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I n t r o d u c t i o n .  Since  a  l a r g e  amount of a c c r e t i o n a l  energy was l i b e r a t e d  
dur ing  a c c r e t i o n  of the t e r r e s t r i a l  p l a n e t s ,  the e f f i c i e n c y  of r e t e n t i o n  of 
a c c r e t i o n a l  energy l a r g e l y  c o n t r o l s  the e a r l y  thermal s t a t e .  Th i s  e f f i c i e n c y  
i s  s t r o n g l y  dependent on whether o r  n o t  a  proto-atmosphere i s  formed and 
covers  the  e n t i r e  s u r f a c e  of a  growing p l a n e t .  We have r e c e n t l y  shown t h a t  an  
impact-induced atmosphere l i k e 1  formed dur ing a c c r e t i o n  and,  due to  the 
b lanke t ing  e f f e c t  of the atmosphere, the s u r f a c e  temperature inc reased  t o  a  
l e v e l  where the  format ion of a  magma ocean i s  p o s s i b l e  ( 1 ) .  Evolut ion of an 
impac t- induced atmosphere depends s t r o n g l y  on two parameters:  the s i z e  of the 
p l a n e t  and i t s  d i s t a n c e  from the sun ( 2 , 3 ) .  In  t h i s  paper,  we show t h a t  the  
e a r l y  e v o l u t i o n  of the  t e r r e s t r i a l  p l a n e t s  can be desc r ibed  by a  diagram of 
energy f l u x  (Fo) ve r sus  o p t i c a l  dep th  ( T ~ , ) ,  on which curves  d i s p l a y i n g  the  
e v o l u t i o n  of s u r f a c e  temperature may be p l o t t e d .  

Assumptions. The s u r f a c e  temperature of a  p l a n e t  i s  a  f u n c t i o n  of the  
energy r e l e a s e d  a t  the s u r f a c e  and the  o p t i c a l  depth  (-rir f o r  long-wavelength 
and r v s  f o r  short-wavelength) of the atmosphere: a~~~ = 
S0G(r i r , r v s ) + F o ~  ( T ~ ~ ) ,  where a i s  the  Stefan-Bol tzmann c o n s t a n t ,  Ts i s  the 
s u r f a c e  temperature,  So i s  the s o l a r  f l u x ,  F, i s  the  energy f l u x  a t  the base 
of the atmosphere, and-G and B r e p r e s e n t  a b s o r p t i v e  and/or  s c a t t e r i n g  f e a t u r e s  
of the atmosphere wi th  r e s p e c t  t o  s h o r t -  ( v i s i b l e )  and long-wavelength 
( i n f r a r e d )  r a d i a t i o n .  Assuming a  water-vapor atmosphere, l o c a l  thermodynamic 
equ i l ib r ium f o r  long-wavelength r a d i a t i o n ,  i s o t r o p i c  s c a t t e r i n g  f o r  
short-wavelength r a d i a t i o n ,  and a  two-stream approximation,  we can c a l c u l a t e  
the s u r f a c e  temperature f o r  the g iven s e t  of So, Fo and ~ i ,  ( o r  the  mass of 
the  atmosphere) . 

Earth .  Figure  1 shows curves  of equa l  s u r f a c e  temperature f o r  the  E a r t h  
(So = 960 w/m2). The shaded reg ion  r e p r e s e n t s  the  greenhouse region.  The 
d o t t e d  reg ion  i s  the magma ocean reg ion  (Ts > l i q u i d u s  temperature) .  The 
cross-hatched region d e p i c t s  the range of c o n d i t i o n s  under which H20 cannot 
e x i s t  i n  the  gas  phase and p r e c i p i t a t i o n  takes  p lace .  Arrows i n d i c a t e  the 
mean impact-energy f l u x e s  f o r  v a r i o u s  a c c r e t i o n  times. This  diagram sugges t s  
t h a t  even i f  the a c c r e t i o n  time i s  a s  long a s  lo8  y e a r s  the format ion of a  
magma ocean i s  poss ib le .  We can p l o t  the  e v o l u t i o n  of s u r f a c e  temperature and 
the  mass of an  impact-induced atmosphere f o r  a  "s tandard"  E a r t h  model (1)  on 
t h i s  diagram. 

As the  p l a n e t  grows, the  mass of t h e  impact-induced atmosphere i n c r e a s e s  
very rap id ly :  most of the proto-atmosphere i s  formed dur ing  the growth from 
0.2 to  0.4 of the f i n a l  r a d i u s  Ro. Therefore ,  the  evo lu t ionary  t r ack  i s  
a lmost  p a r a l l e l  t o  the h o r i z o n t a l  a x i s  u n t i l  i t  c r o s s e s  the s o l i d u s  
temperature (1500K), a f t e r  which the t r a c k  makes a  loop. This  corresponds to  
a  major s t a g e  i n  the  E a r t h ' s  format ion,  growth from - 0.4 Ro t o  -- 0.95 Ro. 
S ince  the  s o l u b i l i t y  of water  i n  s i l i c a t e  mel t  c o n t r o l s  the mass of the H20 
atmosphere ( I ) ,  the  mass of the impact-induced atmosphere dec reases  s l i g h t l y  
w i t h  an  i n c r e a s e  i n  a c c r e t i o n a l  energy f l u x  and the  loop mainta ins  a  
near-cons t a n t  s u r f a c e  temperature.  As the  growing p l a n e t  approaches i t s  f i n a l  
r a d i u s ,  the  a c c r e  t i o n a l  energy f l u x  dec reases  r a p i d l y  b u t  the mass of the 
atmosphere s t a y s  n e a r l y  c o n s t a n t  and the  evo lu t ionary  t r ack  becomes n e a r l y  
p a r a l l e l  t o  the  v e r t i c a l  a x i s .  The evo lu t ionary  t r ack  e n t e r s  the region i n  
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which water  condenses from the gaseous phase, so t h a t  the  model p r e d i c t s  t h a t  
a  ho t  ocean.  is  formed. The mass of the  hot  proto-ocean i s  about  l o 2 '  kg. 
Evolut ionary  t r a c k s  of o t h e r  models (1) show s i m i l a r  f e a t u r e s .  

Other  t e r r e s t r i a l  p lane t s .  A t  the s o l a r  d i s t a n c e  of Venus, because of 
h igher  s o l a r  f l u x  ( 1 8 3 0 ~  the  cross-hatched region becomes very smal l  ( i n  
f a c t  a lmost  n e g l i g i b l e ) ,  which means t h a t  the  evo lu t ionary  t r a c k s  (2) never  
e n t e r  the  l i q u i d  H20 region.  H20 w i l l  be d i s i n t e g r a t e d  i n t o  H2 and 0  by 
pho tod i s soc ia t ion .  H20 may be l o s t  by hydrodynamic escape w i t h i n  1 b.y. (4) .  

The l i q u i d  H20 reg ion  i s  much l a r g e r  a t  the  s o l a r  d i s t a n c e  of Mars than 
t h a t  of the E a r t h  because So (414 w/m2) i s  l e s s  than h a l f  t h a t  f o r  the  Earth.  
Therefore ,  the  evo lu t ionary  t r a c k s  of most Mars models ( excep t  f o r  the  rapid  
a c c r e t i o n  models, where T~~~ < 5 x l o 6  y)  e n t e r  the l i q u i d  Hz0 region a t  a  
very  e a r l y  s t a g e  i n  the  a c c r e t i o n  process  and an impact-induced atmosphere i s  
n o t  formed. Because of the g r e a t e r  s e n s i t i v i t y  t o  the  i n p u t  parameters,  
modell ing the  e a r l y  e v o l u t i o n  of Mars i s  much more complicated than f o r  e i t h e r  
Venus o r  t h e  Ear th .  

Modell ing the  e a r l y  e v o l u t i o n  of the Moon and Mercury i s  a l s o  complicated 
because the escape of an  impact-induced atmosphere p lays  an important  r o l e  i n  
the  e v o l u t i o n  of the atmosphere ( 3 ) .  
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Figure  1. Evolut ionary  diagram of the s t andard  E a r t h  model. 
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