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There seems l i t t l e  doubt t h a t  an  important source  of energy ac ted  t o  melt  
much s o l i d  mat te r  a t  o r  near  t h e  time of o r i g i n  of our s o l a r  system. The very 
e a r l y  s o l i d i f i c a t i o n  ages measured f o r  most meteor i t e s  (1) i n d i c a t e ,  i n  addi- 
t i o n ,  t h a t  t h i s  source  was of a  t r a n s i e n t  na tu re .  It was e a r l y  recognized (2) 
t h a t  a  shor t - l ived  r a d i o a c t i v e  s p e c i e s  such a s  2 6 ~ 1  could be  respons ib le .  
Evidence t h a t  important amounts of 2 6 ~ 1  d i d  e x i s t  and was decaying a t  t h i s  time 
has  s i n c e  been put  forward by Lee e t  a l .  ( 3 )  although i t  h a s  been a l t e r n a t i v e l y  
argued ( 4 , 5 )  t h a t  remnants of e x t i n c t  r ad ionuc l ides  could a l s o  be preserved i n  
t h e  s o l a r  system a s  unmelted p r e s o l a r  g r a i n s .  

Fish  e t  a l .  (2) argued t h a t  l a r g e  p l a n e t a r y  bod ies ,  i f  once molten,  would 
no t  coo l  f a s t  enough t o  g ive  t h e  observed e a r l y  r e t e n t i o n  of t h e  r a r e  gas 
decay products  of c e r t a i n  r a d i o a c t i v e  pa ren t  nuc l ides .  They suggested i n s t e a d  
t h a t  t h e  m e t e o r i t e  pa ren t  bod ies  had a  r a d i u s  of l e s s  than 250 km. Wood (6) 
found through d e t a i l e d  modell ing t h a t ,  w i t h  t h e  e a r l y  2 6 ~ 1  abundance suggested 
by Lee e t  a l .  ( 3 ) ,  bodies  a s  smal l  a s  20 km i n  r a d i u s  could be  i n  a  l a r g e l y  
molten s t a t e  a  few m i l l i o n  y e a r s  a f t e r  s o l a r  system i n i t i a t i o n .  Such smal l  
bod ies ,  Wood suggested,  would n o t  only coo l  f a s t  enough t o  g ive  t h e  observed 
r a r e  gas c l o s u r e  ages bu t  would a l s o  e x p l a i n  t h e  apparent l a c k  of s t r e s s e s  on 
o l i v i n e  minerals  i n  p a l l a s i t e s .  

Obviously, i f  one can argue f o r  t h e  e a r l y  e x i s t e n c e  of a  few l a r g e l y  
molten p l a n e t o i d s  wi th  dimensions of k i lomete r s  o r  t e n s  of k i lomete r s ,  one can 
q u i t e  a s  e a s i l y  argue f o r  very  l a r g e  numbers of such p lane to ids .  The very  
h igh  e a r l y  l u n a r  c r a t e r i n g  r a t e  c e r t a i n l y  sugges t s  a  correspondingly  high f l u x  
of impacting p l a n e t o i d s .  

The prospect  of g r e a t  numbers of s m a l l ,  p a r t l y  molten,  bod ies  o r b i t i n g  
about t h e  e a r l y  sun a l s o  g ives  r i s e  t o  t h e  prospect  of a very  high c o l l i s i o n  
r a t e  between t h e s e  o b j e c t s .  Indeed, g r a v i t a t i o n a l  p e r t u r b a t i o n s  by t h e  s t i l l -  
growing pro top lane t s  a r e  probably very important i n  p u t t i n g  many p l a n e t o i d s  
on to  c o l l i s i o n  t r a j e c t o r i e s  a t  an  e a r l y  t i m e .  When c o l l i s i o n s  between o b j e c t s  
no t  t o o  d i s s i m i l a r  i n  s i z e  occur ,  t h e  r e s u l t i n g  "splash e j e c t a "  w i l l  c r e a t e  
l a r g e  numbers of molten ( o r  semi-molten) d r o p l e t s ,  a s  w e l l  a s  f ragmental  
m a t e r i a l  from t h e  e x t e r i o r  p o r t i o n s  of t h e  c o l l i d i n g  o b j e c t s .  The now 
i s o l a t e d  d r o p l e t s  w i l l  t hen  r a p i d l y  s o l i d i f y  ( o r  be  "quenched") t o  become 
protochondrules .  Then - perhaps w i t h  t h e  a i d  of t h e  remaining nebular  gas - 
they aga in  re-accrete i n t o ,  and a r e  b u r i e d  i n s i d e  o f ,  s o l i d  smal l  p l a n e t a r y  
bodies  p r e s e n t l y  represen ted  by some a s t e r o i d s .  By t h i s  t ime,  most of t h e  
2 6 ~ 1  is  presumed t o  have decayed away, s o  t h a t  remel t ing does n o t  occur.  
Enough l a t e r  h e a t i n g ,  inc lud ing  h e a t i n g  from long-lived r a d i o a c t i v i t y ,  i s  
presumed t o  have occurred t o  have caused var ious  amounts and kinds  of meta- 
morphism. Nickle-iron kamaci te- taeni te  growth may have occurred dur ing t h i s  
l a t e r  pe r iod .  L a t e r  impact f ragmentat ion then  gave r i s e  t o  t h e  m e t e o r i t e s  
now h e l d  i n  t e r r e s t r i a l  c o l l e c t i o n s .  

Not only w i l l  chondrules b e  generated,  b u t  o t h e r  chondr i t e  f e a t u r e s  may 
a l s o  r a t h e r  n a t u r a l l y  fol low from t h i s  model. We can imagine t h a t  t h e  i n i t i a l  
p recursor  p l a n e t o i d s  a r e  composed of some type of carbonaceous m a t e r i a l ;  t h e  
type and composition may vary from p l a n e t o i d  t o  p lane to id .  A t  a n  e a r l y  s t a g e  
of h e a t i n g  (assumed t o  occur from 2 6 ~ 1  decay) one can imagine t h a t  hydra ted  
Hz0 w i l l  b e  r e l e a s e d .  Under a  s u f f i c i e n t  overburden, t h i s  water  may b e  i n  
l i q u i d  form. I f  h o t ,  i t  w i l l  r e a c t  w i t h  su lph ides  i n  t h e  mat r ix  and form 
s u l p h u r i c  a c i d .  As t h e  c e n t r a l  r e g i o n  of t h e  p lane to id  becomes s t i l l  h o t t e r ,  
t h e  carbon i n  t h e  carbonaceous m a t e r i a l  w i l l  reduce much of t h e  i r o n  and o t h e r  
s i d e r o p h i l e s  t o  t h e i r  m e t a l l i c  s t a t e  and form CO and C02. A s  t h e s e  pass  
through t h e  water  a l r e a d y  generated,  some carbonic  a c i d  w i l l  be  formed. A s  

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



H. A. Zook 

t h i s  h o t  a c i d i c  s o l u t i o n  a t tempts  t o  escape t h e  i n t e r i o r  of t h e  p lane to id  it  
w i l l  leach t h e  surrounding minera l s .  When t h i s  mineral - r ich  s o l u t i o n  coo l s  
upon pass ing through cracks  i n  t h e  coo le r  c r u s t ,  carbonates ,  s u l f a t e s  and 
o t h e r  minerals  w i l l  p r e c i p i t a t e .  These veined d e p o s i t s  and a l t e r a t i o n s  may be  
exac t ly  those  observed by Kerridge and Bunch ( 7 )  i n  C 1  and C2 carbonaceous 
chondr i t es .  Thus it i s  imagined t h a t  carbonaceous chondr i t es  o r i g i n a t e  from 
t h e  e x t e r i o r  p o r t i o n s  of t h e  o r i g i n a l  p lane to ids .  

I f  t h e  p l a n e t o i d  i s  l a r g e  enough, i n t e r i o r  temperatures w i l l  r i s e  h igh 
enough t o  f i r s t . s i n t e r  t h e  m a t e r i a l  and l a t e r  melt  t h e  low temperature  mel t ing 
s i l i c a t e  f r a c t i o n s  of t h e  matr ix .  We can imagine t h i s  a s  a  kind of "slush" 
w i t h  l i q u i d s  i n t i m a t e l y  intermixed w i t h  s o l i d s .  Because of t h e  low grav i ta -  
t i o n a l  f o r c e s  involved,  g r a v i t a t i o n a l  s e p a r a t i o n  of phases may n o t  i n i t i a l l y  
be e f f e c t i v e  due t o  t h e  r e s i d u a l  s t r e n g t h  of t h e  s l u s h .  F i n a l l y ,  c e n t r a l  
temperatures may r i s e  h igh  enough t o  c r e a t e  a  s u f f i c i e n t  f r a c t i o n a l  volume of 
l i q u i d  s o  t h a t  t h e  denser  s o l i d s  w i l l  s e t t l e  out  t o  t h e  core  ( 2 ) .  

It seems l i k e l y  t h a t  impacts should n o t  only give  r i s e  t o  l i q u i d  d r o p l e t s  
and t o  f ragmental  d e b r i s  from t h e  p lane to id  e x t e r i o r s  b u t  should a l s o  g i v e  
r i s e  t o  "s lush d r o p l e t s , "  t h a t  i s  d r o p l e t s  which con ta in  s o l i d s  t h a t  were 
never melted.  One cand ida te  chondrule type t h a t  was i n i t i a l l y  i n v e s t i g a t e d  a s  
p o s s i b l y  a r i s i n g  from such a  s l u s h  were t h e  p o r p h y r i t i c  o l i v i n e  chondrules.  
The equant o l i v i n e  c r y s t a l s  might grow dur ing t h e  p l a n e t o i d  h e a t i n g  per iod .  
However i t  appears t h a t  t h e  i n t e r g r a n u l a r  mat r ix  i n  t h e s e  chondrules never 
represen ted  a  mel t  t h a t  was i n  equ i l ib r ium wi th  t h e  o l i v i n e  c r y s t a l s  (8 ,9 ) .  
Reid and Fredr ickson (10) long ago suggested t h a t  carbon may be reducing and 
removing i r o n  p r e f e r e n t i a l l y  from t h e  i n t e r g r a n u l a r  mel t ;  o t h e r  exp lana t ions  
have a l s o  been pu t  forward more r e c e n t l y  (8 ,9 ) .  However i t  may b e  t h a t  w e  
should look t o  o t h e r  chondrule types  f o r  evidence of s l u s h  d r o p l e t s .  

A f i r s t  requirement f o r  any model invo lv ing  chondrule formation i s  t h a t  
i t  should b e  p h y s i c a l l y  reasonable  - o r  a t  l e a s t  no t  v i o l a t e  w e l l  understood 
phys ica l  laws. One requirement concerns t h e  energy inpu t  necessary  t o  form 
t h e  chondrule su r f  a c e s .  According t o  Dave Walker (pe rsona l  comm.) s i l i c a t e  
s u r f a c e  t e n s i o n s  a r e  i n  t h e  neighborhood of 350 dyneslcm. With t h i s  v a l u e ,  
t h e  s u r f a c e  energy per  u n i t  mass ( i n  e rgs /g )  t o  form d r o p l e t  chondrules of 
r a d i u s  r ( i n  cm) i s  given by 300/r ,  where i t  was assumed t h a t  t h e  m a t e r i a l  
d e n s i t y  was 3.5 g/cm3. For d r o p l e t  chondrules one m i l l i m e t e r  i n  d iameter ,  t h e  
requ i red  energy i s  6000 e rg /g .  Th is  i s  roughly equ iva len t  t o  t h e  k i n e t i c  
energy per  gram of an  o b j e c t  t r a v e l i n g  a t  one meter p e r  second. I n  o t h e r  
words an  almost n e g l i g i b l e  f r a c t i o n  of t h e  impacting k i n e t i c  energy w i l l  b e  
used t o  c r e a t e  t y p i c a l  chondrules f o r  impact v e l o c i t i e s  i n  t h e  km/s range.  

7 Although n o t  d i r e c t l y  comparable, i t  is  i n t e r e s t i n g  t o  n o t e  t h a t  about 10 e rg /g  
of k i n e t i c  energy of impact i s  requ i red  t o  c a t a s t r o p h i c a l l y  d i s r u p t  rocks  (11). 

The p r e s e n t  c o l l i s i o n  l i f e t i m e s  of a s t e r o i d s  of 10 km r a d i u s  i n  t h e  
9  a s t e r o i d  b e l t  i s  about 10 y e a r s  (12) .  A f a c t o r  of a  thousand more o b j e c t s  in 

s i m i l a r  o r b i t s  would lower t h i s  l i f e t i m e  t o  106 y e a r s .  Th i s  is  compatible 
wi th  2 6 ~ 1  h e a t i n g  t imes .  As l e s s  than one e a r t h  mass of m a t e r i a l  would thus  
b e  requ i red  - assuming an  a s t e r o i d a l  s i z e  d i s t r i b u t i o n  - t o  c r e a t e  t h i s  number 
of p l a n e t o i d s ,  no o b j e c t i o n  seems i n  o rder  h e r e .  

Lack of space  p reven t s  p resen t ing  h e r e  a  review of problems w i t h  e a r l i e r  
t h e o r i e s  of c h o n d r i t e  format ion.  Wood and McSween (13) and Kerr idge and 
K i e f f e r  (14) have covered some problems n o t  covered by o t h e r s  a l r e a d y  c i t e d .  
The model p u t  forward h e r e  has  n o t  y e t  been i n v e s t i g a t e d  i n  enough d e t a i l  t o  
know i f  i t  f i t s  a l l  t h e  o b s e r v a t i o n a l  c o n s t r a i n t s .  Given an  e a r l y  h i g h  
s p a t i a l  d e n s i t y  of p a r t l y  molten p l a n e t o i d s ,  however, t h e  consequences put  
forward h e r e  do n o t  seem unreasonable.  

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



GENERATION OF CHONDRITES 

H. A. Zook 

Refe rences  : 
(1) Wasson J.  T.,  M e t e o r i t e s ,  Spr inger-Ver lag ,  N . Y . ,  B e r l i n  (1974).  
(2)  F i s h  R. A., Goles G .  G . ,  and Anders E .  (1960) Ast rophys .  J. 132, p.  243- 

258. 
(3)  Lee T., P a p a n a s t a s s i o u  D .  A., and Wasserburg G.  J .  (1977) Ast rophys .  J. 

211, p.  L107-L110. - 
(4)  C lay ton  D .  D.  (1977a) Ast rophys .  J .  - 211, p. 292-293. 
(5)  C lay ton  D .  D .  (1977b) I c a r u s  32, p .  255-269. 
(6 )  Wood J. A. (1979) I n :  A s t e r o i d s  ( ~ d .  Tom ~ e h r e l s )  Univ. Ar izona  P r e s s ,  

Tucson, A r i z . ,  p .  849-891. 
(7)  K e r r i d g e  J .  F.and Bunch T. E. (1979) In :  A s t e r o i d s  (Ed. Tom Gehre l s )  Univ. 

Ar izona  P r e s s ,  Tucson, A r i z . ,  p .  745-764. 
(8 )  Kimura M.  and Yagi K. (1980) Geochimica e t  Cosmochimica Acta  Vol.  44 ,  

p .  589-602. 
(9 )  Dodd R. T. (1978) E a r t h  and P l a n e t a r y  S c i e n c e  L e t t e r s ,  9, p. 71-82. 
(10) Reid A. M.  and F r e d r i k s s o n  K. (1967) I n :  Researches  i n  Geochemistry,  

Vol. 2  (Ed. P.IIH.Abelson) p .  170-203. 
(11) Gau l t  D. E . ,  Horz F.,  and Hartung J .  B .  (1972) P roc .  Lunar S c i .  Con£.3rd, 

p .  2713-2734. 
(12) ~ o h n a n ~ i  J .  S. (1969) J .  Geophys. Res. 74, No. 10 ,  p.  2531-2554. 
(13) Wood J .  A.  and McSween H.  Y . ,  Jr. (1977)1n: Comets A s t e r o i d s  M e t e o r i t e s  

(Ed. by A. H. Delsemme) Univ. of Toledo,  p .  365-373. 
(14) Ker r idge  J .  F .  and K e i f f e r  S. W .  (1977) E a r t h  and P l a n e t .  S c i .  L e t t .  - 35, 

p .  35-42. 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 


