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Introduction:  Observations of our solar system 

continue to provide the strongest constraints on models 
of planetary system formation, with studies of isotopes 
potentially providing the strongest constraints.  The 
first observations of Solar System solids exhibiting 
isotopic fractionation patterns departing from the ter-
restrial fractionation line (TFL) were made in the anal-
ysis of Calcium Aluminum rich Inclusions (CAIs) 
within the Allende meteorite whose oxygen isotopic 
composition was found to define a line of approxi-
mately slope 1 in a δ17O vs. δ18O plot [1].  It is now 
believed, based on the recent measurements and analy-
sis of the isotopic composition of solar wind O, that the 
distribution of oxygen isotopes in the Solar System 
define a mass-independent (MI) pattern, with the Sun 
being depleted in 17O and 18O compared to the terres-
trial bodies like Earth and Mars.  The origins of this 
distribution remains largely unexplained [2]. 

Thiemens and Heidenreich showed that the non-
equilibrium chemical processes such as ozone for-
mation in the laboratory ( O2 + O + M → O3 + M) pro-
duces mass-independent isotopic fractionations with a 
slope (Δ (δ17O)/Δ(δ18O)) ≃ 1 [3].  Large oxygen iso-
topic fractionations with non-terrestrial triple-oxygen 
isotope trend-lines are also observed in the VUV pho-
tolysis of CO [4], predicted by self-shielding models of 
CO [5], while modest mass-independent isotopic frac-
tionations have also been observed in the high-
temperature gas-phase formation of SiO2 [6]. 

Previously, it was proposed that, due to the preva-
lence of water  and the likely involvement of radical 
species such as OH, O3, O on interstellar dust grain 
surfaces that have been associated with symmetry de-
pendent MIF that understanding the formation of water 
in astrophysical environments may lead to a better un-
derstanding of the mass-independent distribution of 
oxygen isotopes in the solar system [7].  Here we re-
port on the first results of a set of laboratory experi-
ments aimed at studying the formation of H2O in as-
trophysical conditions with isotopic resolution.  We 
find that chemical processes associated with H, O, and 
metal-oxide (silicate) surfaces may produce a mass-
independent anomaly of the magnitude necessary to 
explain the first order distribution of oxygen isotopes 
in the Solar System.   

Experimental:   Our experimental apparatus con-
sists of the following: (a) a 12 inch diameter stainless 
steel vacuum chamber capable of achieving UHV con-
ditions (P<10-9 Torr) (b) a Shimadzu magnetically levi-
tated turbomolecular pump (TP) backed by an oil free 
scroll pump (c) a stainless steel vacuum line connected 
to a (d) customized Cavity Ring-Down Spectrometer 
(Picarro L2120-i) that is capable of simultaneously 
measuring 18O/16O and 17O/16O ratios and D/H ratios of 
water produced in our vacuum chamber [8].  In addi-
tion, a closed cycle cryostat (ColdEdge Technologies) 
with copper cold-head and a gold-platted sample hold-
er was mounted onto the vacuum chamber and was  
used to produce the low-temperatures in our experi-
ments.  Also mounted to the UHV chamber was a 
Kimball Physics electron gun (E=2-2keV, I=0-1mA), 
which we used to initiate the H2O formation chemistry. 

 

 
Figure 1.  Stainless Steel experimental apparatus used 
for diffusion experiments with H2O vapor.  

 
Prior to the introduction of any gases, the main vacu-
um chamber is pumped down until P<10-8 Torr using 
the mag-lev turbo pump.  After isolating the main 
chamber from the TP, we introduced ~500 micromoles 
of ultra-high-purity H2  and ~1000 micromoles of ultra-
high purity O2 (Praxair, 99.9999%) into the UHV 
chamber via our attached vacuum line.  While the ini-
tial temperature of the cold-head was set to 5K, ther-
mal conduction across the gas-phase to the coldhead 
with a pre-mounted sapphire disk (diameter = 100mm, 
thickness 1 mm) inevitably raises the temperature of 
the surface. Once the pressure and temperature stabi-
lized (P~10-2 Torr, T~32K), we exposed the O2/H2 ice 
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to a (1) 2 keV e- beam (I~0.8-1mA) in a first experi-
ment and (2) a 700 eV beam (I~0.4 mA) for about 5 
minutes in a second set of experiments.  After this 
time, the e-beam was turned off (I=0) and H2, O2, and 
other gaseous products were removed from the HV 
chamber by gradually raising the cold-head tempera-
ture and pumping the UHV chamber.  The cold surface 
temperature was stabilized to 150K where H2O has a 
negligible vapor pressure.  Finally, the coldhead was 
warmed up to room temperature and the chamber was 
filled with ultra-high purity N2 (Praxair, 99.999%) to 
act as a carrier gas for H2O produced in the experi-
ment.  The H2O/N2 mixture was allowed to flow into 
the vacuum line and the H2O was concentrated in a U-
trap.  Finally, a small-section of the vacuum line vol-
ume was filled with UHP N2 and the U-trap was 
thawed and allowed to flow into the CRD isotopic ana-
lyzer. 
 
Results: Our first experiment (with 2 keV electrons) 
yielded approximately 100 micromols of H2O with 
oxygen isotopic compositions of δ18O= - 78 and 
δ17O=-60 per mil (Δ17O=-20 +/- 3 per mil) compared 
to the starting isotopic composition of the UHP O2 
reservoir (δ18O=2.019 +/- 0.033, δ17O= 1.016 +/- 
0.047, Δ17O=0 per mil). i  Our additional experiments 
with lower energy electrons and fluences (E~700 eV) 
yielded both lower yields of H2O product as well as 
lower measured Δ17O values.  A summary of these 
results and preliminary analysis is shown in Figure 2.  
At this time, our results suggest that a contribution by a 
terrestrial background H2O reservoir. 
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Figure 2.  Experimental results of H2O formed in as-
trophysical conditions at 32K.   The similar slope be-
tween our experiments with 700 eV and 2000 eV sug-
gest a shared H2O formation/surface interaction that 
produces this fractionation pattern.   The more modest 
Δ17O values of lower energy experiments may be the 
result of Δ17O dilution by background H2O in our vac-
uum system.   

 

Discussion: We have direct evidence that at least 
one mass-independent fractionation process(es) at low 
temperatures  may be capable of producing the first 
order distribution of oxygen isotopes observed in the 
Solar System.   

The  observation that H2O formed in our experi-
ments was enriched in 16O was surprising as we had 
hypothesized that this reservoir would be enriched in 
17O and 18O.  The production of 16O depleted H2O, 
either via self-shielding [5] or heterogeneous chemistry 
[7] followed by isotopic exchange with silicates has 
been previously proposed to explain the origins of 16O 
depleted solids in the solar system.  Our results do not 
support both of these model assumptions. 

The production of 16O enriched water in our exper-
iments implies that at least one 17O and 18O enriched 
reservoir is produced either in the formation  or inter-
action of H2O with a metal oxide (MO, M=Al)  surface 
that has been exposed to e- beam bombardent (Atomic 
Force Microscope measurements of the Al2O3 sample 
surface reveal extensive e- beam damage) and single 
scattering Monte Carlo simulations of primary and 
secondary electron propagation indicate that electrons 
may propogate up to ~ 50 nanometers into the surface 
[9].  More analysis of the sample substrates is needed. 

If indeed metal oxide surfaces subject to H, O, and 
e- radiation (as is expected in molecular clouds from 
cosmic rays) acquire 16O enrichments relative to the 
bulk gas-phase oxygen reservoir, then our results may 
account for the overall distribution of oxygen isotopes 
in the solar system.  For example, if the isotopic com-
position of the Sun represents the bulk composition of 
the Sun (and hence the molecular cloud from which it 
formed), then quite naturally, via interactions with 
cosmic-ray (CR) damaged surfaces, over time, the sili-
cate reservoir in a molecular cloud or protoplanetary 
disk will acquire a systematic enrichment in 16O.  Sili-
cates formed or processed in water-poor astrophysical 
environments, on the other hand, would not be ex-
pected to acquire a MIF (i.e. CAIs).  Additional exper-
iments on quartz surfaces as well as a detailed analysis 
of the reservoir mixing timescales and mass-balance 
are currently underway and will be presented at LPSC. 
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