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Introduction:  Water exists on the Moon [e.g. 1] 

accumulating over time through multiple processes to 
potentially accumulate in sufficient quantities to be a 
resource for enabling a sustained human presence. 
While water may represent a ‘gold mine’ for enabling 
sustained lunar presence, its abundance and state must 
be evaluated when considering its practical use as a 
resource such as amount of material that must be 
processed, energy required, etc.  Water, broadly 
meaning either H2O or OH, that is within or bound to 
grains, or simply mixed with the regolith, requires 
widely varying amounts of energy and material 
processing to extract. Chemical state defines its 
abundance and abundance is a major factor for 
determining its usefulness as a resource.    

Chemical state defines abundance:  Water exists 
on the Moon as molecular H2O, as hydroxyl OH, in 
grains, on grains, and as grains and/or blocks (of ice 
where cold enough) mixed with regolith grains. Each 
state inherently represents an range of possible 
abundances.  

Internal Water in Grains: Silicate minerals are 
nominally anhydrous but OH and/or H2O can be present 
at abundances ranging from ppm to about a percent.  
Terrestrial pyroxenes and by extension lunar minerals, 
can incorporate up to ~ 200 ppm of OH, and feldspars 
can hold more, up to ~ 500 ppm of OH.  At greater 
abundances, molecular water is the preferred state, and 
reaches 1.5% by mass whether in minerals or glass [e.g. 
2]. Similar abundance have been confirmed through the 
analysis of lunar pyroclastic silicate glasses show a 
lower end of abundances mostly in the 10s but also 
reach several hundreds of ppm [3] to as high as 0.01 to 
0.05 wt. % [4].  

Solar wind water. KeV protons will penetrate into 
and subsequently diffuse to ~ 50-100 nm into silicate 
grains exposed to the solar wind. Given the proton 
diffusion constants of 1.8 Å~ 10-10 cm2/s at 350 K and 
3.8 Å~ 10-19 cm2/s at 150 K [5], the proton will diffuse 
the grain surface within a few hours but will not desorb 
rapidly from silicates even at 400K, instead OH will 
accumulate. At current solar wind fluence, this out layer 
will saturate within ~1000 to 27000 years of exposure, 
taking longer at higher latitudes, after reaching a 
number density of ~ 1017/cm3 [6].  However, once the 
solar wind source is cut-off recombinative desorption, 
although highly temperature dependent, will proceed, if 
slowly, at surface illuminated temperatures, and any 
grain that buried and no longer is being rejuvenated by 

solar wind, will deplete of OH. The significant caveat to 
this is the possibility significant (several 100s ppm) of 
H2O can form from the OH during micro meteoroid 
impacts and be permanently trapped in frozen melts 
splashes [7]. So, OH abundance may be several hundred 
ppm in only the top surface grains on the illuminated 
Moon, and H2O may be ubiquitous at the 10s to few 
100s ppm in agglutinates through-out the soil. 
Agglutinates make up about half of mature soil and less 
for immature soils.  Potentially related to solar wind 
weathering and water, is the presence of hematite at high 
latitudes at a few to even 10% abundance [8]. 

Surface Adsorbed water: Adsorbed H2O and OH, 
can reach an effective bulk concentration of ~ 1000 ppm 
in desiccated but cold soil, yet can be much lower given 
that a full monolayer may not develop [9]. The thermal 
stability is sufficiently weak that the H2O molecule will 
not persist on the surface for more than a few seconds 
in directly illuminated terrain [e.g. 9], although the rate 
of loss can be mitigated by diffusion through even a 10s 
to 100 of micron of regolith by several orders of 
magnitude [10]. Thus, for ‘warm’ PSRs it is should be 
expected that adsorbed molecular water would be 
present at a few to ~ 1000 ppm.   

Water ice.  Water will be ubiquitous over PSRs 
likely having accumulated and subsequently 
redistributed through the eons by comets and ‘wet’ 
asteroids impacting the Moon, but the current-day 
abundance and distribution is not yet known.  It is 
known that ice is present in at least one PSR at up to 5% 
abundance by mass [11]. Optical remote sensing has 
also detected water ice on the surface of PSR at high 
spatial resolution [12] but as those techniques only 
sense microns to millimeters into the surface, they do 
not provide information on the near-surface abundance 
of water without rigorous modeling, the development of 
which will need in-situ measurements from missions 
such as the upcoming NASA’s Volatiles Investigating 
Polar Exploration Rover, VIPER mission, to the south 
pole. Other more penetrating remote sensing techniques 
such as radar [13] and neutron spectroscopy [e.g. 14] 
provide information at kilometers scale. Thus, at a 
minimum, water will be present as adsorbed molecules 
and in some places ice will also be present, presumably 
up to a maximum abundance of ~ 5 wt %. 

Abundance defines usefulness: Abundance drives 
the two possibly most important considerations for 
ISRU – the amount of material needing processing and 
the amount of energy needed for processing. Combined 
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with time, processing rates and power requirements are 
derived. Even at the high abundance of  5% ice, 20x as 
much regolith would need processing to extract a given 
amount of H2O.  Trace abundances such as existing on 
the illuminated terrain would require ~1000s of times of 
total material for processing, not unlike large mines on 
Earth that excavate disseminated metal deposits.  With 
projected needs ranging from ~ 1 metric ton (MT) per 
year for only providing astronaut consumables, to 
maybe ~ 10 MT for initial propellant needs, and easily 
growing 100 MT/yr or more for enabling sustained 
presence with multiple fights per year [15], the 
abundance of water and the resulting implication for 
amount of material to be processed is an important 
consideration (Figure 1). 

The concentration of water bears upon the amount 
energy required to extract the resource. For the more 
favorable case of extracting water ice from cold 
regolith, ice concentrations drive power requirement 
high rapidly at low percentage abundances (Figure 2). 
A possible mitigating approach could be beneficiation, 
mechanically increasing the percentage of water ice in 
the regolith before further processing [16]. However, it 
is also clear that extraction of trace water from 
illuminated terrain or adsorbed water from desiccated 
polar terrain would require enormous amounts of 
energy.  The extraction of trace water is further 
challenged by needing more heating; fully removing 
adsorbed water requires heating to 600 to 750K, and 
liberating water trapped inside agglutinates would 
require the melting of the soil, T>1000)K. A significant 
caveat is the possibility of extraction of significant 
water (or O2 directly) from hematite, if it is indeed as 
abundant as several percent. 

Conclusions:  Ice in the permanently shadowed 
regions is the only reserve of water at high enough 
abundance possible to be a viable resource.  Water on 
the illuminated terrain is both low in abundance and 
what is there is likely internal to the grain, requiring 
significant heating and possibly melting in order to 
extract, and thus impractical from an energy use 
perspective.  PSR water ice concentration is 
exceptionally important for the implication it has on the 
amount of material needing processing and the energy 
required. Trace abundances require exorbitant energy 
and processing rates. Therefore, identifying any existing 
water ice deposits similar to that at the LCROSS site 
would be advantageous from a resource utilization 
perspective.  
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Figure 1.  Required processing rates likely needed for 
ISRU increases dramatically at water fractions less than 
a few percent, quickly reaching 100s to 1000s kg/hour of 
regolith for water concentrations below 1%. Assuming 
200 days/year and 24 hours/day of processing time. 

 
Figure 2.  Required power needed only for heating a 
regolith/ice mixture to 400K to extract the water 
(assuming 100% efficiency, no losses, nor additional 
power for processing, transportation, or storage).  Power 
consumption dramatically increases at water fractions 
less than a one percent, quickly reaching 100s to 1000s 
kW for water concentrations below 1%. Assuming 200 
days/year and 24 hours/day of processing time. If O2 is 
desired additional power would be needed for 
electrolysis of the water. 
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