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One of t h e  l a r g e s t  e x t r a t e r r e s t r i a l  o b j e c t s  ( a s t e r o i d  o r  comet) which appears  t o  have i n t e r a c t e d  
wi th  t h e  e a r t h  i n  t h e  l a s t  100 My has  been t h e  1016 t o  1 0 l e  gram o b j e c t  which produced t h e  world- 
wide platinum-group element r i c h  Cretaceous-Ter t iary  (K-T) (63 Ma) boundary m a t e r i a l  (1 ) .  The 
m e t e o r i t i c  a s s o c i a t i o n  of elements a t  t h e  K-T boundary has  now been recognized i n  both marine and 
non-marine sediments and a  number of mechanisms have been proposed t o  account f o r  t h e  massive bu t  
h igh ly  s e l e c t i v e  e x t i n c t i o n  of b i o t a  a t  s e a  and a l l  of t h e  l a r g e  land animals i nc lud ing  t h e  
d inosau r s .  No t e r r e s t r i a l  impact c r a t e r  o f  p r e c i s e l y  t h i s  age ,  i n  t h e  expected d iameter  range of 
%lo2 t o  l o 3  km, has  been i d e n t i f i e d  wi th  t h e  K-T o b j e c t .  We assume t h a t  such a  c r a t e r  may y e t  be  
undetec ted  on l and ,  o r ,  e x i s t ,  o r  have e x i s t e d  on t h e  s e a  f l o o r  and been subducted.  Some 51% of 
t h e  s e a  f l o o r  e x i s t i n g  a t  63  M a  ha s  subducted (2 ) .  We r e p o r t  c a l c u l a t i o n s  of t h e  impact-induced 
flow f i e l d  and energy p a r t i t i o n i n g  from t h e  impact of s i m i l a r  mass (1.5 x l o L 8 )  10 km diameter ,  
s i l i c a t e  (2.9 g/cm3) and 30.8 and 14.3  d iameter ,  water  impactors ( d e n s i t y  0 . 1  and 1 g/cm3) wi th  a  
5 km deep ocean ove r ly ing  a  s i l i c a t e  ha l f -space  and t h e  t r a j e c t o r i e s  of t h e  r e s u l t i n g  e j e c t a  i n  t h e  
e a r t h ' s  g r a v i t y  f i e l d .  Porous (0 .1  g/cm3) water  p r o j e c t i l e s  a r e  shock vaporized upon impact w i th  
t h e  ocean and only  shal low dep res s ions ,  u s u a l l y  l e s s  than a  p r o j e c t i l e  d iameter ,  a r e  excavated i n  
t h e  s e a  f l o o r .  S i l i c a t e  p r o j e c t i l e s  impacting a t  30 kmlsec p e n e t r a t e  some two p r o j e c t i l e  d i ame te r s  
i n t o  t h e  s o l i d  e a r t h  b e f o r e  t h e  downward p a r t i c l e  motion ceases  and t h e  s i l i c a t e  vapor f i l l e d  
t r a n s i e n t  c a v i t y  is  covered by a  very  l a r g e  t r a n s i e n t  expanding steam bubble which extends  i n t o  
t h e  s t r a t o s p h e r e  (Fig.  1 ) .  Upon expansion of t h e  vapor f i l l e d  c a v i t y  and steam dome, water  e j e c t a  
amounting t o  10 t o  l o 2  t imes the  p r o j e c t i l e  mass, is l o f t e d  i n t o  o r  above t h e  s t r a t o s p h e r e .  

F ig .  1 P a r t i c l e  v e l o c i t y  flow f i e l d  from 10 km diameter ,  30 km/sec s i l i c a t e  p r o j e c t i l e  
impacting 5 km deep ocean ove r ly ing  a  s i l i c a t e  ha l f -space .  Dimensionless t ime,  T ,  is  r e a l  
t ime t imes v e l o c i t y  t p r o j e c t i l e  diameter.  
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A f t e r  t h e  i n i t i a l  shock i n t e r a c t i o n ,  which is  marked by peaks i n  t h e  p r o j e c t i l e  i n t e r n a l  energy 
( IE,  P ro j  .) and k i n e t i c  energy of t h e  s i l i c a t e  under ly ing t h e  ocean (KE, Target )  (Fig .  2 )  some 1 2 ,  
13  and 14% of t h e  p r o j e c t i l e  ener  y  r e s i d e s  i n  k i n e t i c  and i n t e r n a l  energy of t h e  ocean water  f o r  9 equa l  mass, 2.9,  1.0 and 0 .1  g/cm , impactors .  Th i s  impact induced energy i f  d i s t r i b u t e d  over  t h e  
upper 10 m o f  t h e  wor ld ' s  oceans would g ive  r i s e  t o  a5OC temperature r i s e .  Although t h i s  tempera- 
t u r e  r i s e  would be  s u f f i c i e n t  t o  have caused t h e  sudden death  and subsequent e x t i n c t i o n  of many 
zooplankton, and t h e  subsequent c o l l a p s e  of t h e  marine food cha in ,  t h e  mechanisms f o r  world-wide 
d i s t r i b u t i o n  of t h e  water  and s i l i c a t e  e j e c t a  l o f t e d  t o  and above t h e  s t r a t o s p h e r e  needs t o  be  
s t u d i e d  (Figs .  3  and 4 ) .  We have p rev ious ly  proposed (3) t h a t  t h e  abnormally h igh concen t r a t ion  
of e x t r a t e r r e s t r i a l  component (ETC) i n  t h e  K-T boundary m a t e r i a l  r e p r e s e n t s  t h a t  h igh ly  shocked 
e j e c t a  which is launched, e a r l y  i n  t h e  flow, a t  h igh  speed, i n t o  t h e  s t r a t o s p h e r e  t o  be  d i s t r i b u t e d  
g l o b a l l y .  For 30 kmlsec impactors ,  t h e  f r a c t i o n  of ETC i n  t h e  e j e c t a ,  ve r sus ,  minimum e j e c t i o n  
h e i g h t  (Fig.  5) f o r  impact i n t o  t h e  ocean is  a  f a c t o r  of 1 .5  lower t han  f o r  t e r r e s t r i a l  impact.  
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This i s  oppos i t e  of what Smit (1980) (4) has  sugges ted .  The reason f o r  t h i s  is t h a t  upon impact 
on s i l i c a t e ,  and, water  ove r ly ing  s i l i c a t e ,  peak shock p re s su re s  i n  t he  p r o j e c t i l e  w i l l  be  9.2 and 
5.0 % a r ,  r e s p e c t i v e l y .  The more i n t e n s e l y  shocked and vapor ized p r o j e c t i l e  m a t e r i a l  i s  launched 
t o  h ighe r  a l t i t u d e s .  

We no te  t h a t  t h e  impact of an a s t e r o i d  o r  comet of s u f f i c i e n t  s i z e  t o  exp la in  t h e  K-T boundary 
l a y e r  a s  impact e j e c t a  would induce a mechanical impulse i n t o  t h e  e a r t h  equ iva l en t  t o  an ear thquake 
of R ich te r  magnitude 12.  No evidence has  y e t  been found i n  t h e  geologic  record  of t h e  expected 
submarine l a n d s l i d e s  t u r b i d i t e s  and b r e c c i a  d e p o s i t s  which would be  t r i g g e r e d  by such a huge 
equ iva l en t  earthquake. We c a l c u l a t e  a "tsunami" (F ig .  6 ) ,  i n i t i a l l y  *5 km h igh ,  decaying t o  an  
e l e v a t i o n  of 150 m (halfway around t h e  e a r t h )  which w i l l  propagate i n  t h e  deep ocean ( l i k e  a t i d a l  
bore)  a t  a maximum speed of 4 . 2  kmlsec. Such a water  wave would have inundated a l l  low l y i n g  
c o n t i n e n t a l  a r e a s  on t h e  e a r t h  w i th in  27 hours .  The e f f e c t  of such a bo re - l i ke  wave on t h e  b i o t a  
of low ly ing  c o n t i n e n t a l  a r e a s  and t h e  p reva l en t  shal low c o n t i n e n t a l  s e a s  e x i s t i n g  i n  l a t e  
Cretaceous t imes ,  when t h e  e a r t h  was n e a r l y  po la r  i ce - f r ee ,  needs t o  be  evaluated .  
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Fig.  2 F rac t ion  of impact energy, 
ve r sus ,  dimensionless t ime f o r  f low 
depic ted  i n  Fig .  1. - - 
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Fig.  5 Loglo (mass f r a c t i o n ,  
e x t r a t e r r e s t r i a l  m a t e r i a l ,  e j e c t a ) ,  
v e r s u s ,  LoglO (minimum e j e c t a  
he igh t  ,km) . 
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Fig .  4 Loglo (minimum water  
e j ec t ed /me teo r i t e  mass) v e r s u s  
loglo (minimum e j e c t a  h e i g h t ,  km) 

- 
Y 

E 

- - .  - 
0 STRATOSRERE \ 
0 

Fig.  3 Loglo ( t o t a l  mass e j e c t e d /  
mass of m e t e o r i t e ) ,  ve r sus ,  l og lo  
(minimuic e j e c t i o n  h e i g h t ,  km) f o r  
30 km/sec impact of s i l i c a t e  (An) ,  
water  (1 .0 ,  H20) and porous water  
(0 .1 ,  H20) impactors.  
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Fig.  6 I n i t i a l  con f igu ra t ion  of 
t r a n s i e n t  c r a t e r  and water  wave 
f o r  impact f low depic ted  i n  Fig .  1. 
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