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•  Introduction: the standard model  
- Solar nebula as great homogenizer 
 

•  The oxygen isotopic composition of the Sun 
 

•  Whence the Solar System’s first rocks 
-  Stardust mission: large scale radial mixing 

 
•  Origins of the oxygen anomaly 

 
•  Problems and future directions 



The Solar Nebula 

gas and dust from many, many stars 

 - swirling around forming Sun 

 - colliding, mixing, evaporating, condensing 

 - great homogenization process 



Structure of the Solar System 

Chemical diversity recognized as largely result of 
condensation fronts prior to and/or during accretion, 
overprinted by planetary differentiation and evolution  

Su
n 



 “standard model” : 
chondritic meteorites 
are relicts from the solar nebula 



The “standard 
model” assumes all 
planets are 
approximately 
chondritic (= solar). 

With a few exceptions 
(H, Li, noble gases) 
also thought to be 
true for isotopes to 
high level of precision 

“chondrites” have solar  (elemental) composition  



Cosmic sediments 
•  pre-solar grains 
•  CAIs 
•  chondrules 
•  fine-grained  
     rims/matrix 
•  organic matter 
•  water 
A key question is where these diverse components 
formed and how/when they came together.   

 Oxygen isotopes may help constrain provenance. 
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Ø  for every 10,000 atoms:  
16O :  9976     17O:  4     18O:  20 

Ø  produced in different stars 
Ø  most abundant rock-forming element 
Ø  also abundant as gaseous species (CO, H2O) 

in the protosolar nebula 
Ø  pervasive  “anomalies” found in CAIs  

and in bulk meteorites 
Ø  mass-dependent and mass-independent 

fractionation are observed 

Isotope cosmochemistry of oxygen 
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Terrestrial mass-dependent fractionation line 

Miller et al, 1999 

47 different rock samples 
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Discovery of oxygen isotope anomalies 

Clayton, Grossman, Mayeda, 1973 

Allende data from Clayton et al. 



    it is not 
possible 
to define a 
primordial 
solar 
system 
value 
based on 
existing 
samples 

(Wiechert et al., 2001, Science) 

Δ17O 

Oxygen isotope 
anomalies exist 
on a planetary 
scale 

Earth & Moon have identical  Δ17O (±0.016‰) 



Oxygen isotope compositions of meteoritic components 

R.N. Clayton et al. 

Knowledge of 
starting 
composition 
essential for 
understanding 
process 



The Sun contains 99.85% of the total mass of the Solar System 

it must be equal to the average composition of the solar nebula 



Genesis mission flight plan 
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Completed H Array 

•  FZ Si, CZ Si 

•  sapphire 

•  Al, Au, Si, and C-Co-Au  
on sapphire 

• Ge 
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Concentrator:  dedicated for O, N isotopes 

Concentrator 

Canister Cover & Array 

Regime Arrays 



G E N E S I S 
Concentrator:  dedicated for O, N isotopes 

Target materials: 
 
•   Silicon Carbide 
•   diamond-like C film 
•    13C CVD Diamond 

Concentrator Target	

6 cm diameter	


H+ Rejection Grid 0.1-3.5kV 

microstepped mirror 
electrode 2-10kV 

Ion 

target	


accelerator can 



G E N E S I S 

 -  17	


Concentrator:  dedicated for O, N isotopes, 

the concentrator must 
induce an isotopic mass 
fractionation that is a 
function of  (radial) 
position 

average ~40 years SW exposure 

•  SW ions = same velocity                 
 è different energies  

•  Charge state distribution (O6+, O7+) 
 è different acceleration 



G E N E S I S 
Collectors Deployed and Unshaded 

Concentrator Concentrator 



Hard landing. 
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many “more” samples than we  
started with… 

to the PI, goes all the glory…. 
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UCLA MegaSIMS   

modified 
Cameca ims 6F 

Tandem accelerator 

Double focusing 
mass spectrometer 

projection optics 

features  
•    low background 
•    high depth resolution 
•    ion microscope 
•    complete molecule destruction 
•    simultaneous detection by 
     ion counting  
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the UCLA MegaSIMS  



Robust Solar Wind 
signal! 

background <2% of SW 



Traverse for O, N, Ne analyses 

Center Edge 

A B F C D E 

decreasing concentration 
 area A 

 noble  
gases oxygen 

isotopes 

160 µm 

40 spots analyzed for oxygen isotopes 
over 6 areas of the SiC target 
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SW composition 

• Correction for mass 
fractionation in the 
collection of SW puts 
all data consistent with 
single point, about  
(-100, -80). 
 

•  this is the composition 
of the SW collected at 
L1.    
–  is it the composition 

of the Sun?    (No) 



Solar composition inferred from solar wind  
•  The SW is mass fractionated 

from the photospheric 
composition. 

•  Not analytical, but IMF  
corrections could be  
wrong by ~5 ‰/amu  

•  Nothing in meteorites  
plots near (-100, -80);  
CAIs not all mass  
fractionated (condensates and 
evaporative residues) 

•  Mass fractionation of  
~ - 30 ‰/amu could be 
theoretically expected  for SW 

solar composition 
should be approx 
 δ18O ≈ δ17O ≈ -59‰ 

•  noble gas SW regime data show 
isotopic mass fractionation 
consistent with depletion of heavy isotopes in slow SW  
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Summary 

We have a clear solar wind signal, the experiment worked. 
Our best estimate for the photosphere is δ18O ≈ δ17O ≈ -59  

  
The Earth and bulk meteorites (inner solar system) are 

enriched in 17O and 18O, relative to 16O, by ~60 to 70 ‰ 
compared to the Sun and the bulk composition of the 
solar nebula.  

 • the # atoms involved in the “oxygen 
anomaly” is not a few %, but instead is  
~ half the inner solar system 
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Summary 

We have a clear solar wind signal, the experiment worked. 
Our best estimate for the photosphere is δ18O ≈ δ17O ≈ -59  

  
The Earth and bulk meteorites (inner solar system) are 

enriched in 17O and 18O, relative to 16O, by ~60 to 70 ‰ 
compared to the Sun and the bulk composition of the 
solar nebula.  

 
“CAIs are not anomalous… you are.” 



Solar oxygen more 16O-rich than CV CAIs 

R.N. Clayton et al. 

The spread in CAI 
compositions is a 
secondary effect, 
result of partial 
isotopic exchange 
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Rare CAIs in enstatite chondrites 

50 µm 
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Smaller CAIs: 16O-rich nebular component,  
little evidence for exchange 

McKeegan et al., 1998	

Guan et al., 2001	


Fagan et al., 2000	


•   different than 
almost all 
chondrules 

•   same 
composition as 
all other CAIs 



Condensates from a 16O-rich gas 
δ1

7 O
  

δ18O Krot et al., 2001	
δ18O 

•  Accretionary rims, AOAs, fine-grained condensates are all 16O-rich 

•  refractory residues, FUN inclusion progenitors are all 16O-rich 

•  Compositions typically 10 to 20 permil higher than Sun  in  δ17O, δ18O       



Stardust 

Genesis 

two new sample return missions 



CAI particle “Inti”���
after additional acrylic, ultramicrotomy and C-coat	
 multiple phases evident: 

perovskite? 

compressed 
aerogel 
“cap” 

Fe-sulfides 
in glass 

void	


microtome 
chatter 

plucked during 
microtomy 

spinel, Al-diopside, anorthite, melilite 



Comet Wild2 refractory dust has same isotopic properties as 
   carbonaceous chondrite refractory dust!  Inner solar system matter? 

McKeegan et al. 
Nakamura et al. 



Nakashima et al. 2012 



Refractory IDPs 

 

•  unique 
mineralogy 

•  cometary 
source? 

Zolensky, 1987 



Refractory IDPs are 
16O-enriched as 
other CAIs 

• mineralogy suggests 
not from known 
meteorite classes. 

•  also true for 
refractory phases in 
Antarctic 
MicroMeteorites  
(Engrand et al.) 

McKeegan, 1987 
Zolensky, 1987 



Whence the Solar System’s first rocks? 
•  CAIs: large scale radial transport is required 

–  Different types of CAIs in different primitive meteorites (including 
asteroids and comets), but all share a common isotopic reservoir:  
formed in a restricted nebular locale  

•  16O-rich dust and gas, some cycling between gases 
•  Likely near forming Sun (e.g., commonly contain 10Be)  
•  Close to solar O-isotope composition, but not exactly 

–  mostly absent during chondrule formation 
•  16O-rich accretionary rims, AOAs, lack of compound CAI-chondrules 
•  apparent 1 – 2 Ma time gap?   
•  some (large) CAIs did interact at high T w/ other chondritic 

components, but these may be exceptional 

•  multiple mechanisms possible for outward transport 
•  winds, turbulence, diffusion 

 
–  all require rapid accretion following transport 

•  conflict between type-sorting and chronology !? 
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questions: solar and meteoritic compositions 

•  Is the solar composition an end-member of the  
CCAM mixing line?   

• What is the other (relatively 17O, 18O enriched) end? 

• CAIs are close, but not equal, to solar.  What does this 
mean for the provenance of chondritic components? 

• What is the origin of the non-solar oxygen isotope 
compositions of (most) planetary matter?  If mixing, 
why is there a relatively tight distribution among rocky 
planetesimals?  
 

• What are O-isotopic compositions of rocky and icy 
materials that formed in the outer solar system? 



-80 -60 -40 -20 

-60 

-40 

-20 

What about 
pristine 
outer solar 
system 
samples? 

Kobayashi et al., 2003 



Origin of the oxygen isotope anomaly 

Sakamoto et al. 2007 

Water in 
chondrites is 
inferred to be 
highly 17O, 18O 
enriched 
 

New-PCP = magnetite (Fe3O4)  
+ pentlandite ((Fe,Ni)9S8 



Map of solar system oxygen isotope compositions  

McKeegan et al. 2011 



Map of solar system oxygen isotope compositions  

Lugaro et al. 2012 

Hashizume et al. 2011 
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Ø  Addition of presolar material with distinct 
nucleosynthetic history 

Origin of the oxygen isotope anomaly 

 
Ø  pre-solar grains 

(‘SUNOCONS’) cannot be 
the carriers of 16O* into the 
solar nebula 

Ø but no correlation with other 
isotope anomalies in cations 
 (48Ca, 50Ti, 26Al, etc.) 

 
Ø  both 16O-rich and 16O-poor 

gaseous reservoirs 
existed in the solar nebula 

after Nittler et al. 

all solar system  
samples inside 
 this box 



Origin of the oxygen isotope anomaly 

inheritance  
•  Single nucleosynthetic source (e.g., SN) 

•  GCE (e.g., long-lived 16O-rich dust ) 

•  Isotopic self-shielding of CO 
•  Reactions on cold grain surfaces  
•  Unspecified inheritance of separate reservoirs of 

16O-rich gas and 16O-depleted dust and ices 

Molecular cloud: 

•  Gas-phase chemistry (non-Boltzmann distribution) 
•  Isotopic self-shielding of CO 

 -  disk surface 
-   disk inner edge 

accretion disk processes 



• CO isotopic self shielding 

Origin of the oxygen 
isotope anomaly ? 

C17O 

hν 

C16O C18O 

17

17
2 2 2

CO + h (91 110) C + O O(O) > 0
O + H H O (net) O(H O) > 0

ν − → Δ

→ Δ

Courtesy of Jim Lyons 

 uni-directional 



experimental data from 
Thiemens, 1999 

mass-independent anomalies can be 
produced by some gas-phase chemical 
reactions 
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implications 
If self-shielding provides the origin, then the locale and 

the mechanisms of exchange need to be specified 
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Lyons & Young •  X-wind: few stellar radii      
(Clayton, 2002) 

•  outer disk:  > ~40 AU  
(Lyons & Young, 2005; Young, 2008) 

•  molecular cloud             
(Yurimoto & Kuramoto, 2004; 
 Lee, Bergin, Lyons, 2008) 

Irradiation in the outer ‘skin’ 
of a flared disk 

meter-sized 
boulders 

Transport of ices 
 
Cuzzi & Zahnle 2004 
Ciesla & Cuzzi 2006 



Inheritance: self-shielding of CO in a molecular cloud 

Slide from  
Yurimoto 

Super 16O-rich 



Processing of solids in the solar nebula	


Comets 

X-winds ± 

16O-rich zone 
Mixing zone 

17,18O-rich  
ices 

A
st

er
oi

ds
 

Large scale radial transport is necessary	




 - true samples of outer solar system dust? 

Aléon et al.  2009 

Similar to Nakashima et al. 2012 



Summary and conclusions 
Our best estimate for the photosphere is 

  δ18O ≈ δ17O ≈ -59    (Δ17O = −28.4 ± 1.8‰) 
The Earth and rocky planetary materials are not made out 

of the average matter of the solar nebula 
Large scale radial transport of solids from inner to outer 

heliocentric distance is needed.  Transport by 
diffusive processes- difficult to preserve CAI type 
sorting.  Spatial heterogeneities make temporal 
constraints difficult. 

Evidence for heavy water is through interaction with 
asteroidal materials.  Isotopic compositions of (true) outer 
solar system matter are key for understanding origin of 
the oxygen isotope anomaly.  

We need a comet nucleus sample return mission! 
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UCLA  MegaSIMS laboratory  

George Jarzebinski 

Chris Coath 
Peter Mao 

Tak Kunihiro 

Antti Kallio 

+ Don Burnett, 

Roger Wiens   

Veronika Heber 
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BACKUP SLIDES 



(Heber	  et	  al.	  submi/ed)	  

4.2	  ‰/amu	  	  in	  Ne	  

Results	  -‐	  Genesis	  
a) 

4.64E-‐4	   4.48E-‐4	  4.77E-‐4	  

Deple%on	  of	  4He	  over	  3He	  

13.78	   13.70	  13.82	  20Ne/22Ne	  

Deple%on	  of	  22Ne	  over	  20Ne	  

Deple=on	  of	  the	  heavy	  isotope	  in	  the	  
slow	  SW	  rela=ve	  to	  the	  fast	  by:	  

63	  ‰	  	  	  in	  He	  	  

3He/4He	  



2.6	  ‰/amu	  	  in	  Ar	  

36Ar/38Ar	  

Deple%on	  of	  38Ar	  over	  36Ar	  

4.2	  ‰/amu	  	  in	  Ne	  

Deple=on	  of	  the	  heavy	  isotope	  in	  the	  
slow	  SW	  rela=ve	  to	  the	  fast	  by:	  

63	  ‰	  	  	  in	  He	  	  

(Heber	  et	  al.	  submi/ed)	  

Magnitude	  of	  deple=on	  decreases	  with	  
atomic	  number	  or	  decreasing	  rela=ve	  
mass	  difference	  

Results	  -‐	  Genesis	  



Inefficient	  Coulomb	  drag	  (ICD)	  model	  (Bodmer	  &	  Bochsler	  2000)	  

• 	  	  Developed	  to	  explain	  observed	  low	  He/H	  and	  
associated	  enhanced	  3He/4He	  in	  slow	  rela%ve	  to	  
fast	  SW	  (in	  situ	  data)	  (Bodmer	  &	  Bochsler	  2000)	  

• 	  	  Proton	  drag	  �	  an	  accelera%on	  mechanism	  for	  
heavier	  ions	  in	  lower	  corona	  (Buergi	  &	  Geiss,	  1986)	  

• 	  	  Drag	  par%cular	  inefficient	  in	  slow	  SW:	  	  
preferen%al	  deple%on	  of	  He	  over	  H,	  associated	  
with	  a	  (mass-‐dependent)	  heavy	  isotope	  deple%on	  
in	  slow	  SW	  	  

*	  H	  abundances	  from	  the	  Genesis	  ion	  monitor	  

Measured	  
‰/amu	  

Modeled	  
‰/amu	  	  

Main	  charge	  
state	  

He	   63±2	   67	   2+	  

Ne	   4.2±0.4	   3.6	   8+	  

Ar	   2.6±0.5	   2.3	   10+	  

Predicted	  isotopic	  frac=ona=on	  is	  in	  good	  agreement	  
with	  measured	  data	  

1.	  	  Test	  the	  model	  by	  comparing	  predicted	  (ICD	  
model)	  and	  measured	  differences	  between	  fast	  
and	  slow	  SW	  isotopic	  composi=ons	  	  

Input	  parameters	  to	  model:	  
• (He/H)fast	  SW=	  0.0406*	  
• (He/H)slow	  SW=	  0.0344*	  
• Isotope	  masses	  
• Charge	  state	  of	  element	  
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Sakamoto et al. 2007 

implications 
If the isotope fractionation is between CO and H2O at low 

T, this might be preserved in the outer solar system 
 - what about outer solar system dust? 

Aléon et al.  2009 
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Solar Wind impacts the lunar surface 

Apollo 16 collector Hashizume & Chaussidon, 2005 

predict 16O-rich Sun 
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Solar Wind impacts the lunar surface 

Apollo 16 collector 

Conclusion: 

The Moon is a 
complicated place. 
There are several 
sources of oxygen 
available to oxidize 
lunar metal grains. 

Ireland et al., 2006 

predict 16O-poor Sun 



Can	  the	  20Ne/22Ne-‐based	  frac=ona=on	  factor	  directly	  be	  transferred	  to	  correct	  16O/18O?	  

Measured	  	  δ	  	  (‰/	  amu)	  

He:	  120	  permil	  /	  amu	  
Ne:	  31	  permil	  /	  amu	  

Ar:	  overall	  deple%on	  of	  	  38Ar	  by	  6%	  rela%ve	  to	  36Ar	  and	  bulk	  SW	  

Important	  for	  O	  correc=on	  
(m/q)20Ne(2.5)	  	  ≅	  	  (m/q)16O	  (2.7)	  

And	  

(m/q)16O/(m/q)18O	  (0.89)	  	  ≅	  (m/q)20Ne(m/q)22Ne	  (0.91)	  

≠	  
	  (m/q)3He/(m/q)4He(0.75)	  	  

Measured	  He	  ,	  Ne	  :	  
Smaller	  m/q	  	  or	  m/q	  ra%o	  of	  isotopes,	  the	  larger	  
frac%ona%on	  	  

Correc=on	  	  for	  mass-‐dependent	  frac=ona=on	  



Measured	  	  δ	  	  (‰/	  amu)	   Modeled	  	  δ	  	  (‰/	  amu)	  

Although	  modeled	  ≠	  measured	  absolute	  frac%ona%on	  pa^ern	  

Use	  model	  for	  rela%ve	  comparison	  of	  elements	  

Accordingly,	  isotope	  frac=ona=on	  is	  similar	  for	  N,	  Ne	  and	  O	  

Correc=on	  	  –	  	  O	  isotopic	  composi=on	  

Can	  the	  20Ne/22Ne-‐based	  frac=ona=on	  factor	  directly	  be	  transferred	  to	  correct	  16O/18O?	  

Yes,	  directly	  transferable	   Heber	  et	  al.	  2011 



Direct transfer of 20Ne/22Ne fractionation to measured 16O/18O 
composition 

Measured  δ22Ne Measured  δ18O 

40‰ 

+40‰ 

Corrected value 

Correction  –  O isotopic composition 



5 measured depth profiles,  
2 radial positions 



15N/14N in the solar system 

Marty et al. 2010 

Sample 60001 solar wind by MegaSIMS 

Marty et al. 2011 
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BACKUP SLIDES: MegaSIMS 
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~ 100 ppma 

Simulated 16O profile in concentrator target 

3x1014 cm-2 

Solar Wind O isotope measurements could 
not be done by existing instrumentation 
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analytical requirements for O and N isotopes 

•  Contamination  
–  surface and bulk 
–  SW implanted shallowly 

•  Instrumental background 
 

•  Large dynamic range 
–  18O factor 1 / 500 
–  17O factor 1 / 2500 

 

•  High sensitivity needed:  
–  3.5×1014 O atoms/cm-2 

  
•  Precision and accuracy 

–  removal of hydrides 
 

 

nm scale depth resolution; ion imaging 

high vacuum.  Method for removing surface 
material without significant sputtering. 

accurate ion counting; 
simultaneous detection (multicollector) 

eliminate molecular ion interferences; 
measure isotope beams simultaneously. 

high useful yield        negative ions, 
Cs sputter source, electron gun 

SIMS (Secondary Ion Mass Spectrometry) 
 

Solution:  combine an 
ion microscope with a 
tandem accelerator (for 
molecule destruction) 
and a high energy 
multicollector mass 
spectrometer.  

     - the “MegaSIMS” 

  

 



SiC blank 
•  surface contamination  

reduced by low impact energy (5 keV) Cs+ sputtering 

•  beam mixing length reduced from ~7.5 nm to  < ~1 nm 

•  Analysis condition: ~ 20nA, 20 keV Cs+ beam,  130 × 130 µm raster 
•  < ~2 ×10-11 Torr during analysis 

•  integrated background  
< 2% of GENESIS signal  
over top 100 nm 18O++ 16O++ 



All 40 profiles 
δ1

7 O
 (‰

) 

δ18O (‰) 

profile contaminated by  
particle 

CAI 

TF 



16O peak at ~76nm  

Peaks integrated 
from -1σ to 6σ, 
normalized for each 
isotope  

Concentration falls by 
factor ~5 over traverse 
from center to edge, as 
expected 



	  

20Ne/22Ne	  

• 	  Curve	  reflects	  the	  instrumental	  frac=ona=on	  	  (=	  34	  permil/amu)	  

• 	  Used	  to	  correct	  O	  for	  isotopic	  frac=ona=on	  induced	  by	  concentrator	  

 Heber et al. 2011 

20Ne	  (atoms/cm2)	  in	  SiC	  

x	  40	  

x	  5	  

Bulk	  solar	  wind	  20Ne/22Ne:	  Genesis,	  Heber	  et	  al.	  2009	  

Ne	  isotopic	  composi=on	  in	  SiC	  


