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ro
cesses? 

Start w
ith the d

isk…
.
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Jones et al. 2013 C-grains

Si-grains
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Paradigm
 of Terrestrial Planet Form

ation

Start: disk w
ith w

ell m
ixed 

gas and dust

D
ue to gas drag and 

pressure gradients grains 
accum

ulate w
here the gas 

pressure m
axim

izes: settle 
to the m

idplane

G
rains grow

 into rocks in 
dust-rich m

idplane

Turbulence in the disk acts against dust settling  
(W

eidenshilling 1984)
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Lee, Bergin, and Nomura 2010 
Anderson et al. 2016, ApJ, submitted
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A
stro

no
m

ically w
e can attem

p
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co

nstrain C
/N

 ratio
 and

 search fo
r 

d
estructio

n o
f carb

o
n g

rains. 
Evid

ence o
f o

xid
atio

n w
o

uld
 b

e excess C
O

 
in the inner d

isk.



Peering
 into

 the m
id

p
lane

TW
 H

ya

Zhang et al. 2016 
N

ature A
stronom

y 
in review

 
Spatial Resolution:  
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U
sing

 H
D

, 13C
O

18O
, C

18O
, and

 sub
m
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co
ntinuum

 em
issio

n: 

⇒
 M

g
as /M

d
ust ~

200 - m
issing

 at least 4 M
⊕  o

f d
ust 

⇒
 M

id
p

lane C
O

 sno
w

line lies at 20.5±
1.3 A

U
 

⇒
 Incom

plete CO
 return inside snow

line - m
ust be 

in ices in another form
 or in big rocks. 
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Therm
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ro
cessed

 
m

eteo
rites hint at p

ro
cesses 

o
ccurring

 o
n p
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als and
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b

ryo
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vo
latile lo

ss and
 elevatio

n o
f the 

initial C
/N

 ratio
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2013

Volatile 

loss to core

Atm
osphere loss to  

space via im
pacts 

(e.g. Stew
art; Schlicting)
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s p
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tentially existed
 as early as 2 
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yr after C
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has and

 Po
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and
 2011). 

➡
G
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➡
Early H
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o
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uilib
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m
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o
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o
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e hig
hly red

ucing
.
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ula d
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; initial H
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o
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sence o
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•
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ical eq
uilib

rium
 

w
ith variab

le fractio
n o

f 
Fe/Silicate m

ixture 

➡
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rm
s m

etal/vo
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rich silicate m
ixture 

➡
o
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o
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here



M
o

d
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3. Seg
reg
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n and

 
iso

latio
n o

f co
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➡
m

antle w
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 and
 N

 
that d

o
 no

t g
o

 to
 co

re 

➡
o

verlying
 atm

o
sp

here 
b

ased
 o

n initial 
eq

uilib
rium

W
e consider tw

o cases: 
A

 - atm
osphere returns to m

antle to form
 B

SE 
B

 - atm
osphere lost to space, m

antle is B
SE
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•
Earth’s C

 and
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p
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 b

y m
aterials that 

w
ere a m
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f o

ur cases - so
 at least 

red
uced

, if no
t o

xid
ized

 

•
m

ag
m

a-o
cean related
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m
o
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w
 C

 in m
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o
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o

st likely carriers o
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o
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rains  
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/N
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ithin b

o
d
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C

o
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