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Introduction:  Given the variety of processes and 

nebula locations that have been proposed for creating 
the 16O-depleted end member reservoir of the CAI 
mixing line, there are a large number of relevant time-
scales to be considered. Our focus here will be primar-
ily on the physical and chemical timescales associated 
with CO self-shielding, with a short discussion of 
mass-independent fractionation (MIF) in high-
temperature CAI-forming reactions. 

 The recent report [1] of poorly characterized min-
erals in chondritic matrix highly enriched in 17O and 
18O along a slope-1 line lends credence to the idea that 
CO self-shielding formed a 16O-depleted H2O reservoir 
[2], and is consistent with recent model predictions 
[12,10]. However, the case made for self-shielding is 
not proven until both the size of the 16O-depleted res-
ervoir and the oxygen isotope composition of the Sun 
are known. Analyses of solar wind implanted in lunar 
grains are tantalizing but contradictory [3,4]. The im-
plications for the chemical mass-independent mecha-
nism [6] remain to be investigated. 

A schematic view of the solar nebula is shown in 
Fig. 1.  Region 1 is the hot, thermally ionized, low-
dust, inner solar nebula, and is MRI (magneto-
rotational instability) active. Region 2 is the MRI-dead 
zone [5], and is separated from region 1 by the dust 
front. Region 3 is the MRI-active nebular surface. Re-
gion 4 is the outer nebula which is generally MRI-
active if the dust content is sufficiently low. 

 
Fig. 1. Dynamical regions of the solar nebula. 
 
The inner solar nebula: The hot, dense inner neb-

ula (region 1 of Fig. 1) is the location for CO self-
shielding suggested in [2], and the most likely place 
for proposed MIF-producing CAI/silicate reactions [6]. 

The chemical timescales here are rapid (<104 yrs) due 
the high temperature, density and photon flux. 

For CO self-shielding, O liberated during CO 
photolysis reacts immediately (at temperatures > 1000 
K) with H2 to form H2O. H2O then passes the MIF 
signature to silicate precursors. However, at higher 
temperatures the magnitude of the MIF signature pro-
duced during self-shielding is reduced by H2 absorp-
tion. Figure 2 illustrates this for the CO E1Π(1) – 
X1Σ+(0) band in which H2 absorption has been in-
cluded in the line-by-line calculation. The figure 
shows the δ-values for total H2O (disk H2O + H2O 
derived from CO photolysis) at the disk midplane at 30 
AU at a variety of gas temperatures. (A fixed distance 
of 30 AU was chosen to more clearly demonstrate the 
affect of temperature). At 1000 K the MIF signature of 
H2O is not high enough to raise silicates from ~ -50 to 
~ 0 ‰. Although the timescales for self-shielding are 
favorable in the inner disk, the self-shielding effect is 
diminished by H2. (The unexpected slope at 1000 K 
appears to be a result of structure in the H2 and C18O 
spectra, and is being investigated by one of us (JRL)).  

 
Fig. 2. CO self-shielding at various temperatures 

and with H2 absorption [11]. 
 
Symmetry-dependent mass-independent chemical 

reactions proposed to occur on surfaces during grain 
growth [6] are also rapid, and need only process the 
total mass of CAIs rather than the entire mass of the 

Workshop on Chronology of Meteorites  (2007) 4076.pdf



inner solar system. Surface MIF reactions may occur 
preferentially at high temperatures [7], but this re-
quires experimental verification.  

The surface nebula: CO self-shielding at the 
nebular surface (region 3 of Fig. 1) was proposed in 
[8] and [9], but was first treated quantitatively in [10]. 
As discussed in [10] self-shielding of surface CO can 
yield a significant fraction of 16O-depleted H2O at the 
midplane of a MMSN only if vertical mixing is rapid 
(α > 10-3). At 30 AU the shortest timescale (tsurf CO, 
Fig. 3) to produce sufficient 16O-depleted H2O to be a 
plausible end member is ~ 105 years. Surface shielding 
is a viable mechanism for introducing 16O-depleted 
H2O to the inner solar system (~1-3 AU), but only 
from the outer nebula (>20 AU). The diffusive radial 
transport timescale (tradial, Fig. 3) is ~ 105 years at 30 
AU for α = 10-2, comparable to tsurf CO at 30 AU. 

 
Fig. 3. Several timescales as a function of heliocen-

tric distance in the solar nebula (MMSN).  
 
Two additional points concerning self-shielding at 

the nebular surface must be made. First, dust provides 
a surface for condensation of H2O vapor, with eventual 
sequestration of ice-coated dust at the midplane. Dust 
evolution by growth and sedimentation is intimately 
tied to the availability of surface area for condensation.  
In [10] dust was assumed to be static and uniformly 
distributed. One of us (JRL) is presently extending the 
model in [10] to include dust evolution. These results 
will be coupled to a radial transport model [14]. 

The second point is that the nebular surface (region 
3, Fig. 1) is very likely to be MRI-active. Dust sedi-
mentation  here will be fast (tsurf sed, Fig. 3), and a res-
ervoir of 16O-enriched CO will be present. The 16O-
enriched reservoir will move inward with a smaller 
diffusive timescale than the bulk outer nebula because 
α3 > α4. Whether any of this 16O-enriched reservoir 
can reach the probable region of CAI formation (re-
gion 1, Fig. 1) depends on how much mixing with the 
dead zone occurs.  

Self-shielding in the parent cloud: Yurimoto and 
Kuramoto [12] suggested that CO self-shielding oc-
curred in the parent cloud prior to formation of the 
solar nebula. Self-shielding in the parent cloud has a 
key advantage over nebular surface shielding in that 
CO self-shielding and H2O formation can occur before 
the nebula even exists; dust evolution is not a concern. 

A recent quantitative evaluation of the collapsing 
cloud scenario [13], modeled as inside-out collapse of 
an isothermal sphere, corroborates the suggestion of 
[12], and demonstrates the strong dependence of the 
resulting H2O ice δ-values on the radiation field (and 
time) at the inner edge (~ 100 AU) of the collapsing 
cloud (Fig. 4). Very large H2O ice δ-values, compare-
able to and larger than recent inferred δ-values for 
nebular water [1], are predicted. 

 

 
Fig. 4. δ-values for H2O ice formed from CO in a 

collapsing cloud core. G0 defines the magnitude of the 
radiation field. (Figure from [13]) 
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