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Introduction: Increasing evidence supports the no-

tion that water is present on the Moon in significant 

quantities, both from primordial and exogenic sources 

[1-4]. The mechanisms of retention and the stabilities 

of H from such sources are poorly constrained, though 

ongoing theoretical and experimental work is being 

pursued to address these issues.  We report here on 

development of models to assess the mobility of vola-

tiles such as hydrogen (as H2O and OH) on grain sur-

faces within the top meter of a regolith. 

Evaporation rates at the surface-vacuum interface 

can be readily estimated using the known lunar tem-

perature distributions and physical parameters of ice. 

However, it is suspected that gardening and episodic 

deposition events may work to transport OH and H2O 

from the surface to a few meters depth [5]. Endogen-

ous sources of water from planetary interiors may con-

tribute to the volatile contents of the surfaces.  

In addition, transport of water molecules through 

porous media is strongly inhibited by multiple gas-

grain interactions along a trajectory. Even at constant 

temperature, this effect can significantly slow the mi-

gration of particles. Measurements made by Apollo 15 

& 17 Heat Flow Experiments (HFEs) suggest that the 

thermal gradient in the top few cm of soil is extreme 

[6]. The temperature gradients are so extreme in radia-

tively driven surfaces that variations of hundreds of 

degrees can occur within tens of centimeters. This is 

due to the low packing density, poor thermal conduc-

tivity and lack of an atmosphere. The nature of mass 

transport of volatiles through such media will be dis-

cussed here, as described by a computer model written 

to reproduce molecular transport at the surface and 

near-surface of regolith grains. 

Theoretical Approach:  Diffusion through a por-

ous media has received much attention in terrestrial 

hydrology.  However, the absence of vapor-condensed 

phase equilibrium in low pressures of space both com-

plicates and simplifies the analysis of transport. The 

diffusion coefficient varies highly nonlinearly with 

temperature, and on airless bodies, temperature varies 

highly nonlinearly with depth (z). This makes finding 

direct solutions challenging but still tractable, and in-

clude the molecular (electronic) interactions between 

the volatile and grain.  

We began by constructing a model of volatile de-

sorption from realistic mineral. A plausible grain has a 

complex morphological structure including edges, 

pores and ionic defects. Some types of defects present 

stronger attractive forces to a water molecule than oth-

ers.  For example, a less defective surface (such as a 

pristine glass) will be less attractice to a water mole-

cule than an irradiated, defect-rich glass surface.  

Thermal desorption is an activated process where the 

rate that substrate-adsorbate adhesion forces are over-

come can be calculated at any given temperature. Be-

cause a grain may possess a variety of different sites 

with varying strength of interaction, a distribution of 

binding sites was considered. A range of desorption 

energies from 40 to 50 kJ/mol was employed because 

this is the common range for physisorbed and weakly 

chemisorbed water on mineral surfaces. 

 Intra-grain diffusion is fast compared with inter-

grain movement, so it was assumed that, in the low 

density limit applicable to a solar wind origin of water, 

adsorbates can migrate over a grain and sample a large 

number of defect sites, and will spend the majority of 

the time in the strongest sites before leaving a grain. In 

the low density limit, it was also assumed that adsor-

bate molecule-molecule interactions are negligible.  

For these calculations, molecules moved by ther-

mal desorption from one grain to redeposition on an 

adjacent grain. The residence lifetime on a given grain 

depends on that grain’s temperature, which in turn 

depends on the depth beneath the surface and the depth 

profile of temperature based on location and time of 

day. The simulation proceeded by moving molecules 

on a 3D random walk, where a hop is taken only when 

the mean residence time for the grain temperature is 

reached.  

Movement along the temperature gradient caused 

recalculation of the next residence time, while move-

ment perpendicular to the gradient resulted in an un-

changed residence time until the next step. Molecules 

that landed at the vacuum interface could jump off the 

surface and were then either removed from the calcula-

tion or reinserted to account for redeposition. The rate 

of removal was recorded as a function of temperature 

profile and desorption energy distribution. 

Continuous source terms for water were included to 

account for deposition either from migration of water 
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from other regions or from solar wind implantation and 

generation of free water molecules. 

Results:  Simulations were performed to simulate 

conditions on airless bodies like the Moon or asteroids, 

representing sunlitside (surface temperature 400 K) 

and dark side (130 K) surfaces and cold traps (50 K) 

with interior gradients. The residence lifetime of a mo-

lecule vs. temperature, T(z)  (K) for a dark side surface 

as a function of depth, z (mm) is shown in Figure 1. 

The residence times vary in the range from 10
10

 s at the 

cold vacuum interface to 10
-2

 s in the warmer interior 

depth of 100 mm.  

 
Paticle migration was simulated using a variety of 

initial conditions of distribution of water. Water origi-

nating from exterior sources was modeled using a loca-

lized density near the vacuum interface. More ex-

tended distributions were also simulated to approx-

imate the effects of regolith turnover and gardening 

due to meteorite impact. While convergence is not 

guaranteed on the timescale of the lifetime of the 

Moon, the long term results do show some similarities. 

Figure 2 shows an example of the resulting distribution 

after X years for estimated lunar cold trap conditions. 

The vacuum interface region became highly populated 

by particles escaping and redepositing from nearby 

zones. Slightly below this (a few mm), particles were 

in a temperature regime where slight movements in-

ward led to rapid acceleration of transport, while 

movements outward led to extreme slowing. In this 

region, movement toward the interior was favored. At 

depths below greater depths (>~40 cm where the hop-

ping lifetime is shorter than 1 year), particles diffused 

with the temperature gradient and became thinly distri-

buted. Mobility was high, and particles that did move 

in an outward direction piled up at an accumulation 

depth where they become cryotrapped as a function of 

time. 

 
Conclusions:  We have developed a model to de-

scribe the diffusion of volatile molecules through a 

porous media in vacuum in which volatile interactions 

with the surface are important and thermal gradients 

extreme.  This model has been applied to understand-

ing deposition and evolution of water on the moon, but 

would also be applicable to asteroids. The total lifetime 

of a particle migration through a porous medium is a 

convolution of the time needed for a random walker to 

move a short distance and the local hopping rate at the 

given location. This results in total walk times far 

longer than just the calculated desorption times, even 

when temperatures would predict total escape of vola-

tiles. The models thus predict significant subsurface 

redistribution of water over the entire illuminated sur-

face of the Moon. Significant cold trapping of water 

may occur under illuminated surfaces at depths far 

greater than can be detected optically, but relevant to 

neutron flux measurements.  
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Figure 2. Depth histogram after simulated 105 years 

for lunar cold trap temperature distribution. Arrows 

drawn to indicate predominant movement in each 

region. 

 
Figure 1. Residence times for water molecules on 

grains versus subsurface depth and temperature gra-

dient. Green line indicates lifetime for mean particle 

desorption energy 50 kJ/mol. Upper and lower are 

bounds of the distribution of desorption energies used 

in the calculation. 
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