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Introduction: One of the longest standing prob-

lems in isotope cosmochemistry is the origin of the 
highly unusual isotopic composition of oxygen in cal-
cium-aluminum-rich inclusions (CAIs), the oldest min-
eral grains found in the solar system.   In contrast to 
most terrestrial solids, whose enrichment-depletion 
patterns in 18O/16O and 17O/16O are well understood to 
result from mass-dependent processes[1], the oxygen 
isotopic composition of CAIs requires the existence of 
distinct 16O enriched and 16O depleted reservoirs in the 
early solar system[2]. 

Oxygen Isotopes in CAIs: A Link to the Transi-
tion Between Molecular Cloud and Planetary For-
mation? Studies of the chemical and isotopic composi-
tion of the solar system can, in principle, provide the 
strongest constraints on the phenomenon of planetary 
system formation.  Oxygen found in CAIs, the oldest 
minerals found in the solar system(~4.56 Gyr.), is  
characterized by the non-mass-dependent relationship: 
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can be explained by one of the following: 1) the exis-
tence of two distinct isotopic reservoirs in the early 
solar system, one enriched in 16O and the other rela-
tively depleted, that partially mixed to form CAIs or 2) 
non-mass-dependent fractionation processes that oc-
curred during the growth of CAIs from the vapor-
phase.  Since the discovery of the oxygen isotopic 
anomalies in CAIs was made, explaining their mass-
independent nature has remained unsolved. 

Past and Present Theories of 16O enriched and 
16O depleted reservoirs 

The delivery of pure a 16O oxygen reservoir during 
the early solar system would produce an oxygen iso-
topic mixing line with the required slope 1 to explain 
the CAI isotopic anomalies[3].  Tests of this hypothe-
sis, however, have ruled out this explanation[2].  The 
discovery that the formation of ozone (O3) in the gas 
phase (O+O2+MO3) produces O3 with a mass-
independent isotopic enrichment (and a slope ~ 1) led 
to the suggestion that a chemical mechanism or self-
shielding of O2 in the solar nebula may be responsible 
for anomalous oxygen isotopic composition of CAIs 
[4].   Subsequent analysis, however, ruled out self-
shielding of O2 in the presolar nebula [5] and the origin 
of the CAIs oxygen isotope anomalies has remained 
unresolved. 

Recently, similar chemical and photochemical 
mechanisms for producing anomalously fractionated 

oxygen reservoirs in the early solar system have been 
proposed.  Analogous to the symmetry-dependent ori-
gin of the anomalous oxygen isotopic composition of 
O3, Marcus proposed that symmetry-driven chemical 
reactions involving metal-oxides on the surface of CAI 
precursor grains may produce mass-independent 
anomalies[6].  Experimental tests of this mechanism 
have not been reported.  Photochemical self-shielding 
of CO in the outer solar nebula [7-9] or in the parent 
molecular cloud [10] have also been proposed. [11].  
Recent experimental tests of self-shielding have cast 
doubt on the theory [12-15] and self-shielding is a sub-
ject of intense debate[13-15].  Several outstanding is-
sues regarding the efficient transport of anomalously 
enriched H2O from the outer nebular regions (~25 AU) 
or the outer edges of the parent molecular cloud, re-
main unresolved and motivate the need for an alterna-
tive to self-shielding models [11].  Here I propose a 
chemical mechanism for producing the 16O-enriched 
and 16O-depleted reservoirs that were present in the 
early-solar system.  

Molecular Clouds:  Surface Chemistry of H2O 
Formation and Relevance to CAIs: 

Star formation is observed to occur in dense mo-
lecular clouds (DMCs) [16] and in these environments, 
surface reactions on interstellar dust grains are be-
lieved to catalyze the formation of molecular species, 
including H2 and H2O. 

Models of the surface chemistry on these grains in-
dicate that on a 105-106 yr timescale, a significant frac-
tion of all oxygen present in DMCs is transformed into 
H2O ice mantles via one of two surface chemical 
pathways.  In the first, hydrogen is oxidized by O3 
formed on the surface of interstellar dust grains.  In the 
second , HO2 is believed to be a major precursor for the 
formation of H2O. [17-22]. Interestingly, both H2O 
formation routes involve precursors (O3, HO2) whose 
synthesis in the gas-phase are well known to produce 
mass-independent fractionations (O3, slope~1; HO2, 
slope~ 0.84) [4, 23, 24].  These observations suggest 
that the existence of the anomalously fractionated oxy-
gen reservoirs present during the formation of CAIs 
may be related to the heterogeneous chemical produc-
tion of interstellar H2O in the dense molecular cloud 
that predated the solar system. 

A model of isotopic mass-balance in a DMC has 
been proposed [25].  Anticipating that H2O-ice is a 
major oxygen bearing species, isotopic mass-balance 
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in a dark molecular cloud requires that the O reservoirs 
found within these satisfy the following relationship: 
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oxygen atoms in the molecular cloud that are found in 
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and all other oxygen bearing species in the molecular 
cloud respectively.  Similar restrictions apply to δ17O 
and δ18O.  I note that the fraction of oxygen bound to 
interstellar (presolar) silicate grains, f

SiO
2

, can be ne-

glected on the basis of the cosmochemical abundance 
of Si ( f

SiO
2

!10
"4 ) [11, 26].   

Chemical and Isotopic Evolution of Major O Car-
riers in a Dense Molecular Cloud 

A coupled gas and dust grain chemical model was 
developed to simulate the gas and dust grain chemical 
reactions in a dense molecular cloud (T~10K, nH~104 

cm-3).  The UMIST database was used to model the gas 
phase reactions.  The chemical reaction and diffusion 
schemes of Hasegawa et al. [20] were used to track the 
heterogeneous chemistry occurring on the surface of 
dust grains.  Figure 1 shows the chemical evolution of 
the major oxygen bearing reservoirs in a DMC.  It is 
interesting to note that H2O(solid) and atomic O(gas) 
are the two major oxygen bearing species.  Outputs of 
this model are consistent with previous chemical mod-
els of dust grain chemistry and the evolution of dense 
molecular clouds. 

 
Figure 1.  Chemical evolution of major oxygen bearing species in both the gas 

and solid phases of a dense molecular cloud (DMC).  Note that fH
2
O con-

verges to ~0.5, indicating that H2O is a significant reservoir of O in DMCs. 

Summary and Conclusions 

The significant abundance of H2O(solid) (~50% of 
O) implied by the gas-grain models combined with the 
potentially mass-independent isotopic anomalies asso-
ciated with the precursors of H2O formation on 
interstellar dust grains in dense molecular clouds 
suggest that the 16O enriched and 16O depleted 
reservoirs implied by the existence of CAIs may have 
been provided by the formation of H2O in the parent 
molecular cloud that collapsed to form the solar 
system.   The magnitide of gas phase isotopic anomaly of O3 
suggests that the bulk of the H2O reservoir in the cen-
ter of the dense molecular cloud prior to collapse may 
have been enriched in Δ17O by 25-35‰ compared to 
the gas phase O, but laboratory measurements will be 
required to determine the Δ17O(O3(solid)).  The model 
presented predicts that the Sun should have a 
Δ17O(Sun)=25-35‰ to account for the bulk oxygen 
composition of the solar system.  
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