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H2O snowline 
(~au)

CO snowline 
(~10s au)

Reduced gas-
phase CO/H2

(Cartoon: Ilse Cleeves)

(see also Kama et al. 2016; Krijt et al. 2016, 2018; Xu et al. 2017)

Elevated gas-
phase CO/H2

Sequestration of CO ice on pebbles in the midplane?

Krijt+ 20



(Figure: P. Armitage)


Pebble cloud (binary?) ~10-100 km size 
planetesimal

(NASA/JHU APL/SwRI/James T Keane)


Primordial planetesimal composition set by pebble 
composition at time & location of pebble cloud collapse


From Pebbles to Planetesimals: Where and When?
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Thermal evolution from radiogenic heating



Compositional evolution from radiogenic heating

Lichtenberg+ 16a
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Volatile content of evolved planetesimals

Lichtenberg & Krijt (2021), ApJL
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Volatile content of evolved planetesimals

Large planetesimals and/or those 
with more 26Al can lose >90%!

Lichtenberg & Krijt (2021), ApJL
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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.

Lichtenberg & Krijt (2021), ApJL


Volatile content of evolved planetesimals
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Exo-comet compositions in Gas-rich Debris Disks
(M

atrà et al. 2017)

Debris disks Solar system comets

Collage of debris disks as 
seen by ALMA in sub-mm 
continuum (Wyatt 2019)



Comparing model predictions of planetesimal volatile content to observational constraints (for 
example from gas-rich debris disk) will shed light on the planetesimal formation process

(M
atrà et al. 2017)

Debris disks Solar system comets

Lichtenberg & Krijt (2021), ApJL


Evolved planetesimals vs. exo-comets



5. Delivery to terrestrial planets

1. Molecules & microscopic dust 2. Pebble growth & dynamics 3. Planetesimal formation

mm0.1 um 10-4 au

10 au

CO ice line 
(~20 K)

H2O ice line 
(~170 K)

0. Once upon a time inside a gas-rich protoplanetary disk…

coagulation 

fragmentation 

and erosion

+ vertical settling 

freeze out 

de
so

rp
tio

n 

grain surface 
chemistry 

Planetesimals form 
from local dust 
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4. Planetesimal thermal evolution
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Volatile content of 
forming planets is 
shaped by the 
composition of pebbles 
and planetesimals 

Accretion of  
“dry” materials… … vs. accretion of 

“wet” materials 

Dust grains 
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inner parts 

System-level fractionation of carbon from disk and 
planetesimal processing Lichtenberg & Krijt (2021), ApJL
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