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Introduction:  In a recent paper, R.N. Clayton 

made the suggestion that self shielding by CO in the 
early solar nebula could have been the origin of the 
anomalous array of 18O/16O and 17O/16O in primitive 
solar system materials (the slope-1 line on a plot of 
δ17O vs. δ18O) [1].  The efficacy of the photodissocia-
tion of CO as a means for producing slope-1 lines in 
oxygen three-isotope space is underscored by the STIS 
detection of slope-1 oxygen isotope ratios in interstel-
lar CO [2].  A major component of the CO self shield-
ing hypothesis is that the starting materials for all sol-
ids in the early solar nebula were rich in 16O, with iso-
topic compositions comparable to the most 16O-rich 
CAI minerals. An alternative, proposed by Yurimoto 
and Kuramoto [3],  is that the anomalous oxygen iso-
topic signal was produced by CO self shielding in the 
parent molecular cloud.   

We have initiated studies that compare the various 
relevant astrophysical settings for CO self shielding 
with the goal of identifying the most likely region for 
creating and preserving the isotopic effects of CO 
photodissociation in the early solar nebula.  Here we 
show that illumination of the surface of the protoplane-
tary disk by the central star would have produced large 
amounts of oxygen enriched in 18O and 17O relative to 
16O (i.e., slope-1 relative to starting materials).  Based 
on our results, we propose that photodissociation of 
CO above the midplane of the nebula is a likely source 
of the variability in 16O observed in primitive meteor-
ites.  

Calculations:  We adopted a simplified disk model 
[4] that allowed us to assess (analytically) the effi-
ciency of the self shielding process as a function of 
height (Z) and circumstellar radial distance in the disk 
(R).  We report results for a total H density of 
nH=1x1010 (R/100 AU)−2.5 exp(-Z2/(0.1R)2) cm−3 (total 
integrated mass of the disk is 0.1 solar masses at 
R=250 AU and 0.01 solar masses at R=10 AU).   Inte-
gration along lines of sight toward the central star was 
used to compute column densities of H (H + H2) and 
CO encountered by the stellar flux of ultraviolet 
(EUV) photons as a function of Z and R.  We assumed 
a constant CO/H ratio (10−4) and an initial C16O/C18O 
of 500.  The column densities along stellar lines of 
sight were used to compute rates of photodissociation 
of the CO isotopomers. Rates were obtained from the 

~ 30 well-defined predissociation bands for CO. The 
effects of mutual and self shielding by H, H2 and CO 
were included by using the H2 and CO density-
dependent shielding functions of van Dishoeck and 
Black [4].  Continuum shielding of UV by dust was 
also included (Av for a fixed dust/gas ratio).  We 
adopted UV fluxes of 104 relative to present-day solar 
fluxes (simulating the T Tauri phase). 

Results:  The calculations show that the upper re-
gions of the disk are exposed to a significant flux of 
UV photons from the accreting star, and that this pho-
ton flux is sufficient to produce CO photolysis at a 
substantial rate. Most of the region of CO photodisso-
ciation is affected by self shielding by CO.  For this 
model, a region bounded by surfaces at Z=1/5 R and 
Z=2/5 R exhibits ratios of CQ (=C18O or C17O) to 
C16O half lives ranging from ~ 0.9 to ~ 0.01 from top 
to bottom, respectively (departures of half life ratios 
from 1 signify self shielding).  The half life of C18O in 
the photolytic zone at large R in the disk is 1 to 103 yrs 
and is shorter than the time scales for turbulent mixing 
and net radial transport by factors of 10x and 103x, 
respectively. Approximately 10−3 Earth masses of oxy-
gen affected by photodissociation of CO is liberated 
per year.  The δ18O and δ17O (relative to initial) of this 
liberated oxygen ranges from 100 ‰ at the upper sur-
face of the self shielding region to 50,000 ‰ at the 
lower surface. Although C produced by dissociation is 
ionized and reactive, acting to minimize the C isotope 
effects, the oxygen produced is neutral and largely 
unreactive at the temperatures (< 100 K) and densities 
(nH = 105 to 108 cm−3)  that pertain to the distal re-
gions of the disk [2] (a conclusion that is born out by 
reaction rate calculations).  

Interpretations:  Self shielding of CO to produce 
oxygen depleted in 16O is sure to have occurred at 
some level in the diffuse regions of the early solar neb-
ula. These calculations show that attenuation of a 
stellar flux of UV photons illuminating the disk sur-
face is small enough that many Earth masses of oxy-
gen with large depletions in 16O relative to the starting 
materials would have been produced above and below 
the midplane of the early solar nebula over time scales 
> 103 yrs.  The most likely sink for the 17O and 18O-
rich oxygen liberated by photolysis of CO (Q*) would 
have been adsorption onto solid dust grains followed 
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by surface reactions to produce water (e.g., [3]).  Set-
tling of these dust grains and radial transport toward 
the accreting star brings this source of 16O-depleted 
oxygen into the nascent inner solar system where it can 
react with gases, minerals, and liquids that form planet 
precursors.   

Many observations are consistent with photodisso-
ciation of CO in the diffuse regions of the solar nebula 
as an explanation for the slope-1 line in oxygen iso-
tope space.  It accounts for the fact that H2O was al-
most certainly depleted in 16O (enriched in H2Q*) rela-
tive to silicates and other metal oxides in the solar sys-
tem (in this way the model is consistent with that pro-
posed for molecular clouds [3]).  Reactions between 
H2Q* and CO in the inner solar nebula (at higher T) 
would not affect the slope-1 relationship in three iso-
tope space because the mass-dependent fractionation 
between H2O and CO is small at all relevant tempera-
tures.  Production in the outer solar nebula also pro-
vides a natural explanation for the correlation between 
16O and refractory nature of solids; refractory minerals 
would retain their original 16O-rich compositions be-
cause they would have had limited opportunity for 
reaction with H2Q* during transit through the nebula.  
The fact that some refractory materials retain isotope 
anomalies that can not be explained by proximity the 
nascent star attests to their unreactive nature during 
transit [5]. 

Number densities of CO in real disks may be af-
fected by freezing out at R > 100 AU where T < 20K.  
Future models should account for this depletion, but 
published results suggest the reduction is on the order 
of a factor of 100 to 1000, with a concomitant decrease 
in the rate of Q production at R > 100 AU [6]. 

Conclusions:  Photodissociation of CO high above 
the midplane at large R is an attractive explanation for 
the oxygen isotope slope-1 line. Distinguishing be-
tween self shielding by CO in the diffuse molecular 
layers of the nebula and similar processes in the parent 
molecular cloud will require detailed assessments of 
the collateral isotopic effects associated with photo-
chemistry in both regions. 
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Figure 1.  Rate of C18O photodissociation (white con-
tours).  Grey tones show increasing nH in disk. 

 
 

Figure 2.  Isotopic composition of photolyzed CO* in 
the disk. 
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