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Jupiter Atmospheric Formation Models

• Existing models to enhance Jupiterʼs metals
– Condense the species in extremely cold, 30K solar nebula
– Then concentrate these
– Then heat and release at Jupiter 

• Owen et al, Hersant et al, Guillot et al, Alibert et al

• Problem with these models:
– 30K is a very cold disk!

• ISM itself is 20-50K (e.g., Bally et al 1991)
– Models generally predict similar enhancement factors for all species 

(~3×, not 2-6×).
– For clathrate hydrates, condensation requires grains to stay tiny for 

many Myr.
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Jupiter ‘Polluted Accretion’ model

We propose instead:

1. Solar System forms in a large star cluster.
N > 1000 stars: consistent with 60Fe.

2. Massive stars pollute ISM with heavy elements.
SNs and massive stellar winds convert H ➔ C, N, S, etc.

3. ʻPollutionʼ from massive stars is accreted onto Jupiter.
Accretion from ISM ➔ Solar Nebula Disk ➔ Jupiter (Throop & Bally 2008)
Easier to enrich diskʼs metallicity than the Sunʼs
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ISM ➔ Disk Accretion

Accretion from ISM can change relative composition of Sun, Disk

• ISM can accrete onto the disk after disk formation.
• Accretion rate ~ 1 MMSN / Myr
• It is easier to accrete onto the disk than onto Sun

➔ The disk get polluted and the Sun does not!

• Throop & Bally 2008 (AJ 135)
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Jupiter ‘Polluted Accretion’ model

Stellar winds, SN are enriched 10-100× in metals.
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Orion constellation

Orion Molecular Clouds
>105 Msol     100 pc long
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Jupiter Composition

• Data: Galileo Probe
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Jupiter Composition

• Data: Galileo Probe (Grevesse et al 2005 Solar abundances)
• Model: Accretion from ISM

– 94% Solar nebula material
– 4% Stellar winds from 40 M⊙ star  (provides C, N, O)
– 1.5% SN from 25 M⊙ star  (provides S, Ar, Kr, Xe)
– Requires ~0.06 MJ of accretion to explain Jupiterʼs enrichment
– Stellar lifetimes of ~5-10 Myr, consistent with Jupiter formation times
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Jupiter Composition

• Data: Galileo Probe (Anders & Grevesse 1989 Solar 
abundances)

• Model: Accretion from ISM



• The Solar System did not form as a closed, isolated system!

• Our model reflects current understandings of star formation
• The ISM is readily polluted by stellar winds and SN ejecta
• Stars have long orbits that take them through the ISM
• Stars/disks can accrete material from the ISM (Throop & Bally 2008)

• Moreover, there is existing strong evidence for spatial / temporal variability of the proto-
solar nebula
• Isotopic heterogeneities in our Solar System (Cr, Mb, Ba, S, Ti, Zi): 

Trinquier et al 2007:

“Preservation of the 54Cr heterogeneity in space and time (several Myr) motivates us to speculate that late stellar 
input(s) could have been significant contributions to inner nebular Cr reservoirs...”

  Dauphas et al 2002:
“'Mb isotope abundances were heterogeneously distributed in the Solar Systemʼs parental molecular cloud, 
and the large-scale variations we observed were inherited from the interstellar environment where 
the Sun was born.”

• Late accretion of 60Fe from SN source within ~ few pc in first few Myr
• Metallicity differences within star clusters (Cunha, Smith)
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Jupiter ‘Polluted Accretion’ model

Throop & Bally (submitted)
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The 
End
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Jupiter vs. the Sun

The Galileo Probe gave us a big problem:
Jupiter is enriched in heavy elements vs. the Sun.

Enriched in C, N, S, Ar, Kr, Xe relative to H
Original results: enriched by 3±1×  (Anders & Grevesse 1989 Solar 
abundances)
Newer results: enriched by 4±2× (Grevesse 2005 Solar abundances)
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Jupiter ‘Polluted Accretion’ model

Our model attempts to fit Jupiterʼs current composition with 
combination of:

1. Solar-composition material
2. Metal-enriched ejecta from massive stellar winds
3. Metal-enriched ejecta from supernovae

Ejecta from SNs stellar winds is enriched in all elements.
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Jupiter’s Atmosphere

• Mass Spectrometer aboard 
Galileo Probe

• Measured atomic and 
molecular species to ~20 
bars

• Found Jupiter atmosphere 
to be 2-6x higher in metals 
vs. Sun
– C, S, Ar, Kr, Xe
–  All these are stable and long-

lived: enrichment was a 
complete surprise!

– vesc = 45 km/sec
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Jupiter ‘Polluted Accretion’ model

• Conclusion: Jupiterʼs enrichment can be matched if we allow 
for the Solar nebulaʼs composition to have slight temporal 
and/or spatial variations.

• And we already know this happens!
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Orion constellation
H-alpha
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Orion constellation
H-alpha

Orion Molecular Clouds
>105 Msol     100 pc long
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Our ‘Polluted Accretion’ model for Jupiter

1. The Sun and its disk form in a cluster within a giant 
molecular cloud.

2. Other clusters in GMC form simultaneously.
3. Massive stars in nearby clusters pollute the ISM with 

metals.
4. Sun + disk pass through polluted region and accrete 

polluted ISM
5. Jupiter forms from this disk
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Jupiter ‘Polluted Accretion’ model

Dauphas et al 2002:

“'Mb isotope abundances were heterogeneously distributed in the 
Solar Systemʼs parental molecular cloud, and the large-scale 
variations we observed were inherited from the interstellar 
environment where the Sun was born.”

Ranen & Jacobsen 2006:

“There are resolvable differences between the Earth and 
carbonaceous chondrites that are most likely caused by incomplete 
mixing of r- and s-process nucleosynthetic components in the 
early Solar System.”

Trinquier et al 2007:

“Preservation of the 54Cr heterogeneity in space and time (several 
Myr) motivates us to speculate that late stellar input(s) could have 
been significant contributions to inner nebular Cr reservoirs...”

• Conclusion: Jupiterʼs enrichment can be matched if we allow 
for the Solar nebulaʼs composition to have temporal and/or 
spatial variations due to its stellar neighbors.

• Evidence for a heterogeneous nebula is not new!
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Orion core
(visible light)
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Jupiter vs. the Sun

If the Sun and Jupiter both formed from the same cloud, 
why is their atmospheric composition so different?



ThroopThroop - Jupiter Enrichment

M
ol

ec
ul

ar
 c

lo
ud

s



ThroopThroop - Jupiter Enrichment

M
ol

ec
ul

ar
 c

lo
ud

s



ThroopThroop - Jupiter Enrichment



ThroopThroop - Jupiter Enrichment



ThroopThroop - Jupiter Enrichment



ThroopThroop - Jupiter Enrichment



ThroopThroop - Jupiter Enrichment

Giant Molecular Cloud, 10-20 pc
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