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• H/H2O-Silicate/Metal 
reaction 

• Pulsed laser heating 
with gated synchrotron 
XRD

• Synthesis of dense 
shock targets 

• Chemical interactions 
in multi-phase systems

• Atomic-scale structure 
of planetary melts 

• X-ray diffraction and X-
ray spectroscopy
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Exoplanet Discoveries

Exoplanet Archive
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Mass-Radius

Gas Giants

Super-Earths

Sub-Neptunes

https://opentextbc.ca/astronomyopenstax/chapter/
exoplanets-everywhere-what-we-are-learning/

c



High-pressure physics plays a vital 
role for understanding exoplanets



Atmosphere-Interior Interactions



- H2 + 1/2 O2 = H2O


- Mixing-Demixing



Marrocchi and Piani (2019) Nat. Astro.



Sub-Neptunes
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H2 or H2O



Close-in Sub-Neptunes

Batalha (2014, PNAS)



Bitsch et al. (2021) Astron. & Astrophys.

Water-rich Sub-Neptunes

Luque and Palle (2022) Science

Kepler-138d, Piaulet et al. (2022) Nat. Astro.



Interior Model for Sub-Neptunes

H

Magma Ocean

Hydrogen

The magma ocean phase 
may last several gigayears

Vazan et al. (2018) ApJ

0.1-10 GPa 
>2000 K



Diamond Embrittlement
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Pulsed Laser Heating

Time (µs)

L
a

se
r 

in
te

n
si

ty
 a

n
d

 T
e

m
p

e
ra

tu
re

5 10 15

X-ray
Measurement

Window

CW

Pulsed

Deemyad and Silvera (2008) PRL 
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Diamond Anvil Cell

H2

Au coated
Re gasket

Sample foil 

Diamond

Sample
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22-30 GPa, 1500-2000 K

Allen-Sutter and Shim, in press, PSJ

(Mg,Fe)O + H   



(Mg,Fe)O + H
(a) (b) (c)

 2(Mg,Fe)O + 3H → 


FeH + MgO + H2O 

Allen-Sutter and Shim, in press, PSJ



22-30 GPa, 1500-2000 K

Allen-Sutter and Shim, in prep

(Mg,Fe)2SiO4 + H
(Mg,Fe)2SiO4 + Fe + 7H → 


MgO + FeSi + FeH + 3H2O

5-30 GPa, 2500-4000 K



Fayalite in a H medium at 12 GPa and 3000 K

Laser Heated
Fresh

(Mg,Fe)2SiO4 + H



Electron Microscopy

Fayalite in a H medium at 12 GPa and 3000 K.

Quenched 
Silicate Melt

Fe Metal Blob

Heated Area

• FeO + H2 → Fe + H2O 
• SiO2 + 2H2 → Si + 2H2O 
• Fe + 0.5H2 → FeH



22-30 GPa, 1500-2000 K

Allen-Sutter and Shim, in prep

Conversion of H to H2O Planet



22-30 GPa, 1500-2000 K

Allen-Sutter and Shim, in prep

Impact of Si Reduction

Fe
35%

MgSiO3
63%

H2
3%

FeSi
53%

MgO
25%

H2O
22%

Production of a large amount of H2O


Growth of the metallic part and shrink of the 
rocky part of the core


Magma converts from silicate to oxide



Planet Conversion

H

H2O
Metal

Silicate
Oxide



Sub-Neptunes and Super-Earths
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Super-Earth

H or H2O

Magma Sub-Neptune

Radius Gap



Mixing-Demixing



H/Fe ~ 1.5-2

Super-Stoichiometric FeHx Liquid

Piet et al. (2021) PRB, Piet et al. (2023) in revision

H/Fe = 1.5

H/Fe = 2

H/Fe = 1

Very large amount of H can be ingassed in 
molten Fe metal.



H2O-Mg2SiO4

Mg Si

MgO

SiO2

Mg2SiO4 + 2H2O →  
SiO2 + 2Mg2+ + 4(OH)− 



22-30 GPa, 1500-2000 K

Allen-Sutter and Shim, in prep

Mixing-Demixing
Mixing between Planetary 
Materials 

H2-H2O: Lei et al. (2021) JPCL, 
Soubiran and Militzer (2015) 
ApJ

H2O-MgO: Kim et al. (2021) 
Nat. Astron.



Ingassing
• Ingassing through mixing


• Dynamic processes

H

H2O
H0, H−1, H2,   
and OH−1 



H0, H−1, H2,   
and OH−1 

Outgassing

• Low H/H2O solubility in solid 
silicates and metal.


• Impact of interior processes for the 
chemical composition of 
secondary atmosphere

Secondary  
Atmosphere



https://wordlesstech.com/super-earth-planet-could-be-our-next-home/#post/0

Super-Earths

Super-Earths may not be  
simple scale up versions of Earth.



Summary

• Hydrogen-silicate reaction can produce water, converting a dry 
hydrogen rich planet to a wet water rich planet.


• Mixing-demixing could play an important role in the formation of 
secondary atmosphere of super-Earths converted from sub-
Neptunes


• High-pressure chemistry will play a key role in advancing our 
understanding on exoplanets’ atmospheres. 



Nature Astronomy, 2021
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FORCE 
Facility for Open Research in  
a Compressed Environment

6000-t multi-anvil 
press

Ultrahigh pressure 
cubic press

Torsional 
apparatus

Gas pressure 
vessel

Dense FeSiO3 
Rod

Nano-
polycrystalline 
diamond

(Irifune et al., 2014)1 mm


