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Robin Canup, SwRI

Rocky exo-planet diversity  
from protoplanet solidification



Hadean Earth: from magma- to water-oceans
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SwRi/S. MarchiModified from Zahnle, Schaefer, Fegley 10
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Planetary environmental conditions for OoL

Pearce+ 18Lichtenberg, Schaefer, Fischer, Nakajima, in prep.
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Volatile fractionation during accretion
5

Solomatov 15; Massol+16Hirschmann 16
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Atmospheric speciation: an open phase space
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Multi-species moist adiabat structure
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After Li, Ingersoll, Oyafuso 18 Solomatov 15; Massol+16



Heat loss or gain?
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Simpson-Kombayashi-Ingersoll-Nakajima limit



Solubility determines atmosphere pressure
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Coupled framework
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Puffy MO atmospheres
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Puffy MO atmospheres
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Earliest atmospheric chemistry
14

-16 -14 -12 -10 -8 -6 -4 -2 0
Volume mixing ratio, log (ni/ntot)

10
6

10
4

10
2

10
0

P
re
ss
ur
e,
P to

t
(b
ar
)

Time = 25 yr
2598

2107

1616

1125

634

Te
m
pe

ra
tu
re
,T

(K
)

H2

H2O
CO2

CO
CH4

O2

-16 -14 -12 -10 -8 -6 -4 -2 0
Volume mixing ratio, log (ni/ntot)

10
6

10
4

10
2

10
0

P
re
ss
ur
e,
P to

t
(b
ar
)

Time = 25 yr
2589

2100

1611

1122

634

Te
m
pe

ra
tu
re
,T

(K
)

H2

H2O
CO2

CO
CH4

O2

+10 ppm H2

CH4

O2

CO

H2

CO2

CO2

H2O

O2CO

H2

H2O



15

Single-species spectra



Directly image magma ocean planets?

Bonati, Lichtenberg, Bower+ 19

Probability of detecting magma ocean planet 
with future direct imaging facilities
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Connection with interior state
17

(d) Boundary layer

(b) Variable L(a) Constant L

(c) Solid-melt separation crust



Rocky exo-planet diversity from protoplanet solidification

• Magma ocean-atmosphere coupling shapes earliest 
atmospheric and mantle chemistry 

➡ Crucially defines volatile fractionation, near-surface 
geochemistry, and atmospheric speciation 

➡ Stationary + runaway MO planets may reveal 
diversity of early planetary environments  

• Connect w/ space missions and laboratory studies 

• Probe underlying distribution of ‘Hadean-like’ planets
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