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Introduction:  A wide range of oxygen isotopic 
compositions have been observed in early solar system 
objects reflecting the existence of heterogeneity in the 
solar nebula from sub-millimeter to the scale of plane-
tary dimensions. Along with the spread in composi-
tion, the striking feature is the departure from the nor-
mal fractionation line (represented by a slope ½ line in 
a 3-isotope plot of oxygen). The available oxygen iso-
topic compositions of meteoritic materials show that 
different groups of objects lie on the trend lines of 
different slope values. The CAI’s (calcium-aluminum 
rich refractory inclusions), the ordinary chondrites (H, 
L, LL), C3 chondrites all individually follow nearly 
similar trend lines of slope unity but they are grouped 
distinctly differently in 3-isotope space in terms of 
17O/16O and 18O/16O ratios. On the other hand, most of 
the carbonaceous chondrites are individually grouped 
in such a way that they follow the trend with a slope 
lower than the CAI’s, and the enstatite chondrites lie 
over the solid terrestrial fractionation line (TFL) [1, 2].  

The effort to explain this complicated map of oxy-
gen isotopes through a nuclear model [1, 2] failed 
since a large 16O enriched reservoir was required and 
no evidence of such a reservoir was found. Recently, 
the photo-chemical self-shielding [3, 4] of nebular CO 
(the most abundant oxygen carrying molecule in a 
nebular environment), was proposed to be the origin of 
anomalous oxygen in the early solar nebula. Though 
the self-shielding model [4] carefully estimates the 
water-ice isotopic composition, recent experimental 
observations [5] demonstrate that electronically ex-
cited CO photochemical processes should be quantita-
tively considered in any nebular photochemical model. 

Symmetry and Mass-independent Fractiona-
tion: The primary Mass independent fractionation has 
been observed during ozone formation through a gas-
phase recombination reaction (O + O2 + M → O3 + M) 
[6]. Recent theoretical calculations (through non-
statistical and quantum mechanical approaches) [7, 8] 
established the role of symmetry in an isotopologue 
specific stabilization of the ozone molecule, giving rise 
to the mass-independent effect [9]. Gao and Marcus 
[7] introduced a non-statistical “η” factor in the gas 
phase to quantitatively specify the departure from the 
normal statistical behavior during stabilization of vi-
brationally excited species (like O3*) to a stable mole-
cule. The symmetry induced mass independent effect 

was also seen in other chemical recombination reac-
tions [10]. Recently Marcus proposed a theoretical 
scheme [11], introducing a surface analog of the gas 
phase “η”-effect and an entropic effect on CAI precur-
sor grain surfaces to generate a 17O and 18O depleted 
“XO (ads)” reservoir followed by the reaction of the 
adsorbed species XO (ads) + O (ads) ↔ XO2* (ads). 
The effect arises due to the symmetry dependent stabi-
lization of XO2* (ads). This is the first fully quantita-
tive model that provides a chemical pathway to explain 
the mass independent trend observed in early solar 
system solids.  

In our recent experiments (see [12] for more de-
tails), we observed a mass independent effect in solid 
oxides formed in a smoke chamber with oxygen atoms 
produced by tesla discharge. Although, these experi-
ments do not follow the scheme outlined above, the 
importance of a symmetry based chemical reaction to 
explain the mass independent effect may account for 
the present observations.    

Results and Discussion: Figure 1 shows a three 
isotope oxygen plot of the product iron silicate, silicon 
and iron oxides obtained in the experiments described 
in [12]. 
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Figure 1. Three isotope plot of solid oxides (SiOx, FeOx, 
FexSiOy) formed over the electrodes inside a smoke cham-
ber, through tesla discharge [12]. All data points are normal-
ized with respect to the initial oxygen used in all these ex-
periments. The isotopic composition of the formed SiOx fall 
over a trend line with a slope value of 0.68 ± 0.03.  

As the data plotted here are normalized to the ini-
tial oxygen composition, it is interesting to see that 
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none of the products follow a trend line passing 
through the initial composition The SiO data define a 
slope and  intercept of 0.68 ± 0.03 and 2.52 ± 0.29 
respectively).  In a three isotope plot, when the data do 
not define a trend that passes through the original iso-
topic composition, a minimum of two fractionation 
processes are required to explain the observations. 
There are no restrictions as to the upper limit of proc-
esses that may be involved and we seek an explanation 
that simultaneously invokes the smallest number of 
steps and is physically realistic. The background on 
each sample was carefully monitored to insure that 
there were no contaminants present, such as NF . Puri-
fication was achieved using a gas chromatograph to 
insure the highest purity of oxygen for the isotope 
measurements. A standard, NBS 28 was routinely ana-
lyzed as a control and the results are displayed in Fig-
ure 1. The mass spectrometer gas is purified air oxy-
gen, which is now known to possess a slight mass in-
dependence due to its long lived interaction with ozone 
[13]. 

3

For the present data set, the initial fractionation 
step would involve the thermolysis, breakdown and 
oxidation of the silicon to form  SiO (FeO in the case 
of the iron system). This would produce a mass de-
pendent isotopic fractionation, with a preferential in-
corporation of the lighter isotope. In Figure 1, this 
would move the data from zero, to approximately 15 
‰ for silicon and 19 ‰ for iron. In the subsequent 
reaction of e.g. O + SiO (or, O + FeO) the reaction 
would be symmetry dependent and follow the quantum 
mechanical based model of Marcus [7, 11], which re-
sults in a slope of approximately unity, and equal 17,18O 
enrichment (mass independent), similar to what is ob-
served. The effective fractionation factor would be the 
combination of the fractionation factor of the mass 
dependent step (α1) and the mass independent step 
(α2). Thus the final composition would depend on the 
extent of reaction in these two steps and, based on that, 
may end up with any composition on the trend line as 
seen for SiO in Figure 1. Since, these two steps operate 
independently and are expected to depend on pressure-
temperature and molecular and atomic species this may 
be the source of scatter (correlation coefficient = 0.96) 
seen in the final SiO values. The data however are 
reasonably consistent with this model. In addition, one 
would not expect the same magnitude of mass frac-
tionation of Si and Fe, due to their differential bond 
strengths and chemical reactivities.  From kinetic con-
siderations, we can rule out that the results are an arti-
fact of ozone formation (known to be mass independ-
ent) in the vicinity of the electrodes due to the highly 
reducing conditions. In addition, if there were ozone 
present, it would dominate the initial oxidation step 

and be mass independent, however, this is not consis-
tent with the observations. 

The data also demonstrate the hypothesis that it is 
the actual process of gas to solid conversion, required 
for production of planetary materials, which is the 
process that eventually governs the isotopic composi-
tion of the solids [13-15]. As is the case observed in 
the Earths atmosphere, this results in the production of 
an array of molecular species of differing δ17O, δ18O in 
the same time and place. In addition, given the gener-
ality of the effect and symmetry for oxygen, this signi-
fies that in any oxygen isotopic model, this factor may 
be dominant and must be considered in the description 
of the source of the meteoritic oxygen isotopic anoma-
lies. Future experiments will be important in exploring 
the parameters such as pressure, temperature, and other 
molecules, such as Al, Mg and Ca. 

Conclusion: The preliminary results presented 
here are promising in terms of understanding the iso-
tope effect during the condensation of solids from the 
gas phase. More experiments are required in this direc-
tion to detail the parameters that govern the reaction 
(SiO + O) and (SiO + O2) to allow a model for solar 
system production of oxygen isotopic compositions to 
be developed. 
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