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Instroduction:  The Kepler mission has discovered 
more than 2300 candidate planets [1]; although only a 
very small fraction have been confirmed by Doppler, it 
is believed that the vast majority are actual planets and 
not false positives.  Although the mission has discov-
ered a few planets in the canonical habitable zone of 
stars similar to the Sun, the vast majority of objects 
have diameters intermediate that of Earth and Neptune, 
and lie interior to the habitable zone(Figure 1).  These 
objects may have thick, hydrogen-rich atmospheres [2] 
and high radiative temperatures.    

 
Figure 1.  Estimated top-of-atmosphere shortwave flux 
incident on Earth- to Neptune-size Kepler candidate 
planets vs. stellar effective temperature of host stars.  
Points are scaled by planet diameter.  Planets are color-
coded according to whether the flux exeeds 400 W m-2 
or falls below 326 W m-2, estimates of the runaway wet 
greenhouse and snowball climate thresholds, respec-
tively [3].  Venus, Earth, and Mars are plotted to scale.  
Many more planets lie above the top of the figure.   
    

Stability of oceans on gas-rich planets:  There are 
two requirements: First, the T-P profile of the atmos-
phere must pass through the stability field of liquid 
water.  Second, the atmosphere must be at or near satu-
ration over the oceans. Wiktorowicz & Ingersoll [4] 
proposed that the mixing ratio f of water in the con-
vecting interior of a Neptune-like planet and the 
planet's effective radiating temperature governed the 
stability of any ocean.  Only if the mixing ratios of 
water in the gas and condensed phases are equal at a 
value below f, can an ocean exist.  Neptune is too 
warm and too dry (f=0.27) to support an ocean, and an 
equivalent planet within 1 AU of a Sun-like star would 

have to have f>0.5.  GJ1214b's low mean density [5] 
and absence of absorption features expected of a solar-
metallicity gaseous atmosphere [6] indicates that its 
envelope may be H2O-dominated, however its radiat-
ing temperature is too high to allow the adiabat to pass 
through the liquid-H2O field [7].               

Planets that retain very massive hydrogen enve-
lopes and are close to their parent stars will not host 
water oceans.  However, planets may form with minor 
amounts of H2/He.  The mass of nebular gas increases 
rapidly with core mass and semimajor axis of forma-
tion as the Bondi radius beccomes large [8], thus 
somewhat smaller planets that form closer to the star 
can have envelopes with a molar H2O fractions near 
unity (Figure 2).  A more severe requirement, however, 
is that the pressure and temperature at the base of the 
atmosphere must be below the critical point of water.  
(Supercritical H2O is an excellent organic solvent).  
This would appear to rule out all but the least massive 
planets forming with a few AU of their host star. 

Figure 2.  Molar water fraction f in the envelopes of 
ice-rock cores after accretion of nebular H2/He, as a 
function of semimajor axis of formation and heavy 
element (initial core) mass, assuming an gas drag in-
fluences the rate of planetesimal accretion [8].  Nep-
tune (green point) has f=0.27 [4], consistent with its 
formation in the vincinity of Saturn's orbit and subse-
quent migration (dotted line), e.g. [9].  The red line is 
where the pressure at the base of the H2/He atmosphere 
is equal to the critical pressure (218 atm) of H2O.  The 
maroon line is where the critical temperature (647K) is 
exceeded.  A solar-type host star is assumed. 

Significant H (and perhaps He) loss must occur be-
fore an ocean can rain out.  To avoid the crtical pres-
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sure of water, the mass fraction of the H/He atmos-
phere must be <4×10-4(Mp/ME)-2. To avoid the critical 
temperature, it must be <5×10-5(Mp/ME)-2a1.75, where a 
is the present semimajor axis.  This would appear to 
exclude all planets with radii larger than 2RE [2].  Na-
ture, it seems, has dealt us a cruel hand; the "small" 
planets most readily detected by Kepler are those most 
likely to contain supercritical water and be sterile.  
Some relief is provided if the host star is an M dwarf 
with a luminosity ~0.01% of the Sun; Kepler can de-
tect planets with smaller radii and the maximum at-
mosphere is 7.5 times more massive.  But Kepler sur-
veys few M dwarfs and nearly all of these are too faint 
for precise Doppler measurements.       

Inside of 1-2 AU, loss of H from planets no more 
than a few times the mass of the Earth is predicted to 
exceed the expected accretion from the solar nebula 
[10] (Figure 3).  This does not inclue degassing of H 
due to reaction of water with metallic iron before or 
during core formation. He is expected to be carried 
away during hydrodynamic escape.    

 
Figure 3.  Mass loss in bars of hydrogen from planets 
around G stars, from [10].  The heavy solid line is 
where mass loss equals the amount of atmosphere pre-
dicted to be accreted from the nebula (intermediate 
planetesimal accretion rate [8].  Planets to the left of 
this line will have lost much or all of their hydrogen. 
 

Venus in the sauna: Water-rich planets with little 
H/He atmospheres close to their parent stars will de-
velop steam atmospheres; photolysis of H2O and es-
cape of H to space can eventually dessicate the planet, 
a scenario thought to have unfolded on Venus.  How-
ever, O must either escape as well or be consumed in 
oxidation of the crust.  Otherwise, O2 will build up to 
amounts sufficient to halt further hydrogen escape  

[11].   H escape will decrease as stellar UV falls, and 
the production of new crust (as a sink for O2) will also 
slow as radiogenic heat sources within the planet de-
cay, but these two drivers will not decrease in the same 
way (Figure 4) and  may vary between planets, with 
some planets arriving at a dry, Venus-like endpoint and 
others retaining a steamier envelope.    

 
Figure 4.  Production (by escape of H to space) and 
consumption (by oxidation of ferrous iron in basaltic 
crust) on a 1 Earth-mass planet with plate tectonics 
around a solar-mass star.  Details of the H escape cal-
culations are in [10].  The oxidation calculations use a 
parametric model of the mantle and a self-consistent 
model of the lithosphere and spreading rates.  The total 
melt column is calculated using a parameterized 
solidus for peridotite; production of basaltic (oceanic) 
crust.  The rate of oxidation of FeO is normalized to an 
estimate of the current rate [12].  After ~2 Gyr the sink 
falls below the source. O2 accumulates in the atmos-
phere, and H escape is halted. 
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