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Geophysical evolution during rocky planet formation
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Iemporal fragmentation of planet formation

A Timeline of Solar System accretion

CBimpact |
~ Comets
I CCplanetesimals

Chondrules

Gas disk dispersal _

.~ CAIs

o B Individual planetesimal accretion times
= 45-
% . B
L 30- —i —
%‘ —. A A . . :.
T 15- | ]
= | |
0-
© : | |-m- |
H : - —e—
Q ELE | || Tt 2e= 7Y
(@N —1 5 17 — g | —0—
O A | | |
= |
8 -30- —A— CCiron —mM— CC achondrite —®— CC chondrite
— —A— NC iron —M— NC achondrite —®— NC chondrite

15 2 25 3 35 4 45
Time after CAl formation, Atcar (Myr)

o
o
O
o
—

Lichtenberg, Schaefer, Nakajima, Fischer 22, Protostars & Planets VI

Secular

: Geochemiical S lar ... Planetesimal
geodynamlc cycling AN e Scaled planet radius A
_ \ growth “a stage
evolution 06
~10° yr
~10°-10° yr Solid state g Proto-mantle

convection

Late accretion
S T Proto-core

Radiogenic

degassing
\oleanic Inner core " Metal rainout
: nucleation
Secondary [ SeEEslle Primordial
atmosphere Exsolution atmosphere
dynamo
Nebular
Global : :
Overturn Cor(.a.-mar.ltle TEEITE GeREl ingassing
equilibration
Interior-atmosphere
equilibration 107
~10°—108 yr "
Proto-core 3 impact
Magma ocean Mantle mergin ~.meling — Gjant impact
. . oxidation ging :
Cl'ySta”IZBthn Atmospheric phaSG

) Atmospheric
escape ‘ erosion



Compositional evolution from radiogenic heating

Radiogenic heating, log1o [W/k(]
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Radiogenic heating drives thermal evolution

Highest mean temperature, < 7> max (K)
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Thermal and compositional evolution highly time sensitive
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Thermal and compositional evolution highly time sensitive

Retained water ice, fi.e (VOI%)

Planetesimal dehydration
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Percolative core formation, fyerco (VOI%)

1001
B ——
90 - T
/
______ Ammmm e
80- T
/
I
70+ |
|
60- L
|
l
50 - |
|
I
40 - Planetesimal radius R, formation time t,m
...... (R1)10 km, 0.3 Myr ~ ----=- (T3) 100 km, 1.3 Myr
309 - - (R2) 30 km, 0.3 Myr —== (T2) 100 km, 0.72 Myr
—— (R3)300km, 0.3 Myr —— (T1)100 km, 0.3 Myr
20- | e R S
| |
10- | |
| I
| j
O | l — I = I | - l |
0.3 0.5 1 2 3 5

Time after CAl formation, Atcar (Myr)



Compositional bifurcation by radiogenic heating

Highest mean temperature, < 7> max (K)
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Compositional bifurcation by radiogenic heating

Highest mean temperature, < 7> max (K)
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lron core formation: meteorites vs. modagel
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lron core formation: meteorites vs. modagel
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Agueous alteration: meteorites vs. model

Lichtenberg, Drgzkowska+ 21
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Agueous alteration: meteorites vs. model
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“SAl variapllity across planetary systems

Enrichment with short-lived radionuclides (2¢Al + €0Fe)
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shapes exoplanet water budget
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“OAl shapes exoplanet water budget

Solar 26Al versus no 26A| heating
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“SAl shapes exoplanet carbon fractionation

Final volatile (in this case CO) content of evolved planetesimals can be very different from that of microscopic dust
grains at t=0, depending sensitively on radial location & both disk processes and thermal evolution of planetesimals.
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Exoplanets as a window Iinto hothouse climates
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Exoplanets as a window Iinto hothouse climates
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-rom magma- to water oceans

First oceans
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Net stellar radiation at 7, (W m)
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Volatile species fractionation
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Volatile fractionation controls

planet solidification

Cooling of planet
via heat loss
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Worlds with varying volatiles
solidify differently
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~ Worlds with varying volatiles

solidify differently
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Redox-controlled climates
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Advanced Interior-atmosphere modaels
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Dorn & Lichtenberg 21, ApJL
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Dry (B) vs. wet (C)
magma ocean
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Solid mantle (A) vs.
wet magma ocean (C)
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Specific planets

Dorn & Lichtenberg 21, ApJL
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Up to 1 magnitude water budget difference
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solid interior
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Redox alteration requires reservoir mixing

lron disproportionation

3Fe?t — 2Fe3* + Fel

Frost+ 04, Wade & Wood 05, Frost & McCammon 08, Carlson+ 12

Endogenous water production

FeO + H, - H,0O + Fe

lkoma & Genda 06, lkoma+ 18, Olson & Sharp 18, Kite & Schaefer 21

e Mixing: atmosphere-mantle
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e Mixing: mantle-core
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Particle settling in turbulent convection

Non-dimensional
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JTurbulent convection In sub-Neptunes

Magma ocean depth

Ra = 8210
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JTurbulent convection in sub-Neptunes

Expected iron droplet sizes
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Rubie+ 03, Solomatov 15
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Rainout quenching In sub-Neptune interiors

ddroplet VS. dcrit
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Vlagma circulation affects thermal evolution

H-0O Oxidized L:] atmosphere Reduced L:] atmosphere Ho
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phase Fe?* FeO + H, Fe?* FeO + H, detection

— Fe® + Fed* = Fe’+H0 +— Fe’+Fe* — Fe® + H, O

(A) Mantle self-oxidation (B) Redox hysteresis
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Prebiotic chemistry on reduced super-Earths”
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ExXoplanets as a window Into climate diversity
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Geophysical evolution during
rocky planet formation

Tlmlng of formatlon alters geophysms
internal processing .
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