
O isotopes in meteorites and comet dust

Jérôme Aléon

CSNSM - Univ. Paris Sud OrsayCSNSM - Univ. Paris Sud Orsay



Outline

1. General properties of oxygen

2. Nucleosynthetic oxygen in meteorites : presolar 

circumstellar dust and exotic circumsolar dust

3. Origin of planetary materials : the slope 1 line in 

meteoritesmeteorites

4. Cometary materials : inner solar system oxygen in outer 

solar system objects

5. Conclusion



1. General properties of oxygen

2. Nucleosynthetic oxygen in meteorites : presolar 

circumstellar dust and exotic circumsolar dust

3. Origin of planetary materials : the slope 1 line in 

meteoritesmeteorites

4. Cometary materials : inner solar system oxygen in outer 

solar system objects

5. Conclusion



Oxygen

The third most abundant element in the galaxy

Major element in the gas phase (H2 > CO > H2O)

# 1 in solids (silicates, oxides) olivine (Mgx,Fe1-x)2SiO4

3 isotopes of masses 16, 17, 18 

3 � 4He ® 12C ; 12C + 4He ® 16O (type II supernovae) PRIMARY3 � He ® C ; C + He ® O (type II supernovae)
16O+ H ® 17F (b decay) ® 17O (CNO cycle in low to intermediate mass stars)
14N + 4He ® 18F (b decay) ® 18O (He-burning shell in massive stars)

16O � 500 � 18O �  2500 � 17O
18O/16O Standard Mean Ocean Water = 2.0052 � 10-3

17O/16O Standard Mean Ocean Water = 3.8288 � 10-4

PRIMARY

SECONDARIES



XOs « XOg
X16O + Y18O « X18O + Y16O
Isotopic fractionation factor
a = Rf/Ri (e.g. [18O/16O]f/[18O/16O]i)

Linear law
a = 1 +(m2-m1)d ,  d<<1
Power law
a = (1 +d)(m2-m1)  , d<<1
Exponential law 17
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For small variations : 
deviations to a reference value (SMOW)
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Presolar O-rich grains in meteorites and IDPs

Massive stars

H-burning in RGB/AGB stars

Deep convection in AGB stars

Data :
L. R. Nittler pers. compilation 2005
Nagashima et al. 2004 
Messenger et al. 2005
Floss et al. 2006
Nguyen et al. 2007
Nittler et al. 2008

Corundum cryst. & amorph. (Al2O3)

Spinel (MgAl2O4)

Hibonite (CaAl12O19)

Ti-rich oxides

Interstellar silicates from RGB/AGB stars ~ 100 ppm
Interstellar oxides from RGB/AGB stars ~10 ppb
Interstellar oxides/silicates from massive stars : few grains
16O-rich interstellar oxides/silicates from SNII : 2 grains to date

Oxides > 400 grains
Silicates > 80 grains

100 nm to 5 µm

Type II SN

Ti-rich oxides

Cr-oxides (Mg(Al,Cr)2O4)

Fe-oxide (Mg,Fe)O

Olivine (Mg2SiO4)

Pyroxene

Mg-perovskite (MgSiO3)

Amorph. silicates

Amorph. silicates w/ nano-incl. (GEMS)



Extreme oxygen isotope anomalies in Murchison

16O 17O 18O
M3

M4

M5
M6

28Si IOM

Au

IOM

12C
2 µm

Aléon et al. 2005



Extreme oxygen isotope ratios in silica-rich grains

31 grains, 870 ppb

18O/16O up to 1.2 ´ 10-1

17O/16O up to 7.7 ´ 10-2

18O/17O ~ 1.6

All rich in Si

d29Si = 9.7 � 2.2 ‰ (w.mean)
d30Si = 7.4 � 3.0 ‰ (w. mean)

Massive novae

Red Giants, 
AGB stars

Novae

Presolar oxides (e.g.Nittler et al. 1994, 1997; Zinner et al. 2003)

Presolar graphites (e.g. Amari et al. 1995)

Si-rich grains (2s errors)
Terrestrial olivine standards

Stellar nucleosynthesis 
is unlikely

No Si, Mg, Al isotope anomalies �  Massive novae

A single mixing curve �
Presolar grains : multiple stars



Irradiation of circumsolar gas

targets N, O, Ne

Impulsive flare type particles

F =E-g, g= 3,4,5
a/p = 3He/p = 0.1

only 0.1 to 10% needed

18O/17O OK

Fluence deduced from the 

N target

Ne target

O target Fluence deduced from the 
production of 18O 

[16O(3He,p)18F(b+)18O]

1016-1017 p/cm2
(Ep>10MeV)

In agreement with
10Be in CAIs 

(McKeegan et al. 2000)

Problem : trapping of the isotopic anomaly ? ��� � nature of the grains

Condensation of silica requires excess SiO in the g as : jet ?
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Back in 1969

16 july 1969 : man on the Moon

Apollo 11

1969-1972 : 6 missions
382 kgs

of lunar rocks

8 february 1969 : the fall of Allende

Photos : NASA

Meteorite shower 
1000+ fragments

of a 2 tons carbonaceous 
chondrite

Clarke et al. 1971

Pueblito de Allende, Mexico
2 cm



The O isotope big surprise

Robert N. Clayton

d18Oqz-d18Omt = 4.80 (106T-2) ; T>500� C Becker & Clayton 1976

1971-1972 : isotope thermometry of lunar rocks

1972-1973 : isotope thermometry of Allende inclusions : did not work

Measurement of 17O

Isotope thermometry

Slope 1 line 
Clayton et al.1973

Carbonaceous Chondrites Anhydrous Minerals
CCAM mixing line



Almost 40 years later….

Data from Chicago group, McKeegan et 
al. 2006, Kobayashi et al. 2003 

The slope 1 line is the general rule : 

Origin of this line = origin and genetic relationship of solar system planetary materials

A formidable tool to study planet formation



Oxygen isotopes in chondrules

Bulk chondrules are close to TF and 

have variable 16O excesses and 

depletion

Individual minerals depict open-system 

behaviour : chondrules formed from 

olivine rich precursors with variable 16O 

Ol
Px

Mes

Mes

Sil

Sil

Representative bulk data : Clayton et al. 1984, 1991
Individual minerals data : Chaussidon et al. 2008

olivine rich precursors with variable 16O 

excess and reacted with nebular gas 

during melting

Nebular gas estimated from mass 

balance is on TF line
Ol

Ol
Ol

PxPx

Px

Mes



Oxygen isotopes in refractory inclusions

Unaltered, unmelted CAIs and AOAs : 16O-rich

Fine-grained CAIs and rims : Parent-body 
alteration by 16O-poor water

Coarse-grained igneous CAIs : O isotope 
dichotomy 

- 16O-rich minerals : initial composition

McKeegan & Leshin 2001

Coarse-grained CAIs, Allende

- 16O-rich minerals : initial composition

- 16O-poor minerals : high T isotope exchange 
with 16O-poor (planetary) nebular gas

CAIs and chondrules precursors formed 
in a 16O-rich gas best recorded in 

unmelted CAIs and were later remelted 
in a gas with O isotopes typical of 
planets : large scale change of O 

isotopes in the nebular gas



Oxygen isotopes at the planetary scale

Data : Franchi et al. 1999, Greenwood et al. 2005, 2006



Origin of the 16O excesses

(2) Chemical origin

(1) Original proposition : nucleosynthetic 16O from a nearby supernova

16O depletions in atmospheric species Laboratory production of anomalies in ozone 

Not correlated with other elements (e.g. 28Si, 24Mg)
Most O-rich interstellar grains preserved in meteorites are 17O-rich : AGB, RGB stars

Thiemens and Heidenreich 1983

Thiemens 2006
Two categories of processes : 

(1) non mass dependant isotopic effects during chemical reactions

(2) isotope selective photodissociation involving self-shielding



Reaction rates differences between 
distinguishable isotopes and non-distinguishable 
isotopes during reactive collisions

Robert and Cami-Peyret 2001 (O in ozone)
Robert 2004 (O,Xe,Ti,Mo,Sm,Si,Ba,Nd in meteorites)

Hathorn and Marcus 1999 (O in ozone)
Marcus 2004 (O in CAIs)

Quantum mechanical effect 
yielding reaction rates differences 
between symmetric and non 
symmetric molecules

Non mass dependant isotopic effects during chemical reactions
The accepted model The « heretical » model

Surface chemistry of a growing CAIs

Only O, possibly S Many elements

Common implications :
Ubiquitous

Gas phase processes during 
condensation of solids



Self-shielding of the CO molecule
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12C16O

13C16O

12C18O

Model for a translucent interstellar cloud
Warin et al. 1996

Optical depth

C O

Initial ® Final
C16O ® C16O

C17O ® C + 17O
C18O ® C + 18O

16,17,18O-solids ® 16,17,18O-solids

Warin et al. 1996
CO enriched in 16O

17O and 18O react to form water

+ 17,18OH2

Slope 1 line in meteoritic solid



Self-shielding in the three O isotope space
Common properties and predictions 

O
(‰

)
O, H2O

Final Solar Nebula
Planets

3 models depending on the location of the CO self-shielding

dddd18O(‰)

dddd1
7 O

(‰
)

TFL

Parent molecular cloud
Initial Solar Nebula
Sun
CAIs

Planets

CO

mixing



Self-shielding in the parent molecular cloud

Self-shielding models

Self-shielding at the disk inner edge (X-point)

Intense UV flux from the Sun
Needs recycling of all planetary matter 
through this restricted region
Pbs :
•No detailed physics/chemistry done
•Difficult to prevent water equilibration in 
hot region

Clayton 2002

Interstellar UVs
Pbs :
• photodissociation is intense at the 
surface of clouds ; not in the cloud core 
where stars usually form
•Preservation of ice signature during 
the collapse not investigated

Yurimoto and Kuramoto 2004



Self-shielding at the surface of the disk

Self-shielding models

Interstellar UV flux in an OB association 
Lyons and Young 2005

Interstellar UVs + UVs from the young Sun 
Young 2007

Efficient process at > 5 AU and < 100 AU
Outer disk process

Water ice is preserved by falling into the 
midplane

Evaporation of water inside the snow line

Efficient O isotope exchange between water 
vapor and silicates contrary to CO

Timescales 105 – 106 years



Self-shielding pros : (1) oxygen isotopes of nebular water

Primitive unique carbonaceous 
chondrite Acfer 094

Fe-oxide – Fe-sulfide intergrowth

3 Fe + 4 H2O « Fe3O4 + 4 H2

Oxidation of metal grains with 
nebular water below 360 K

Sakamoto et al. 2007
Strong support to the self-shielding models



Self-shielding pros : (2) oxygen isotopes in the Sun

Hashizume & Chaussidon 2005

Solar wind implanted in lunar soils Solar wind collected at L1 by the Genesis mission
McKeegan et al. LPSC 2008

Hashizume & Chaussidon 2005

An 16O-rich Sun similar to CAIs

Genesis



Self-shielding cons : isotopic fractionation during CO 
photodissociation

Chakraborty et al. 2008
Absorbtion lines for dissociation of CO (nm)
E.g. efficient for low optical depth
107.61 no effect expected
97.03   no effect expected
95.01   effect expected
94.12   effect expected
94.01   effect expected

+ 105.71

CO + UV light (ALS Berkeley)

C* + O*

O* + CO

COO*
To mass spec for O isotopes

Self-shielding expected (slope 1)
slope 0.6 found

No self-shielding expected 
slope 1.4 found + T dependance

Self-shielding not required to generate isotopic anomalies
Photodissociation = complex isotopic effects

Slope 1 line ?



Oxygen isotopes in nebular reservoirs

dd dd1
7 O

(‰
)

TFL

H2O in Acfer 094

Nebular gas from 
chondrules
Planets

Sun
CAIs

Very good fit with expectations from self 
shielding models

Non mass dependant isotopic effect during 
chemical reactions/photochemistry not 
excluded

Where is CO ?
Outer solar system objects : 

No idea

dddd18O(‰)
comets ? (Rosetta)
giant planets ?

Ozima et al. 2007

X
Nebular gas from chondrules

A dominant reservoir in 

which planets formed 

must be accounted for 

by the correct model

Next step, very important
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Comet dust in the laboratory

Interplanetary dust particles on Earth

Stardust at 81P/Wild2 (Pictures : http:/stardust1.jpl.nasa.gov)

Antarctic micrometeorites

CSNSM-Orsay

Stratospheric IDPs

NASA

Stardust at 81P/Wild2 (Pictures : http:/stardust1.jpl.nasa.gov)

Before launch

After return

Brownlee et al. 2006 
Science 314, 1711
and companion papers

Short period comet (Jupiter family)
2 january 2004 : flyby at 234 km @ 1.86 AU
15 january 2006 : back to Earth

Sample collector :
Low density silica aerogel cubes 
Impact capture 6 km s-1

10,000 particles 1-300 µm (pre-impact)



Isotopic composition of Wild2 dust

Only 3 interstellar O-rich grain
~ 17 ppm 
(up to 200 ppm in some meteorites)

(Stadermann and Floss 2008)

McKeegan et al. 2006

Olivine and pyroxene 
have typical planetary 
composition

Comet Wild 2 is not an aggregate of 
interstellar dust grains 

Made of typical solar system material



Simon et al. in press

« Inti » : A typical CAI in comet Wild 2

Zolensky et al. 2006

TiV nitrides < 50 ppm
from N imaging

Simon et al. in press

Ti3+/Ti4+ in Ca-Al-Ti-rich pyroxene
similar to Allende CAIs

= formed in a region with similar C/O

Zolensky et al. 2006

16O excess typical of CAIs

McKeegan et al. 2006



Chondrules in comet Wild 2

Carbonaceous chondrite chondrules 
and a CAI

Nakamura et al. 2008

(1) Large scale mixing in the nebula

(2) From a taxonomic point of view 
comet Wild2 is a carbonaceous 
chondrite !



O isotopes in samples of proposed or verified cometary origin

Anhydrous IDPs Micrometeorites 
ol + px

Orgueil
ol + px

Stardust
Comet Wild 2
ol + px

Engrand et al. 1999
Gounelle et al. 2005

Leshin et al. 1997

GEMS-rich

GEMS-rich

Aléon et al. submitted
Cryst. Fo

Cryst. Fo & En

Leshin et al. 1997
McKeegan et al. 2006

Similar to anhydrous carbonaceous chondrites on the slope 1 line, close to the Earth : 

a genetic relationship between carbonaceous chondrites, anhydrous IDPs and comets :

made of the same primordial protosolar dust

Carbonaceous chondrites, IDPs & AMMs, Wild2,
JF comets, C-, D-, P-asteroids, centaurs ? TNOs ? = 1 family
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Oxygen isotopes in primitive solar system materials

• Stellar nucleosynthesis and astromineralogy

• Non-thermal nucleosynthesis around the young Sun ?

• Origin of planetary materials

• Formation of planetesimals and planets

• Large scale processes and reservoirs in the disk

• Genetic links between small bodies• Genetic links between small bodies

Things to remember :

The Sun is 16O-rich, the rest of the solar system is 16O-poor
Why ?

Includes rocks from outer solar system objects (most ?)
Gas and ices ?


