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Many theories of the origin and evolution of the atmospheres of the terrestrial planets 
predict an early phase of extensive hydrogen escape. Escape - either by impact erosion or fueled 
by solar EUV radiation - is expected to have been rapid enough that  heavy, otherwise bound 
atmospheric constituents would get dragged to space1. Such an event might be expected to leave 
its mark in the bulk abundances and in the fractionation pattern of the remnant atmosphere. 

Impact erosion (atmospheric cratering) is calculated to be a rather efficient process. Tak- 
ing a fairly pessimistic view of impact erosion's capability2, I find that the time required to  reach 
equilibrium between impact degassing and impact erosion is only about 3% of the planet's accre- 
tion time. (Note that  all three processes are proportional to  the accretion rate.) Hence impact 
erosion would effectively obliterate the history of accretion that might otherwise be recorded 
in the atmophiles. If impact erosion were truly this effective, the atmophiles, a t  least, would 
necessarily be the result of a "late-accreting veneer". 

It also follows that  if escape is dominated by impact erosion, the planet's equilibrium 
inventory of a confirmed atmophile would be - 1/30 that  of the accreting material. This is 
fine for Earth or Mars, but may lead to a serious discrepancy with Venus. Venus presently has 
2.5 x 36Ar, approximately the same as is in the more noble gas-rich meteorites3. No 
class of meteorites contains nearly enough noble gas for Venus to  reach its present state if impact 
erosion were truly this efficient. It is conceivable that the solar wind implantation hypothesis 
for Venusian noble gases could withstand impact erosion, but the only extant theory that really 
takes it in stride is that  proposing gravitational condensation of nebular gases (but this theory 
has its own problems). Alternatively, one might be tempted to conclude that impact erosion of 
atmospheric gases is very much less efficient than has heretofore been thought. 

Hydrodynamic escape acting by itself cannot produce any fractionation pattern one might 
desire. On the contrary - the range of possible fractionations is really quite limited. The question 
posed here is whether hydrodynamic escape distilling a universal primordial rare gas inventory 
can give rise to modern Venus, Earth, and Mars. 

An immediate difficulty is the identity of this primordial inventory ("the holy grail", or 
HG, for short). For any element, I will assume that the HG is isotopically solar. Chemical 
fractionation among the elements is expected. If known, the venusian Ar/Kr ratio would place 
constraints on the latter. As always, helium is ignored. 

Martain (SNC) argon is strikingly heavy ( 3 6 ~ r / 3 8 ~ r  = 4.1 f .4), while martian neon 
is roughly terrestrial ( 2 0 ~ e / 2 2 ~ e  = 10.1 f .7)415. Within the error bars, martian neon and 
argon isotopic fractionations are mutually consistent with hydrodynamic escape from solar. 
The martian Ar/Kr ratio can also be brought into agreement with the Ar/Kr ratio distilled 
from solar values. The hydrodynamic escape model predicts a pretty substantial fractionation 
among the krypton isotopes if krypton were allowed to escape. Therefore the model cannot 
allow krypton to  escape. 
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Martian xenon, like terrestrial xenon, is highly fractionated. The observed terrestrial 
xenon fractionation can be explained by a vigorous episode of hydrogen escape1. If this ex- 
planation is accepted for Mars as well, the postulated escape episode would need to  have been 
accompanied by a near total loss of krypton (among other things). This event would necessarily 
have predated the arrival of what I have so far been calling the initial inventory. Aside from a 
certain nomenclatural embarassment, the survival of pre-HG xenon implies that  Xe ought to be 
rather overabundant on Earth and Mars vs. the sun. 

Venus is the easiest planet to explain, since the data are so uncertain and very little 
escape is required. The venusian Ar/Kr ratio may approach solar6; implying little argon escape. 
The reported 2 0 ~ e / 2 2 ~ e  ratio6 of 11.8 ?c .7 implies that  some neon escape occurred, though the 
maximum possible Ne/Ar fractionation could not have been very great, probably no more than 
a factor of two. 

If one neglects their bulk abundances, Earth's rare gases are, with the singular exception 
of the 3 6 ~ r / 3 8 ~ r  ratio, very similar to  Mars's. Consequently a similar hydrodynamic escape 
history might be expected, one which would necessarily predict a similar 3 6 ~ r / 3 8 ~ r  ratio, a 
ratio that is far too low for Earth. An alternative escape history can be devised that  shifts the 
difficulty to the Ar/Kr ratio. In order to  match Earth it is then required that the Ar/Kr ratio 
in the HG be depleted by a factor of ten with respect to  solar, which demands that  the venusian 
Ar/Kr ratio be at  least five times smaller than is reported. An acceptable HG would then have 
Ar/Kr a t  1/10 solar, and Ne/Ar a t  1/50 solar. 

In sum, hydrodynamic distillation from a universal holy grail might be made to work. 
On the other hand, the model is rather artificial. Xenon must be explained by a separate 
escape episode. Even with optimal hydrogen escape fluxes the theory cannot simultaneously 
explain terrestrial 3 6 ~ r / 3 8 ~ r ,  3 6 ~ r / 8 4 K r ,  and venusian 3 6 ~ r / 8 4 ~ r .  Moreover, there are sources 
(accretion) and possibly competing loss mechanisms (impact erosion). It is plausible that fresh 
noble gases were arriving by impact a t  the same time that the atmosphere was being distilled 
by hydrodynamic escape. Late accretion of fresh noble gases would necessarily lighten the 
planetary inventories; the effect being greatest for the relatively more depleted argon and neon. 
The direction of this effect would be to help bring Earth into line. 

References (1) Hunten, D.M., R.O. Pepin, and J.C.G. Walker (1987), Icarus 69, 532-549. (2) 
Walker, J.C.G. (1986), Icarus 68,87-98. (3) Pollack, J.B., and D.C. Black (1982) Icarus 51,169- 
198. ( 4 )  Swindle, T.D., M.W. Caffee, and C.M. Hohenberg (1986), Geochimica et Cosmochimica 
Acta 50, 1001-1015. (5) Wiens, R.C., R.H. Becker, and R.O. Pepin (1986), Earth and Planetary 
Science Letters 77, 149-158. (6) Donahue, T.M. (1986)) Icarus 66, 195-210. 

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


