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Introduction:  The origin of noble gases in comets 

and icy planetesimals remains uncertain.  As pure ma-
terials, these elements are not expected to condense out 
of the solar nebula until very low temperatures  (<30 
K) are reached.  While planetesimals may have formed 
in such environments, as pure substances these ele-
ments would vaporize as the comets moved to warmer 
environments.  As comets appear to be releasing these 
gases at much higher temperatures than this, it appears 
these species must have been incorporated into solid 
bodies in another way.   

Experiments show that amorphous water ice 
formed at low temperatures is able to trap noble gases 
within its structure [e.g. 1-4].  As a result of this trap-
ping, the noble gases are thus locked up within the 
water ice, being released only when the water ice itself 
is vaporized.  However, trapping experiments were 
performed at conditions which differed significantly 
from those expected in the solar nebula or molecular 
clouds.  Thus, it remains unclear what the trapping 
efficiency would be in actual astrophysical environ-
ments.  Here we report our progress on developing 
numerical models which are tuned to reproduce exper-
imental results and applying them to determine how 
efficient trapping is real astrophysical environments. 

Modeling Noble Gas Trapping: Early experi-
mental work on noble gas trapping were carried out at 
very low temperatures (<30 K) and high deposition 
rates resulting in the growth of a layer of ice 0.1 mi-
crons in thickness in a matter of minutes to hours 
(deposition fluxes of order ~1015 molecules/cm2/s). In 
these experiments, it was found that the guest-to-H2O 
ratio in the ice was identical to that of the ambient gas 
in the experiment [1].  This led many to conclude that 
the abundances of trapped gases would be the same as 
the solar ratio provided the amorphous ice formed at 
these temperatures [e.g. 4].  However, more recent 
experimental work has shown that noble gases can still 
be trapped at higher temperatures and lower deposition 
rates, but the concentration of the trapped species is 
much less than that found in the ambient gas [2,3]. 
This suggests that trapping is actually kinetic con-
trolled, and not just a simple function of temperature.   

Given that astrophysical environments are likely to 
have water deposition rates that are many orders of 
magnitude lower than what the experimental condi-
tions have been carried out at [e.g. 5], we have devel-
oped a theoretical model for trapping of noble gases 
based on the three-layer astrochemical framework used 
to study ice evolution in molecular clouds [6].  This 

model tracks adsorption and desorption of water and a 
guest species (Ar is used here as a representative spe-
cies) as the vapor freezes out onto a substrate.  The 
guest species is considered “trapped” when it is cov-
ered by a monolayer of ice while it resides on a solid 
surface, moving from the “surface” of the ice to the 
covered “mantle”.  In addition to adsorption and de-
sorption, guest molecules are allowed to diffuse 
through the water ice, moving from the mantle to the 
surface. 

The key parameters in the model are the binding 
energy of the guest molecule to the solid and the frac-
tion of guest molecules the number of ice layers that 
can allow guest molecules to reach the surface via dif-
fusion [6].  As these parameters have not been directly 
measured for noble gases, we have carried out a pa-
rameter space exploration to determine which values 
best fit the experimental results of [2].   

We then applied these models to extrapolate the 
trapping efficiency down to lower deposition rates.  
The results are shown in Figure 1.  Here we have simu-
lated the freeze-out of a 1:1 H2O-Ar gas mixture onto a 
substrate at temperatures of 27, 37, and 50 K, the same 
temperatures used in the experiments of [2] for a varie-
ty of deposition rates of ice (the experiments consid-
ered 0.1 and 0.001 micron/minute deposition rates), 
and we reproduce the experimental results here (at the 
highest deposition rate, the thin ice layers were found 
to have Ar/H2O ratios of 0.1, at the lower deposition 
rate, that same ratio was found for T=27 and 37 K, but 
~0.05 for T=50 K).   

At lower deposition rates, we find that the trapping 
efficiency for Ar begins to decrease, though the de-
crease occurs at different deposition rates for different 
temperatures. This can be explained as the timescale 
for the formation of a monolayer of ice increases with 
decreasing deposition rate, while the residence time of 
a noble gas atom on the surface of a grain is just a 
function of temperature.  As such, the likelihood of an 
atom adsorbing onto a solid and then being covered by 
a layer of ice to be trapped decreases with decreasing 
deposition rate.  This leads to two trapping regimes: 
(1) Burial where high deposition rates lead to the rapid 
trapping of temporarily adsorbed guest atoms (water 
layer formation is rapid compared to desorption time-
scale of the atoms) and (2) Equilibrium where the 
abundance of guest atoms reaches a steady-state be-
tween adsorption and desorption as water slowly freez-
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es out (water layer formation is slow compared to the 
desorption time of the atoms). 

Trapping Conditions in the Solar Nebula: To 
date, it is unclear where, if at all, amorphous ice may 
form in a young planetary system.  Based on the ob-
servation of cold water vapor in other protoplanetary 
disks that arises from photodesorption of ice off of 
solid grains [7], it has been suggested that such ice 
could form as the liberated water molecules freeze-out 
again onto solid grains [5,8].  The rate of amorphous 
ice formation, and thus the efficiency of noble gas 
trapping would thus depend on where this water vapor 
froze out again onto solids. 

To investigate this, we have developed a model to 
track the 2D dynamics and freeze out of vapor in a 
protoplanetary disk [9].  By assuming a structure for 
the disk, we can calculate the flux of water molecules 
onto the surfaces of dust grains.  An example is shown 
in Fig 2, where we use a disk structure based on that 
used by [7] to match the presence of a cold water vapor 
reservoir and assume that water vapor is present at a 
mixing ratio of H2O/H2=10-5. Under these assumptions, 
freeze-out rates of water are expected to be ~7-12 or-
ders of magnitude less than used in the experiments of 
[2], and within the range where Equilibrium Trapping 
is largely predicted by our models where photodesorp-
tion would occur.  Exact freeze-out rates and tempera-
tures will depend on how the water molecules are lib-
erated and transported within the disk and the size dis-
tribution of the dust that is present.  This remains the 
focus of ongoing work [9].  

Discussion: The conditions under which amor-
phous ice could form within the solar nebula is highly 
variable, with temperatures ranging from 10-50 K and 
freeze-out rates ranging many orders of magnitude.  
The amount of noble gas trapping that could occur will 
thus depend sensitively on where in the disk the amor-
phous ice forms.  Efficient trapping would occur in 
regions at low temperatures and high deposition rates.  
Observations and protoplanetary disk models suggest 
that cold water vapor is present at high altitudes in the 
outer regions of disks as these regions are most easily 
bathed in UV [7].  Preliminary modeling suggests that 
volatiles will freeze-out in a narrow range of heights 
immediately below their effective ice lines in this disk 
which would be at somewhat elevated temperatures 
and low rates of water freeze-out [e.g. 9].  This could 
limit the ability for noble gases to be trapped in this 
way.  We continue to explore the effects of dust 
growth and transport in the disks to quantify the extent 
of noble gas trapping by this mechanism in a self-
consistent way. 
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Figure 1: Contour map of Ar trapping efficiency in a 
gas of solar composition for typical pressures and tem-
peratures expected in the solar nebula based on the 
model described in the abstract. 

 
Figure 2: Freeze-out fluxes of water in a protoplane-
tary disk following the structure assumed by [7], taking 
the water vapor as being present at an H2O/H2 ratio of 
10-5. 
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