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SURFACE OF A TERRESTRIAL PLANET GROWING BY 
PLANETESIMAL IMPACTS; Yutaka Abe, Geophysical Institute, Faculty of 
Science, University of Tokyo, Bunkyo-ku, Tokyo 113, JAPAN 

One of the most important questions concerning the early evolution of the 
terrestrial planets is surface condition of a planet growing by planetesimal impacts. 
An impact-induced atmosphere should be formed whenever volatiles are contained 
in planetesimals, and affects the surface condition. The surface condition, in turn, 
affects partitioning of elments betkeen the proto-atmosphere, proto-mantle and 
core. In the previous ~ t u d ~ ( l > ~ ) ,  we have shown that the surface of the growing 
planet is covered by a molten layer, that is a surface magma ocean, because of the 
blanketing effect of the proto-atmosphere. However, Stevenson (3) recently argued 
that a surface magma ocean might not be sustained during accretion of the Earth, 
because the mean collision interval of planetesimals was longer than the cooling time 
of a hot proto-atmosphere. In the following, we reexamine the surface condition of 
a growing planet. 

Conditions Required for SusBining a Surface Magma Ocean 
Since more detailed discussion on the conditions required for sustaining a 

surface magma ocean has been given elsewhere(4), we only summarize the results 
here. The surface magma ocean is sutained, if sufficiently large energy flux is 
released by accretion of small planetesimals whose mean collision interval is shorter 
than the characteristic cooling time of a hot atmosphere. The characteristic cooling 
time is -30y for the Earth and -100y for Venus, and the energy flux required for 
keeping the surface temparature at 1500K is - 2 0 0 ~ 1 m ~  for the Earth and 
-50w/m2 for  enu us(^) when the atmospheric pressure at the surface is 100bar. 
(These values are calculated by using a one-dimensional radiative-convective 
atmosphere model(5).) The mean collision interval of planetesimals is determined 
by size distribution and time scale of accretion. If the size distribution of 
planetesimals follows a power law, it is characterized by only two parameters: the 
mass of the largest planetesimal, M,,, and the power law exponent, q.  Range of 
Mpx and q values which results in fdrmation of a persisting surface magma ocean is 
shown in Figure 1. 

Energy flux associated with core formation, F,,,,, also contribute to sustaining a 
surface magma ocean. F,,,, can be as large as - - 1 0 0 ~ / m ~ ,  if the time scale of core 
formation is -107years. If we take into account F,,,,, critical value of M p x  for the 
Earth increases by factor 4-15 at q = 1.6-1.8. F,,,, by itself is large enough to 
sustain a surface magma ocean on Venus. 

Surface of a Growing Planet 
We can distinguish two typical situations depending on the size distribution of 

planetesimals. Since we do not know the actual size distribution of planetesimals, 
we have to consider both cases. 
1. Accretion of Small Planetesimals (Lower-left part of Fig. 1). In this case, the 
surface condition is fairly well understood in the previous st~dies(l9~). The surface 
temprerature of the growing planet is kept nearly constant arround solidus 
temperature. The near surface abundance of ~ ~ 0 ( ~ 9 ~ )  and carbon(@ in the Earth 
could be explained as a results of element partitioning during accretion. Proto- 
mantle is kept at a partially molten state owing to the gravitational energy released 
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by core formatiod7) and the self blanketing effect@). 
2. Accretion of Large Planetesimals (Upper-right part of Fig. 1). Although surface 
condition for this case is not well understood at present, we can speculate as follows. 
At every impacts of large planetesimals a transient hot atmosphere and surface 
magma ocean would be formed. The transient atmosphere cools with the time scale 
of 10-100 years. Then a hot water ocean forms on the Earth, if amounts of H20 
and "non-condensable" gases, such as C02, are appr~priate(~). On Venus, however, 
formation of a water ocean may be prevented by F,,,,. Partitioning of elements 
between the proto-atmosphere and proto-mantle depends critically on reaction 
kinetics. If reactions are equilibrated at high temperature and then quenched by 
cooling, the volatile partitioning is similar to that given in the previous ~ t u d i e s ( ' * ~ $ ~ f .  

A possible giant impact may heat the entire planet extremely high temperature. 
Even in this case, however, the surface environment should be more or less similar 
to the case discussed above. Although the very surface of the magma ocean 
(-100m depth) solidifies as the atmosphere cools, subsurface layers remain molten. 
Excavation due to subsequent planetesimal impacts should contribute cooling the 
proto-mantle rather than heating for this case. Thus the thermal state of the upper 
mantle could be similar to the case without a giant impact. 
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Figure 1. Range of M,, and q values which results in formation of a persisting 
surface magma ocean. Attached number indicates accretion time. 
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