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Planet formation: The old view 

• Planets and planetesimals formed more-or-less 
where they are now. 

• The giant planets formed in the first 5-10 Ma, 
before the gaseous nebula had dissipated. 

• The terrestrial planets took longer to form. They 
accreted dry and reduced, acquiring their volatiles 
late to avoid them being lost during giant impacts. 

• The volatiles were delivered by asteroids and/or 
comets - probably asteroids as Jupiter limits the 
number of comets entering the inner Solar System.  



New paradigms 

• The discovery of so-called hot Jupiters 
around other stars has led to the general 
realization that dramatic orbital migration 
of planets is common. 

• There are now 2 dynamical models, the 
Grand Tack and Nice models, that invoke 
migration to explain various features of the 
current architecture of the Solar System. 



Walsh et al. (2011) 

The Grand Tack model 
Inner Disk Inter-planetary Trans-Nept. 

Neptune: 
End – 13 AU 
Now – 30 AU 
 
Uranus: 
End – 9 AU 
Now – 19 AU 
 
Saturn: 
End – 7 AU 
Now – 9 AU 



The Nice Model 

• Designed to explain the late heavy 
bombardment (~4 Ga) and architecture 
of the Kuiper Belt via orbital migration of 
the giant planets (Gomes et al. 2005). 
 

• A prediction is that Kuiper Belt objects 
(>30 AU) were implanted into the outer 
asteroid belt (Levison et al. 2009). 



Asteroidal Comets 

Hsieh and Jewitt (2006) 



Testing the models: is there an 
asteroid-comet connection? 

• The dynamical models and main-belt 
‘comets’ potentially blur the once clear 
distinction between comets and asteroids. 

• A test of the models is to search for 
genetic relationships between comets 
and asteroids using the extraterrestrial 
materials available – meteorites, IDPs 
and comet Wild 2 samples. 



Allende (CV3) 

Lancé (CO3) 

Chondrites – ‘cosmic’ sediments 

Courtesy Adrian Brearley 

Three basic components: 
Chondrules, CAIs, Matrix. 
 
Also found in comet Wild 2 

Ordinary – H, L and LL 
Enstatite – EH, EL 
Carbonaceous – CI, CM, CR, 
CV, CO, CK 
 



Asteroidal 
Sources 

• S-complex, sources of OCs 
• C-complex, sources of CCs 

Bus and Binzel (2002) 

Eros – NEAR Mission 



Warren (2011) 

Asteroids from ≥2 sources? 

C-asteroids? 

S-asteroids 



δ17O (‰)=1000[(17O/16O)unk/ (17O/16O)std-1] 

O Isotopes – a key 
classification tool. 

∆17O 

Chondrites 

Variations due to addition 
of 16O-poor water to inner 
Solar System 
(Yurimoto+Kurimoto 2004; 
Lyons and Young 2005)? 

Water 



Comet-IDP-chondrite 
continuum 
Wild 2 IDPs CCs OCs ECs 

Presolar grains ✓ ✓ ✓ ✓ ✓ 
Organics ✓ ✓ ✓ ✓ ✓ 
Water ✓ ✓ ✓ 
Fine-grained silicates 
(cryst.+amorph.) ✓ ✓ ✓ ✓ ✓ 
Chondrules ✓ ✓ ✓ ✓ 
CAIs ✓ ✓ ✓ ✓ 

(Gounelle et al. 2008; Ishii et al. 2008; Zolensky et al. 2008) 



Interstellar Organics? 

• Large enrichments in D and 15N 
point to formation in molecular 
clouds (MCs) or perhaps the 
outer Solar System. 
 

• C100H80N4O20S2 comet Halley 
CHON (Kissel and Krueger, 
1987). 
 

• C100H79N3.8O15S3 in CR 
chondrite IOM (Alexander et al. 
2007). Messenger (2000) + Busemann et al. (2006) 

Simple gas 
molecules 
In MCs. 



 

Courtesy Kazu Tomeoka 



HCN+NH3+CO2 important in 
cometary and chondritic ices 

From Pizzarello et al. (2006) 

Carbonates are common and required a source of CO2. 
 
HCN and NH3 were needed for amino acid synthesis: 



Comet-IDP-meteorite 
continuum 

The presolar grains, organics and silicates all point, at the 
very least, to a continuum between comets and chondrites. 
 
Note that this continuum applies to all chondrites, and not 
just the carbonaceous chondrites. 
 
But this continuum does not require that any or all 
chondrites formed in the same regions as comets – it could 
simply reflect vigorous radial mixing in the solar disk. 
 
Still have not unambiguously tested the dynamical models! 



Need indicators of formation 
distance from the Sun 

• (1) How about chondrule size, matrix 
abundance and water content? No. 
 

• CMs and COs have similar chondrule sizes 
but very different water contents. 

• CRs, CVs and OCs all have ‘large’ 
chondrules, but only CRs can have high 
water contents. 

• CRs, CVs and COs all have similar matrix 
contents…. 



Need indicators of formation 
distance from the Sun 

• (2) How about O isotopes of water? No. 
 

• Proxies for the water – Fe-oxide produced 
during aqueous alteration show very modest 
∆17O: 

• OC ~ 5‰, RC ~ 3.5‰. 
• CI ~ 1.7‰, CM ~ 1.3‰, CV ~ -1‰, CO ~ -2‰. 
• Water of dehydration (Baker et al. 2002): 
• CI ~ 0.6‰, CM ~ -0.8‰, Tagish Lake ~ 1‰. 



Need indicators of formation 
distance from the Sun 

(3) Are H isotopes the answer? Maybe. 

Comets 

Horner et al. (2007) 



D/H evolution during disk building 

Yang et al. (2013) 

Snowline 

ISM ices 

Bulk solar 



Hartogh et al. (2011), Brown et al. (2012) and Bockelée-Morvan et al. (2012) 

Chondritic water D/H predictions 

Comets 

C-chondrites? 

O, R-chondrites? 



H abundances/isotopes in CMs 
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D/H variations: 
Mixtures of water and organics 
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Chondritic water was not from 
the outer Solar System 

Alexander et al. (2012) 



3Fe + 4H2O = Fe3O4 + 4H2 

Alexander et al. (2010) 



Fe-oxidation corrected D/H 

Sutton et al. (2013) 



Where does that leave us? 

• D/H ratios show that C chondrites (and C 
asteroids) did not form in the same regions as 
the measured Oort cloud comets. 

• The D/H of CRs≈Hartley 2, but CRs are not a 
spectral match to JFCs. 

• Tagish Lake is a spectral match (D-type), but 
its water has too low D/H. 

• Also, C chondrites contain abundant 
chondrules with ‘inner Solar System’ O 
isotopes. 



Where does that leave us? 

• If comets did not form between the giant 
planets, the main constraint on the formation 
locations of the chondrites comes from 
Enceladus. 

• Enceladus must have formed toward the end 
of Saturn’s growth when its subdisk was cold 
or its D/H would have been low (Waite et al. 
2009). 

• In the Grand Tack model, Saturn approaches 
its final mass between ~3 AU and ~7 AU. 



JFCs as water sources? 
• The Earth-like D/H of the JFC Hartley 2 ice 

led to suggestions they might have been the 
sources of Earth’s water (Hartogh et al. 
2011), But: 

• Earth would have accreted bulk comets – 
including D-rich organics. 

• JFCs were only delivered in the Nice model 
~4 Ga ago, long after the earliest evidence for 
oceans and an atmosphere. 

• Material delivered to Earth was from the inner 
asteroid belt (Bottke et al. 2010,2012). 



Isotopic constraints on the 
Source(s) of Earth’s Volatiles 
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Most volatiles are CI-like 

Marty et al. (2013) 



Summary and conclusions 
• (1) The comet-chondrite continuum – comets and 

chondrites share many components – presolar grains, 
organics, fine-grained silicates, CAIs and chondrules. 
 

• (2) Dynamics of planet formation and orbital evolution – 
primitive, C-type asteroids are probably formed <3-7 AU, 
contrary to predictions of two the dynamical models. 
 

• (3) Accretion of volatiles by the terrestrial planets – 
cometary sources remain problematic, and if asteroids 
were the sources of Earth’s volatiles, CIs are the best 
single candidates. 

 



Sources of meteorites 

Delivery 
efficiencies 
relative to ν6, 
3:1=20%, 
5:2=2.5%, 
2:1=0.3% 
(Morbidelli et al., 
2002) 

Courtesy N. Moskovitz 



Do meteorites sample all 
major asteroid types? 

• Probably. 
 

• All major asteroid spectral types are present in 
the inner main belt. 

• Most micrometeorites appear to be related to CI 
and CM chondrites (Taylor et al. 2012). 

• Microbreccias (e.g. Kaidun) are also dominated 
by CI- and CM-like clasts. Isheyevo is the 
exception – clasts resemble CIs, CMs and CRs, 
but in some the N isotopes are very anomalous. 



D/H variations: 
Mixtures of water and organics 

-500

0

500

1000

1500

2000

2500

3000

3500

4000

0 5 10 15 20 25

δD
 (‰

) 

C/H (wt.) 

IOM 
OC 

CR 

CM 

TL 

Bulks 

CI 



Whence the diversity in IOM? 
(IOM=insoluble organic material) 

(Alexander et al. 2007, 2010; Herd et al. 2011) 

Alteration Metamorphism 

Increasing Aromaticity 



Organic Material 
δD 
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Busemann et al. (2006) 



Nanoglobules 

Courtesy Keiko Nakamura-Messenger 



Wild-2 Nanoglobules 
• Isotopically Anomalous 

– One 15N rich (associated 
also with other 15N-rich 
non-globule OM) 

– One D-rich  
• Distinct Chemistry 

– 15N-rich similar to 
meteoritic OM 

– D-rich highly aliphatic 
 

De Gregorio et al., (2011) 

TEM SIMS 



(McKeegan, et al. 2006) 

• D/H and 15N/14N are 
enriched in several 
C-rich samples 
– Proof of ET origin of 

organics 
– Less enriched than 

chondrites and IDPs, 
perhaps because of 
capture heating. 

Organics in Wild 2 



How do we know 
something is presolar? 
 
It is all in the isotopes! 

SiC 

Graphite 



Fine-grained Silicates 

“GEMS” (Glass with 
Embedded Metals & 
Sulfides; J. Bradley) 

Enstatite 
whisker 

There are many similarities 
between fine silicates in Wild 2, 
IDPs and chondrite matrices (Ishii 
et al. 2008; Zolensky et al. 2008). 
 

Zolensky et al. (2008) 



High T components 

CAIs 
(rich in short-lived 

radionuclei) 

Chondrules 

δ17O (‰) = (Runk/Rstd-1)*1000, R=17O/16O 



Chondrules in Wild 2? 

• Nakamura et al. (Science 2008) report 4 grains 
with similar mineralogy, chemistry and O-
isotopes to chondrules found in carbonaceous 
chondrites. 
– Radial transport in disk? 



Refractory Materials (CAIs?) in Wild 2 
Particle “Inti” 

Diopside CaMgSi2O6 

Anorthite CaAl2Si2O8 

Spinel MgAl2O4 

Gehlenite Ca2Al(AlSi)O7  

V-Osbornite  (Ti,V)N (forms ~3300 K) 

•Similar to Ca-Al-rich Inclusions (CAIs) 
from meteorites: 

• Mineralogy 
• 16O-rich  
• But, no 26Al 

  

McKeegan, et al. (2006) 



Hartogh et al. (2011), Brown et al. (2012) and Bockelée-Morvan et al. (2012) 

Radial D/H gradient in water 

Comets 



 
Aliens in the Asteroid Belt 



Chondritic water from the outer 
Solar System? 

• Its has been suggested that a 
huge influx of ice from the ISM or 
outer Solar System changed the 
O isotopic composition of the 
inner Solar System  (Yurimoto 
and Kuramoto, 2004; Lyons and 
Young, 2005)? 
 

• If correct, chondrites that further 
from the Sun might have water 
with larger ∆17O. 
 

• A (Fe,Ni)S-Fe3O4 assemblage in 
Acfer 094 ∆17O≈89‰ (Sakamoto 
et al. 2007). 

δ17O (‰)=1000[(17O/16O)unk/ (17O/16O)std-1] 

Outer SS water 

∆17O 



Young, Science 2007 



Changing the O isotopic composition 
of the inner Solar System! 

1010 

Stellar FUV 

Proto-sun 

H2
18O, H2

17O 

Interstellar FUV 

109 
1011 

Htotal number density (cm−3) 

Lyons and Young (2005) 
Young (2007) 



CI chondrites - like the ‘rocky’ Sun 



Eros up close 

Ververka et al. (2000) Science 289, 2088 
Nittler et al. (2001) 

McFadden et al. (2001) 



Itokawa 



CI-like abundances in matrix 

• The matrix-normalized 
abundances of presolar 
nanodiamonds, organics 
and volatile elements are 
are CI-like in most 
chondrites. 
 

• Variability is due to 
errors in matrix 
abundances, parent 
body processes and 
weathering. 

Alexander et al. (2005) 



Asteroid 
classification 

• S-complex, sources of OCs 
• C-complex, sources of CCs 

DeMeo et al. (2009) 

Bus and Binzel (2002) 



Space weathering 

Binzel et al. (2010)  
Itokawa – Hyabusa Mission 

Eros – NEAR Mission 
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