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Temperature (K)

Modified from Zahnle+10

Haden Earth: from magma- to water-oceans

Runaway greenhouse atmosphere

Rheological front reaches surface
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Temperature (K)

Modified from Zahnle+10; cf. Lammer+18

Haden Earth: from magma- to water-oceans

Runaway greenhouse atmosphere

Rheological front reaches surface
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Volatile fractionation from core formation +
atmospheric 0SS
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Integrated magma ocean—atmosphere framework
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Atmospheric radiative-convective-chemical model
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Impact of planet size and (fixed) atmosphere
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Stellar influence
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Integrated magma ocean—atmosphere framework

l Fior ,.I”Atmospheric loss

Atmospheric radiative-convective-chemical model
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Outgassing/
Ingassing

atmosphere

C=SP

magma

ocedan ez arieas
Dai\ oy/silicate

_—

Hirschmann 16

(ppm wt)

magma

Solubility,

10~

10

108

11

pv(Xv) - (ﬁ)
',
A H,Odata CO,, Ni & Keppler 2013: a=1.550e-06, =1.0
H,O fit: a=8.086e-01, =1.709e+00 —— (O, Yoshioka+19: a=1.600e-07, f=1.0
---- H>50, Lebrun+13: a=6.800e-02, =1.429e+00 A CH,4 data
------- H-O, Elkins-Tanton 2008 (non-Henrian) —— CH,4 fit: ®=9.937e-08, =1.0
A H, data ~—=- CH4 Keppler & Golabek 19: a=1.380e-07, f=1.0
H, fit: a=2.572e-06, =1.0 v N data, fO,<IW (reduced)
~==- H, IW-3.5: Hirschmann 2016: a=0.00000 — =+ Nfit, fO,=< IW: a=7.416e+01, f=4.582e+00
A CO, data A N data, fO,=IW (oxidized)
— CO, fit: a=1.937e-09, f=7.140e-01 - N hand fit, fO,= IW: a=7.000e-05, =1.8

~—=- CO>, Lebrun+13: a=4.400e-06, f=1.0

S, Hirschmann 2016: a=0.00500

106

108 1010 1012
Partial pressure, pl4p.r (Pa)

Lichtenberg, Hammond, Bower, Tsai, Sanan, Boukrouche, Pierrehumbert, in prep.



Outgassing/ingassing history
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carliest atmosphneric chemistry
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Directly image magma ocean planets?

Probability of detecting magma ocean planet
with future direct imaging facilities
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Rocky exo-planet diversity from protoplanet solidification

e Magma ocean-atmosphere coupling shapes earliest
atmospheric and upper mantle (geo-)chemistry

evolution

atmospheric chemistry

= Stationary + runaway MO planets m

diversity of rocky planetary atr

gleels

= Barrier from planet formation to early planetary

= Crucially defines volatile fractionation and

ay reveal
eres

e Connect w/ space missions and laboratory studies
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