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Introduction: The oxygen isotopic composition of 

high temperature mineral phases, e.g., anorthite, 
melilite, perovskite, aluminous spinel, hibonite, calcic 
pyroxene, and forsterite-rich olivine, in the first con-
densates in the protoplanetary disk- calcium aluminum 
rich inclusions (CAIs), are distributed along a slope 1 
line in a 3-isotope plot (in 18O/16O vs. 17O/16O space) 
with a significant enrichment in 16O (~ 50 ‰ with re-
spect to the terrestrial composition, with an equal 
amount of 17O and 18O) [1]. Most  chondrules which 
formed shortly (< 1 My) after the CAIs [2] also display 
an oxygen isotopic distribution along the same slope 1 
line, with  less 16O enrichment than CAIs [3, 4]. The 
O-isotopic distribution is striking because of the depar-
ture from the normal terrestrial mass dependent frac-
tionation line observed for equilibrium and kinetic 
fractionation processes [5, 6]. As the most abundant in 
silicate bodies, defining the source of the anomalous 
isotopic distribution of oxygen is vital to understanding 
the formation and evolution of the solar system.  

Symmetry amd Mass-Independent Isotope Ef-
fect: After the failure to find the signatures of super-
nova debris in the meteorites, the initially proposed 
nuclear theory [1] was abandoned and chemical and 
photochemical based theories emerged. Since the first 
demonstration of a mass independent (MI) fractiona-
tion process in a chemical reaction during ozone for-
mation (slope of 1, as in CAIs) through a gas-phase 
recombination reaction, such MI reactions have been 
proposed in the nebula for silicate formation [7-11].  

The best example to represent the role of Symmetry 
in a chemical reaction for a MI isotope effect is ozone. 
A full physical chemical treatment of  the apparently 
simple ozone formation reaction, O + O2 + M→ O3 + 
M, constitutes one of the greatest challenges in physi-
cal chemistry though it is recognized that quantum 
mechanics plays a crucial role in the isotopic selection 
process. The above reaction consists of two steps: (i) O 
+ O2 → O3

* and, (ii) O3
*+ M→ O3 + M. There may be 

two separate kinds of isotope effects involved in these 
two steps and the quantum delta zero-point energy 
(ΔZPE) effect may be operative in the first step (ob-
served in experiments on formation of asymmetric 
isotopomers of ozone such as 16O16O18O) as repro-
duced by statistical, quantum-mechanical and, classical 
trajectory models, which is mass-dependent (MD) [12-
14]. However, the slope-one line in ozone formation 
passes through zero (wrt initial O2), which is only pos-
sible for a single stage fractionation requiring the se-
cond step to be responsible for the measured fractiona-

tion. The uncertainty and disagreements among differ-
ent theoretical approaches lie with the defining the 
mechanism of the second step of stabilization of the 
vibrationally excited intermediate species (O3

*). In 
symmetric molecules some state-to-state transitions are 
forbidden by symmetry, which could lead to reduced 
stabilization cross-sections and hence a lowered stabi-
lization of symmetric molecules relative to asymmetric 
species within the specific lifetime (~ 100 ns) of O3

*. 
Marcus and co-workers described this in terms of cou-
pling of asymmetric and symmetric species to the exit 
channel (stable O3 molecule) in an empirical fashion− 
“η effect” (non-RRKM framework [8]). Using 
quasiclassical trajectory calculations, Schinke and co-
workers [14] found that their treatment too required an 
ad hoc means of enhancement in the formation rate of 
asymmetric ozone relative to the symmetric species of 
the same order of magnitude (~15%) as that of Marcus 
et al. Recently using a mixed quantum-classical theory 
the origin of “η effect” has been explained at the mo-
lecular level, where, it is demonstrated that the “η ef-
fect” is not caused by the absence of some state-to-
state transitions due to quantum symmetry selection 
rules, and does not occur during the stabilization step 
of the ozone forming process rather due to differences 
in the lifetimes of the metastable O3

* states, i.e., in 
differences of tunneling rates in/out of the reaction 
channels for symmetric and asymmetric isotopomers 
due to distortion of vibrational wave functions by iso-
topic substitutions. A common feature though is that 
all have at the basis symmetry dependence for the ef-
fect. 

It was experimentally demonstrated that the sym-
metry dependent MI isotopic fractionation is not 
unique to ozone chemistry but rather a general effect of 
particular relevance to oxygen. Chemical reactions 
such as CO + O → CO2, CO + OH → COOH* → CO2 
+ H, show a MI affect in O-isotopes where the sym-
metry determines the distribution of isotopes of oxygen 
in the product molecules [15, 16]. In this abstract, we 
report the result of our investigation to decipher the 
role of symmetry in SiO2 formation in gas phase reac-
tions.  

Laboratory Experiments: Gas-phase oxidation 
was performed by vaporizing ultra high pure SiO nug-
gets (~ 2 mm in size) inside a vacuum chamber by an 
Excimer laser beam (248 nm, KrF, 120 mJ, 25 Hz) in 
two different ways: (set-I) in the presence of a known 
amount of ultra high purity O2 of known isotopic com-
position and, (set-II) in the presence of a mixture of O2 
and H2 in varied proportions of ~1 to 32 H2/O2. For 
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Figure 2. Measured oxygen isotopic composition of SiO2 from 
set-I and set-II experiments. The calculated SiO2 compositions 
from SiO + OxHy reactions (group 2) follow a slope of 1.09.     
 

 

both conditions, during vaporization white-colored 
solid oxides (SiOx) are formed throughout the cham-
ber, indicating gas-phase reaction in the SiO plume 
[17, 18] with the bath gas inside the chamber. In set-I, 
the residual O2 was collected and measured for its iso-
topic composition in a Finnigan MAT 253 IRMS. For 
set-II, residual O2 was collected after complete separa-
tion from H2 and the isotopic composition determined. 
The solid SiO2 products are also collected for both the 
sets of experiments and the oxygen isotopic composi-
tion determined after reaction of SiO2 by CO2-laser 
fluorination.  

Results and Discussion: The SEM analysis of 
product SiOx formed in set-I and set-II experiments 
show a stoichiometry of SiO2. The O-isotopic compo-
sitions of the residual O2 for set-I experiments lies on a 
line with slope of 0.516, with intercept close to zero 
(wrt initial O2) with an effective fractionation factor of 
48 ‰. However, for set-II experiments, the residual O2 
follows a MI nonlinear trend with non-zero intercept, 
and consequently requires a multi-step fractionation 
processes in the oxidation reaction chain [19].  

The measured O-isotopic composition of product 
SiO2 (Figure 1) for set-I and set-II experiments show 
MD and MI compositions for set-I and set-II experi-
ments, respectively. In presence of H2 (set-II), the 
maximum measured value of ∆17O is 1.7 ‰. The main 
oxidation step for set-I is SiO + O2 → SiO2 (group 1), 
whereas for set-II oxidation possibly happens through 
group 1 reaction (as above) plus through SiO + OxHy 
→ SiO2  + Ox-1Hy (group 2). A chemical kinetic model 
was developed using MATLAB incorporating all the 
possible reactions and tracked the time evolution of 
different species, which shows that the SiO2 produc-
tion via group-1 reaction is about 9 times more than 
that produced via group-2 reactions. Among all these 

OxHy channels, OH contributes the most. This indicate 

the importance of OxHy oxidation reactions as a source 
of MI composition and postulated that SiO + OH is the 
MI channel in line with the known MI reaction CO + 
OH [15]. Therefore, the measured ∆17O values in set-II 
experiments are severely diluted. Using isotopic mass 
balance calculation, the compositions of SiO2 formed 
via group 2 reactions are determined, which define a 
line of slope 1.09 (± 0.1) passing through the calculat-
ed SiO2 composition (δ18O = -18.4 ‰, δ17O = -9.5 ‰) 
formed by the measured SiO + O2 reaction [19]. 

Both the production channels of SiO2 in the present 
experiment (i.e., SiO + O2 and SiO + OH) follow 
through excited intermediates (i.e., SiO2

* and 
SiOOH*).  Similar to O2 + O recombination, SiO + O2 
was expected to be MI contrary to the measurement 
(i.e., MD). This may be due to quick exchange be-
tween SiO2 and O2 reservoirs (at high plume tempera-
ture), which erased the MI signature in SiO2 and a dif-
ferent experimental approach is required to decipher 
this channel (without exchange). However, the other 
symmetry governed OH oxidation channel does show 
MI signature (with slope 1) as demonstrated here and 
might be relevant for the solar nebula. SiO is a relevant 
solar nebular species and oxidized by OH in the hot (> 
1000 K) inner nebula is plausible [20-22]. Regardless 
of whether self-shielding is operative or not, the final 
step leading to the solid formation is likely produces a 
MI fractionation. Further experiments are required to 
generate more complex silicate minerals with other 
cations. 
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