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Elemental abundances at time 
of solar system formation 

Planets are made from abundant atoms
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CNO

H,C,N,O

make common “volatile” 
molecules

…arranged in small molecules

e.g.:

CH4,         NH3,         H2O
methane, ammonia, water
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Elemental abundances at time 
of solar system formation 

Planets are made from abundant atoms

rarer stuf

CNO Mg, Si, Fe 

abundant in solid Earth
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Encyclopedia of Geochemistry

Noble gases don’t 
play nicely with others



Encyclopedia of Geochemistry

About half in volatile gases (H2O, 
CO, CO2) and half in silicates (rock)



Encyclopedia of Geochemistry

Carbon in hydrocarbons is less 
volatile than CH4, CO, CO2
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ALMA (DSHARP, Andrews+ 2018)
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NASA, ESA, M. Robberto,  HST Orion Treasury Project, L. Ricci

gas + dust + ice

gas + dust

Until incorporated into planets, 
most molecules are inherited 
from the ISM.  Which are solid 
depends on temperature.
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water 
frozen carbon dioxide 

frozen

carbon monoxide 
frozen

extra oxygen in 
silicates (rock)

extra carbon in 
hydrocarbons 
(where does it 

go???)solar

0.54 Predicts Earth should have 

lots of carbon: soot ball!
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planet

solid core

accreted gas

extra 
accreted 

solids

C/O ratio not 
expected to 

match that of 
the star 



Extrasolar planets have a broad range of solid/gas ratios

Thorngren+ 16
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JWST looks in 
the infrared, 

where quantum 
mechanics 

places many 
molecular lines



wide-separation giant 
planets

HR 8799



Balmer+ 2025
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Slide credit: Zawadzki
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2023, 
PPVII 

review



ALMA (DSHARP, Andrews+ 2018)



Öberg+ 2021



MAPS, DSHARP surveys with ALMA
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Larger particles are concentrated closer to 
the star in observed protoplanetary disks.

Particle Size

Andrews 2016



gas + rock + ice

gas + rock

“reverse” cloud physics!
Powell et al. 2022



Gas drag causes drift

pebble wants to orbit star 
faster than the gas, but gas 
drag prevents it

radial pressure
gradient pebbles fall toward 

the star at their 
terminal velocity



Menu et al. 2014, L.I. Cleeves, Andrews et al. 2012, Debes et al. 2013,  
images from presentation by Sean Andrews May 2016

Particle Size

larger particles drift inward 
more quickly



gas + rock + ice

gas + rock

“reverse” cloud physics!
Powell et al. 2022



Powell et al. 2022

CO gas depletion 
depends on age and 

turbulence level in the 
disk 



Sun

planetesimal

growing solid planet

region of
gravitational 
dominance

Ormel & Klahr 2010, Lambrechts & Johansen 2012, 
Rosenthal et al. 2018, Xu et al. 2017


Pebble accretion:
Capture by gas drag allows fast growth of planets
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MAPS, DSHARP surveys with ALMA

!



These spectra probe the inner disk, near where Earth formed!





Each of these is a water line



Colmenares+ 2024



Houge+ 2025



Colmenares+ 2024



How chemically diverse can planets made out of average 
galactic material be?


