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Introduction:  In the permanently shadowed ar-
eas of polar regions of the Moon and Mercury ice 
deposits were supposed to occur [1-3]. The upper 
temperature of survival Tsur is usually defined as the 
temperature of evaporation of 1m thick ice layer 
during 1 Gyear. For bare solid ice in vacuum Tsur ≈ 
114 K. If higher evaporation rate (1m/100 Myears) 
is admitted, Tsur≈119 K. Two factors can slow down 
ice evaporation: (1) burial of ice deposits by crater 
ejecta and (2) return of evaporated molecules back to 
cold polar traps. The first factor is trivial but was not 
calculated; the second was never discussed before. 
Here we calculate ice evaporation rates and Tsur for 
both slowing mechanisms and consider constraints 
on the origin of ice on the Moon and Mercury.  

On the origin of ice on atmosphereless bodies:  
A few mechanisms of ice origin on the Moon and 
Mercury were proposed [1,2]. Such mechanism as 
degassing of the lunar interior is hardly probable 
from geological point of view. Water production 
from silicates by solar wind protons is hardly prob-
able too, because H2O molecules penetrating to sili-
cate matrix dissociate into OH and H, the latter be-
ing bonded to a neighbor oxygen atom by hydrogen 
or covalent bond [4]. So OH groups that form in 
silicates in proton bombardment [5] do not tend to 
associate with implanted H to form H2O molecules.  

Among the mechanisms of ice origin only water 
accumulation in cometary impact cannot be rejected, 
though cannot be validated. In attempts to validate it 
[6,7], ice accumulation in cold polar traps by random 
ballistic hops of water molecules in the lunar or Mer-
curian exospheres was considered. In such hops, 
molecules contact only with planetary surface and 
not collide with each other. Let us show that such an 
atmosphere contains small amount of water mole-
cules, which can provide ice deposits <150 Å.  

To collide only with lunar surface, molecules 
should have free path λ much greater than typical 
hop length λh ≈200 km. Density of such atmosphere 
is n = 1/λa2<< nmax = 1/λha2 ≈ 4·107 cm-3 (a is mo-
lecular size). Height scale of a cold atmosphere Ha = 
kTr/mg ≈ 80 km (k is Boltzmann constant, Tr is typi-
cal regolith temperature, m is the mass of water 
molecules, and g is gravity). Then the number of 
molecules in collisionless atmosphere N << Nmax~ 
4πR2Hanmax, their total volume in solid state V << 
Vmax = Nmaxa3 = 4πR2a(Ha/λh) (≈4.4·109cm3 for the 
Moon and 9·109cm3 for Mercury). They may origi-
nate from a cometary nucleus as small as <35 m 
(half of the parent nucleus is assumed to be water ice 
and 1/4 is supposed to escape in impact).  

Since mass contribution from impacts <35 m is 
almost entirely due to microimpacts (<1cm) [8,9], 

the analysis [6,7] is valid rather for water-containing 
meteorites and interplanetary dust than for comets. If 
w% of the molecules of collisionless atmosphere are 
deposited in cold polar traps that take p% of the area 
of a planet, the depth of ice deposits is  

hd << hmax = a(Ha/λh)·(w/p).   
From estimates on the base of crater statistics [10], 
p = 1%; from comparison of the recent south pole 
shadow model [11] with a previous model [12] for 
total lunar surface, p = 0.05%. Our calculations with 
improved analytical version of the numerical models 
[6,7] give w from 5.1% to 33.4% for p from 0.05% 
to 1% of the lunar area. I.e., hmax  is from ≈40 Å to ≈ 
120 Å. The ratio w/p and hmax for Mercury are about 
1/4 those for the Moon. Deposition of such layer 
takes about a lifetime of water molecules after im-
pact (6.7·104s in lunar exosphere), i.e., much shorter 
than the time interval between meter-scale impacts. 
Total contribution of small impacts (<35 m) to ice 
deposition is  

vd  ≈ (3/4)Nmξω(w/p),   (1) 
where Nm is the number of molecules in the total 
flux of impactors <35m (Nm ≈3·106 cm-2s-1 for the 
Moon [8,9]), ξ is the fraction of water molecules 
among them.. ξ can be evaluated from concentration 
of H2O molecules in lunar exosphere  

nH2O ≈ (3/4)Nmξ(τd/Ha),  (2) 
Comparison with the observed lunar value nH2O << 
nmax ≈0.5 cm-3 [13] yields ξ << 3·10-3%. Then  

vd  << vmax ≈ (nmaxωHa/τd)(w/p),   (3) 
which is 66 μm/Gy for p = 0.05% and 22 μm/Gy for 
p = 1%, the total ice volume rate being 1.2·1012 and 
8.2·1012 сm3/Gy. These deposition rates exceed the 
evaporation rates of bare ice in lunar cold traps (see 
below) at T < 98.4 K and T < 99.8 K, respectively.  

Large cometary impacts. They form extremely 
nonstationary, inhomogeneous and rather dense tem-
porary atmosphere. Models of its expansion and 
cooling require information about the optical con-
stants of hot vapor in wide temperature, density, and 
spectral ranges. No ice deposition can occur, if the 
vapor is too hot when it reaches permanent shadows. 
So we may only assume that a part of the water from 
comet nucleus is deposited there. E.g., if 1% of H2O 
molecules from a cometary nucleus of 20 km in di-
ameter and half composed of water reaches polar 
traps with p = 0.05%, deposit depth is 1 m.  

The main doubt about the origin of water from 
impacts, either cometary or micrometeorite, is that 
we do not know if water molecules survive impact or 
they are irreversibly destroyed by ionization and 
dissociation in hot plasma which expands so quickly 
that recombination can be prevented. Let us estimate 
the survival conditions of ice deposits, if any.  
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Evaporation of ice from under regolith:  Such 
process includes evaporation of bare ice and diffu-
sion of vapor through regolith. At temperatures T < 
150 K evaporation rate v0 of bare ice in vacuum is so 
low that heat flow from the lunar interior is enough 
to supply heat for evaporation and it becomes tem-
perature-controlled:  

v0 = p0ω/(2πmkT)1/2,   (4) 
where p0 = 2·1013exp(-6052/T) dyn/cm2 is water 
vapor pressure at temperature T, ω =3.2·10-23cm3 is 
the volume per molecule in ice. Evaporation rate of 
ice at a depth H under regolith is  
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where q is the volume fraction of pores, and D = lv/3 
is diffusion coefficient of water vapor in regolith 
with pore size l, v = (8kT/πm)1/2 being the average 
thermal velocity of molecules of mass m. At large H 
evaporation becomes diffusion-controlled and (5) is 
reduced to  

vH = v0(4lq/3H)  (6) 
Ice deposition from cometary impact takes up to 

tens of hours; then gradual burial of ice by ejecta 
from craters occurs, burial depth increasing with 
time t: H = vbt. The thickness h of evaporated ice is 
derived from the differential equation: 

dh/dt = vH(vbt),   (7) 
where vH is described by (5). Integration of (7) gives  

h = (p0ωDq/vbkT)ln[1+{v0vbkT/p0ωDq)t] (8) 
The results of calculations at burial rate vb = 

10 m/Gy are presented by dot lines in Fig.1. As 
shown, burial of ice by regolith can raise Tsur by no 
more than 15-25 K. Increasing or decreasing of vb by 
a factor of N shifts the upper parts of the curves in 
Fig.1 approximately by N degrees to the right or left, 
respectively.  

Return of evaporated molecules back to cold 
polar traps:  Thermal velocities of the molecules 
evaporating even from the equatorial zones of the 
lunar or Mercurian surfaces are too low for escape 
from the gravity of these planets. The loss mecha-
nism for water molecules is photodestruction (disso-
ciation or ionization). Since its characteristic time is 
much longer than the time of typical jump of an 
evaporated molecule over the surface of a planet 
(~100 s), many jumps are allowed to the molecules. 
All molecules that are not destroyed during jumps 
are captured again in permanent shadow.  

Using analytical model of ballistic hops over a 
planet, we calculated the probability of repeat cap-
ture and the fraction we of irreversibly lost molecules 
for various temperatures T of permanent shadows. 
For the Moon, good fits for lower limits of we are: 

we,1% = 4.53·10-4(T – 15),   (9a) 
we,0.05% = 7.55·10-2(T – 48)0.315,   (9b) 

for Mercury,  
we,0.05% = 2.33·10-3(T – 18.5)0.82,   (9c) 

where the subscripts denote the fractions of the per-
manent shadows. To take the return of molecules to 
cold traps into account, v0 in (4) and h in (8) was 
multiplied by (9). The results for the Moon are 
shown in Fig.1. Mercurian curves (not shown here) 
lay between the lunar curves for 0.05 and 1% of 
traps, since (9c) lay between (9a) and (9b).  

Conclusions:  (1) The only probable hypothesis 
of ice origin on silicate atmosphereless bodies is 
contamination from comets and water-containing 
meteoroids, but it is still not validated enough.  

(2) Ice burial under regolith together with return 
of most of the evaporated water molecules back to 
cold traps cannot increase survival temperature of 
ice more than by 20-35 K. The resulting Tsur<150 K, 
which does not enable ice to survive on sunlight 
areas even under deep regolith cover.  
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Fig.1. The upper limit of the thickness of lunar ice layer 
evaporated in 0.5 Gyear at different temperatures: bare ice 
(green lines), ice gradually covered with 5 m-thick regolith 
of porosity 0.5 and pore size 2 mm (blue) or 50 μm (red). 
The case of no return of the evaporated molecules back to 
cold traps is presented by dot lines; dashed and solid lines 
show the case of return to traps of 0.05% and 1% of the 
lunar area, respectively.  
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