t h e  
P i l e d r i v e r  samples i s  p l o t t e d  i n  Fig .2 .  The rock wi th  t h e  lowest  
c rack  p o r o s i t y  has  been s u b j e c t e d  t o  a shock p r e s s u r e  of 19 kb. 
From t h i s  p o i n t  t o  52 kb, w e  see a  g e n e r a l l y  l i n e a r  i n c r e a s e  of 
n c ( e f f )  wi th  peak shock p r e s s u r e .  Our p re l iminary  i n t e r p r e t a t i o n  
i s  t h a t  shock p r e s s u r e s  below about  2 0  kb have l i t t l e  e f f e c t  on 
t h e  c r a c k  d i s t r i b u t i o n  i n  a  rock.  The d i f f e r e n c e s  i n  n c ( e f f )  
among t h e  pre-shot  sample, sample 17.6, and sample 107 would be 
due t o  h e t e r o g e n e i t y  i n  t h e  unshocked rock mass. This  i n f e r e n c e  
i s  c o n s i s t e n t  w i t h  t h e  presence  of s e v e r a l  macroscopic f r a c t u r e  
zones t h a t  have been mapped i n  t h e  v i c i n i t y  from which our  sam- 
p l e s  were ob ta ined .  Thus w e  might expect  some s c a t t e r  i n  our  d a t a  
due t o  o r i g i n a l  sample he te rogene i ty .  

The dashed l i n e  i n  Fig.2 i n d i c a t e s  t h e  v i r g i n  unshocked 
c rack  p o r o s i t y  of t h e  rock mass. I f  t h e  shock-induced c rack  poro- 
s i t y  i s  assumed t o  become impor tant  above some c r i t i c a l  shock 
p r e s s u r e  PC, then  t h e  e f f e c t  of shock c r a c k s  can be r e p r e s e n t e d  
by a  cu rve  s t a r t i n g  from [n ( e f f )  = 0, PC] and i n c r e a s i n g  w i t h  
i n c r e a s i n g  shock p r e s s u r e .  6ne p o s s i b l e  such curve  i s  i n d i c a t e d  
i n  F ig .2 (curve  C ) ,  which would y i e l d  t h e  t o t a l  c rack  p o r o s i t y  
cu rve  i n d i c a t e d  by t h e  s o l i d  l i n e  (curve  A ) .  F u r t h e r  measurements 
on a d d i t i o n a l  samples i n  t h e  25  t o  50 kb peak shock p r e s s u r e  ran-  
ge  should s e r v e  t o  d e f i n e  b e t t e r  any such r e l a t i o n .  From t h e  high 
c rack  p o r o s i t i e s  of l u n a r  samples ( < . 5 % )  we i n f e r  t h a t  they  have 
been sub jec ted  t o  peak shock p r e s s u r e s  l a r g e  compared t o  t h e  52 
kb maximum f o r  our  samples. One may e s t i m a t e  roughly t h e  pressu-  
res involved by a  s imple l i n e a r  e x t r a p o l a t i o n  of our  d a t a .  I f  our  
s p e c u l a t i o n  regard ing  t h e  e x i s t e n c e  of a  c r i t i c a l  shock p r e s s u r e  
PC a t  which c r a c k  e f f e c t s  begin i s  c o r r e c t ,  e x t r a p o l a t i o n  of  cur-  
ve  ( A )  would y i e l d  peak shock p r e s s u r e s  of 80, 140, and 300 kb 
f o r  t h e  l u n a r  a n o r t h o s i t e s ,  b a s a l t s ,  and b r e c c i a s ,  r e s p e c t i v e l y .  
I f  w e  r e j e c t  t h i s  i n t e r p r e t a t i o n  due t o  l a c k  of suppor t ing  d a t a ,  
and a s s i g n  t h e  s c a t t e r  a t  low p r e s s u r e  t o  he te rogene i ty  of sam- 
p l e s ,  then  t h e  r e l a t i o n  between rl ( e f f )  and p r e s s u r e  i s  t h a t  of 
curve  D and e x t r a p o l a t i o n  t o  high& c rack  p o r o s i t i e s  y i e l d s  p res -  
s u r e s  of 100, 200, and 500 kb f o r  t h e  t h r e e  reg ions  of Fig .1 .  

F u r t h e r  s tudy  of c r a c k - r e l a t e d  p r o p e r t i e s  of shocked rocks  
may h e l p  us  t o  b e t t e r  understand t h e  r e l a t i o n s  between p h y s i c a l  
p r o p e r t i e s  and peak shock p r e s s u r e s .  I n  p a r t i c u l a r ,  t h e  f a c t  t h a t  
l u n a r  samples group i n  F i g . 1  according t o  rock type  r a i s e s  such 
i n t e r e s t i n g  q u e s t i o n s  a s  t h i s  - do t h e  b r e c c i a s  have a  h igh  c rack  
p o r o s i t y  because they  have been shocked r e p e a t e d l y ,  because they  
have been shocked s t r o n g l y ,  o r  because of  t h e  p a r t i c u l a r  respon- 
se of b r e c c i a s  a s  a  rock t y p e  t o  shock waves? 

1-Todd, R i c h t e r ,  Simmons, and Wang (1973) Unique c h a r a c t e r i -  
z a t i o n  of l u n a r  samples by p h y s i c a l  p r o p e r t i e s .  I n    roc. ~ o u r t h  
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Tab le  1. 
Sample Peak 

Shock 
P r e s s u r e  

(kb)  

Pre-shot  0  
17.6 10 
107 1 9  
200 40 
234 4 9  
3 11 52 

P r o p e r t i e s  of 
E f f e c t i v e  
Crack 
P o r o s i t y  

( % I  
0.102 
0.132 
0.087 
0.231 
0.384 
0.396 

P i l e d r i v e r  Samples. 
V e l o c i t y  of  P-Waves 

P a r a l l e l  P e r p e n d i c u l a r  
t o  c o r e  t o  c o r e  

F ig .1 .  E f f e c t  o f  mic roc racks  i n  
r o c k s  on t h e  v e l o c i t y  of compres- 
s i o n a l  waves. The r a t i o  of  t h e  

P W L C : , '  
v e l o c i t y  a t  a  c o n f i n i n g  p r e s s u r e  

"-"-- ----- =& -,-- of 1 bar to t h a t  at 10kbar is 
Vp ( l ) / V p  ( l o )  . The s o l i d  l i n e  r e -  

--------________. 
- p r e s e n t s  t y p i c a l  t e r r e s t r i a l  

I 
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2 igneous  r o c k s .  Thermally  c y c l e d  
CRMX POROSITY IS) igneous  r o c k s  and shocked r o c k s  

s e p a r a t e  i n t o  two d i s t i n c t  and 
wide ly  s e p a r a t e d  f i e l d s .  The t h r e e  R i e s  r o c k s  a r e  g r a n i t i c  sam- 
p l e s  from t h e  R i e s  C r a t e r  i n  Germany. The l u n a r  samples  s e p a r a t e  
i n t o  d i s t i n c t  g roup ings  w i t h  t h e  zone of shocked rocks .  The s m a l l  
r e c t a n g l e  i n  t h e  upper  l e f t  hand c o r n e r  of t h e  diagram i n d i c a t e s  
t h e  r e g i o n  of t h e  new measurements, (Modif ied form Todd e t  
a l .  ) 

Fig .2 .  E f f e c t i v e  c r a c k  p o r o s i t y  
4  

P I L ~ ~ ~ t ~ ~ ~  ' 2 3 4 0 $  a s  a  f u n c t i o n  o f  peak shock pres- 
s u r e  f o r  P i l e d r i v e r  g r a n o d i o r i t e  
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samples.  I n  one  i n t e r p r e t a t i o n ,  
c u r v e  A ( t o t a l  c r a c k  p o r o s i t y )  
i s  t h e  sum of c u r v e s  B ( i n i t i a l  
c r a c k  p o r o s i t y )  and C (shock- 
induced c r a c k  p o r o s i t y ) .  I n  
a n o t h e r  i n t e r p r e t a t i o n ,  t h e  
s c a t t e r  a t  low p r e s s u r e  i s  a t -  
t r i b u t e d  t o  sample h e t e r o g e n e i t y  


