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Executive Summary

Lunar ice has been conbrmed to exisat meaningful concentrations within
permanently shadowed craters at the poles. Other forms ofunar water including
surbcial H,O/OH monolayers, and water in volcanic glasses, are likely not viable as
resources. A synthesis of available data suggest lunar ice is present in a bnely
disseminated form within the regolith, and that there is a nearly ice-free desiccated
layer extending from the surface to as much as a meter deefBut space based sersors
are not able to identify the exact locations and depths ofeconomically viable deposits,
so additional surface exploration is necessary before starting a mining operation.

After NASAOs VIPER rover was cancelled in 2024, the only publicly announced ice
detection or prospecting missions includea small hopper on ChinaOs ChangOe 7, and a
joint Japanese Indian probe. DARPAOs LASSO program widlad to higher- quality
orbital remote sensing, but will not provide the necessary data to prove out a localized
reserve. Future ground based exploration should emphasize deep drilling or trenching,
and multiple, complimentary geophysics instruments. A brst lunar water mine would
likely be solar powered and would require at least 20 tons of payload and 500 kW of
power to produce economically meaningful amounts of rocket propellant. The
motivation for mining lunar water is not for astronaut life support, but to produce

liquid oxygen, hydrogen, and possibly methane for refueling spacecraftto greatly
enhance in-space logistics.
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1.0 Introduction
11Why has water been called Othe oil of spaceO?

Energy is at the root of everything we do as a civilization: extract resources, move
from place to place, and build. In the early 20 ™ century, crude oil and natural gas
supplanted biofuels and coal to become the major energy source for society,
enabling the automobile and powered Right.

In space, mobility is everything. Getting to orbit, changing orbits, transferring
between planetary bodies, and landing all require a source of propellant. Because
the EarthOs gravity well is so deep, a spacecraft uses almost all its propellant just
to get to low Earth orbit, leaving very little to do anything else. This is known as

the tyranny of the rocket equation: goin g further in space incurs an

exponentially increasing mass of propellant. The only way around this is to refuel

a spacecraft once it is in space, and the full benebts only come if that propellant
is sourced from space resources (i.e., is found outside EarthOs gravity well) .

Water is one of the most abundant molecules in the solar system. When
electrolyzed and split into its constituent hydrogen and oxygen, it can provide
100% of the propellant for an engine that runs on liquid hydrogen (LH ) and
liquid oxygen (LOX), and ~85% for one that runs on methane and oxygen. If a
ready source of water can be located and mined in space, the derived propellants
can be stored on planetary bodies or in orbital depots and used as the backbone
of an in- space transportation system.

1.2 Is there water on the Moon? What form is it in? Where is it?

There is water on the Moon, but the extremely low pressure mean s it cannot
exist as a stable liquid, only as solid ice or gaseous water vapor (Fig. 1).

We have to be careful when reading news stories and scientibc papers about

lunar water, because they conl3ate two (or even three) very different types of
water. The one weOre interested in are voluminous, concentrated deposits of ice
believed to be located at both lunar poles within shadowed craters. A second form
of OwaterQis individual molecules of H ,O and OH that can attach and detach from
the lunar surface and hop around from place to place. This molecule -thick veneer
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is not relevant as a resource. There are also volcanic glasses on the Moon that
have water molecules embedded in them, but the concentrations are low (several
hundred parts per million), and the glasses would need to be heated to hundreds
of degrees to lib erate this water. So far, only polar ices are of interest as a source
of minable water.
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Figure 1. Phase diagram showing which forms of H ,O are stable at which combinations of
pressure and temperature. At lunar conditions (gray shaded region), H  ,O can only be a solid (ice)
or gas (water vapor), depending on the temperature.

1.3 Do we know enough about lunar water to start mining it tomorrow?

No. If a company had to choose a landing site and mining location tomorrow,
they would be guessing based on scant, indirect evidence. 1tOs not an
overstatement to say this is at the level of throwing a dart at a map of the lunar
poles.

This is because there has been no rigorous prospecting or resource exploration

for lunar ice . Almost all the data we have has been collected by scientibc
instruments on orbiting satellites, and this data is not sufpcient to know where

the ice is with any level of conbdence. One could argue there is one debnitive data
point from the Lunar Crater Observation and Sensing Satellite (LCROSS) mission,
which was a penetrator that conbrmed ice at a single location in Cabeus crater at
the lunar south pole (disc ussed further below). However, this site is hundreds of
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kilometers away from useful solar power potential, and would be too difbcult for
a company to operate at early on, especially without a nuclear power source.

We should be skeptical of anyone who claims to know where the ice is located at a
spatial scale relevant for mining. 1tOs a black and white issue: the data simply
donOt exist to locate a mining site with any conbdence.

2.0 Evidence for Lunar Water
2.1 Why should we expect there to be ice at the lunar poles?

Figure 1 suggests ice can exist on the Moon, but only at temperatures below

about 110 K €163 {C,-262 jF). In the 1950s, scientists suggested these
temperatures might be found in certain craters at the poles of the Moon. This is
because the Moon has a very small tilt, or obliquity, relative to the ecliptic plane

of the solar system (Fig. 2). While Earth is tilted 23 j, the Moon is only tilted 1.5 j. At
the lunar poles, this means the sun is always at a low angle over the horizon no
matter what season it is, and a depression like a crater can block out the sunlight
from ever reaching its Boor. These are the permanently shadowed craters , and a
subset of the permanently shadowed area is cold enough year -round to keep ice
stable in the solid phase: these are permanent cold traps .
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Figure 2. The obliquity (or tilt) of the Moon compared to the Earth. The Earth is tilted enough that
its poles are bathed in light during their respective summers, but this is not true for the Moon.
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There are a few ways ice could have been deposited in the cold traps. The major
source was large water-rich asteroids (and comets) colliding with the Moon,

creating a temporary atmosphere that could deposit ice as a direct gas -to-solid
transition. Episodes of intense volcanic eruptions on the Moon could have
deposited some ice, although the poles were likely a bit warmer when most lunar
volcanism took place. Finally, the individual H O and OH molecules that hop
around the surface could collect at the poles, but this probably doesnOt add up to a
meaningful amount, even over billions of years.

There are also processes like impacts and cosmic rays that can erode ice at the
surface or bury it, so the interplay between deposition and erosion over geologic
time controlled how much ice there is and how deep it is.

2.2 What evidence is there that the ice exists?

Multiple NASA and international satellites sent to the Moon Band terrestrial radar
dishesbhave probed the lunar poles with different instruments: radar, neutron
spectroscopy, visible and infrared spectroscopy, and sensitive optical cameras.

Combined, the data from these instruments provides moderate evidence that
water ice is present within the cold traps , but it does not exist as substantial
surface deposits, nor as thick, pure, subsurface deposits . The preponderance of
evidence suggests a small amount of Pnely disseminated ice is mixed in the lunar

regolith (or soil) in polar craters, and that at least the upper 10 to 20 cm of the
regolith is essentially dry (Fig. 3).

The LCROSS mission crashed the upper stage of a rocket into one of the coldest
areas at the lunar south pole, and the plume of material that was kicked up from
the impact was analyzed by different satellites and terrestrial telescopes. Data
analysis at the time suggested between 2D9 percent by weight of the plume
material was water ice, and this remains the most debnitive evidence for the
existence of ice at the lunar poles. Further analyses suggested this ice was >1 m
deep, and the regolith above was nearly ice-free.

There have also been optical sensors that have detected very thin OfrostsO at the
surface of shadowed craters, but the maps donOt agree from one sensor to
another. It isnOt clear whether this surbcial ice is thicker than a few molecules or
microns, and whether it is connect ed to locations of subsurface ice.
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Figure 3. A hypothetical stratigraphic column within a lunar cold trap based on the best synthesis
of orbital evidence. Figure from Cannon (2024).

2.3 How sure are we about the existing evidence?

Each of the techniques that have been used to detect ice has some drawbacks,
and could be interpreted in a more pessimistic light. For example, neutron
spectroscopy provides dePnitive evidence for hydrogen at the lunar poles, but
doesnOt prove this hydrogen is in the form of ice instead of hydroxyl (OH).

But taken together, the combined data from about a dozen orbital instruments
giv e fairly strong evidence for the positive presence of ice.

The LCROSS mission provided somewhat indirect evidence in that it ejected a
plume of material and instruments had to peer into the plume and look at spectra
from light passing through it, but there has been no rebuttal of the main result

for a positive detection of water ice.

2.4 Could there be much more ice than currently thought?

Yes. The instruments that have looked for ice from orbit have only been able to
sense down a few meters beneath the surface, and LCROSS excavated material
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from about the same depth. There could be thicker, more substantial ice deposits
buried deeper down. Some circumstantial evidence supports more ice at depth

based onthe shapes of small impact craters in the cold traps, but it is difbcult to
say how much this could amount to or how deep it is.

The planet Mercury provides an extreme example of what this could look like: it
also has polar cold traps, and in side them are ice deposits tens of meters thick.
Something like this could be present in lunar craters, buried underneath several
meters to tens of meters of dry insulating regolith.

2.5 Could there be much less ice?

Yes.If we take the lower error bar on the LCROSS measurement and interpret
data from the other instruments more skeptically, there may be at most a percent
or two of ice by weight, and only in the very coldest regions.

If this were the case, it would likely make more sense to extract oxygen directly
from the regolith using high -temperature processes like molten regolith
electrolysis or molten salt electrolysis, rather than getting it from anemic ice
deposits in the crate rs.

2.6 What kind of total amounts are we talking about?

This statistic is a red herring. Numbers have been thrown around like one billion
tons or one hundred billion tons, but these are arrived at by taking a guess at the
concentration in one location (like 5% from LCROSS), and multiplying by the

total area that is cold enough to host ice. The data do not exist to come up with a
robust estimate of total ice at the lunar poles.

Just as a gold mining company doesnOt care about how much gold is in the entire
EarthOs crust, we should not be too concerned with the total amount of ice on the
Moon. The concentration or ore grade at a given location is what determines
whether it is econ omic to extract a resource, and this will be true for lunar ice.

2.7 WhatOs the purity of the ice?

The LCROSS results suggested the presence of other compounds in addition to
H.O (Table 1). Some of these like SG and CQ; are also ices and have their own cold
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traps based on the temperature they sublimate at. This implies the complement
of molecules will differ from one location to the next.

Some of the contaminants like elemental mercury (Hg) are worrisome, because
they can signibcantly degrade equipment like electrolyzers that would process
the ice deposits. These contaminants would all need to be removed to some
extent, requiring additiona | process steps and adding complexity to ice mining

architectures.

Table 1. Molecular species detected in the LCROSS plume. Data from Colaprete et al. (2010) and

Gladstone et al. (2010).

Compound Symbol Abundance (wt.%)

Water H,O 55

Hydrogen Sulbde H,S 0.92
Hydrogen Gas H, 0.69
Carbon Monoxide CO 0.57
Calcium Ca 04

Ammonia NH3 0.33
Mercury Hg 0.24
Magnesium Mg 0.19
Sulfur Dioxide SO 0.18
Ethylene CoH4 0.17
Carbon Dioxide CGO, 0.12
Methanol CH3;OH 0.09
Methane CH,4 0.04

2.8 Is ice the only source of water on the Moon?

No, as mentioned above there are volcanic glass deposits that have been mapped
from orbit, and samples of glass beads from similar formations have been
analyzed in returned Apollo samples. These deposits contain up to 800 parts per
million (ppm) H -0 at most, compared to 10,000 ppm in a 1% ice deposit, or 55,000
ppm implied by the LCROSS results. This water would be evolved at several
hundred degrees Celsius, much higher than temperatures needed to process icy
regolith deposits.

3.0 Future Resource Exploration
3.1 What will it take to locate economic deposits of ice?
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On Earth, initial prospecting happens through Peld surveys (greenbeld), or
drawing on past data from sites that werenOt economic before , or were mined for
a different resource or before certain technologies matured (brownbeld). This is
now supplemented by geophysical surveys carried out by drone, Pxed wing
aircraft, or satellite , lately aided by Al-based data analysis and predictive models.

Before any mining happens, extensive drilling campaigns are used to get hard
data on the ore quality in and around the ore body; drill core data are fed into
geologic modeling software to create a full 3D model of the deposit and plan out
when each block o f material will be extracted.

The only steps that have been completed for lunar ice deposits are coarse -
resolution remote sensing from orbit, and a single impactor probe (LCROSS). To
Pnd an economic deposit of ice, ground - based prospecting will be needed with
rovers that drill or trench deep beneath the surface, supplemented with
geophysical instruments (e.g., ground - penetrating radar). These can be aided
with new orbiters that By at much lower altitudes 10 km) to increase the
resolution of neutron spectroscopy maps in particular : the goal of DARPAOs
LASSO program.

3.2 Are there plans to do this exploration? WhatOs the current status?

NASA planned to send the VIPER rover to the Moon to carry out the brst ground -
based prospecting campaign. It would have drilled at a shallow depth into the
ground at a number of locations, and carried a neutron spectrometer that could
map hydrogen content in the upper meter of the regolith. Unfortunately, when
VIPER was resurrected from a previously cancelled mission (Resource

Prospector), it was given to NASAOs Science Mission Directorate, who converted it
into more of a scientibPc mission. In 2024 VIPER was cancelled. NASA offered the
rover to any companies who would Ry the mission mostly as -is, but the steep
cost of doing this has led to no takers so far.

China has been exploring the Moon with its Chang®e mission series, which ha s
lately led to impressive robotic sample return campaigns with ChangOe 5 and
ChangOe 6. Looking ahead, China plans to launch ChangOe 7 in 2026 to the lunar
south pole. The mission hosts a mini hopping probe that will try to enter a
permanently shadowed cra ter and take basic measurements for the presence of

10
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H,0.In 2028, China plans to launch its ChangOe 8 probe to the south pole as well,
but it isnOt clear exactly what its ice detection capabilities will be  (if any) , or if its
rover(s) will travel into shadowed craters.

Japan and India are jointly planning the Lunar Polar Exploration (LUPEX)
mission to explore for water ice, but the mission is still in an early development
phase and isnOt expected to launch until 2028 at the soonest.

Recently, DARPA announced the LASSO program which will involve a small
spacecraft that improves existing orbital neutron spectrometer data. It isnOt clear
when such a spacecraft would launch.

3.3 What are the  limitations  of existing and future plans?

Current remote sensing data suggest lunar ice is buried under a dry soil layer.
Most sensors being planned cannot detect ice that is deeper than about 80 D100
cm down, except for radar, which has great difbculty detecting small amounts of
disseminated ice.

Rovers like VIPER are limited because they would be solar powered and need
direct line of sight to Earth for communications. They would have to stay in the
sunlight most of the time, dashing down into a small shadowed crater to make
brief measurements.

These limitations can be overcome by smarter instrument choices (deep
drilling/trenching, combining multiple geophysical techniques), rovers equipped
with nuclear power sources or other survive -the-night technology, and relay
satellites for communications.

4.0 Water Mining and Processing
4.1 What would a lunar water mining operation look like?

There are several major trade - offs that need to be made in order to design a lunar
ice mine. At the core is power: mining and processing water ice will require
hundred kilowatt to megawatt scale power, and this needs to be supplied by

either solar towers o r nuclear bssion reactors. Fission reactors at this scale will
not be ready in the near term, so most architectures have baselined solar power.

11
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This presents a challenge because sites with good solar visibility at the poles are
far away (10s to 100s of km) from cold traps where the ice would be found.

The second trade- off is whether to dig up the icy regolith and haul it to a central
site for processing, or to try and beam energy directly into the ground to capture
water vapor in a mobile unit. Experiments for the latter in-situ extraction have
run into serious issues, and likely would not be able to get water out from below
the upper 5B10 cm. Current evidence suggests there is little to no ice at these
depths (Fig. 3). If excavating and hauling material, would the processing be done
within the crater it self, or up on the well - lit crater rim? Each of these has
strengths and drawbacks.

A basic brst mine would likely involve several solar towers (<1 MW combined
power), a central processing facility to heat the icy regolith, purify the water

vapor, electrolyze the water, then cool and condense LH , and LOX propellants in
storage tanks. A small Beet of rovers could make the trip down to a smaller crater
located ~5 km from the processing site and back again, dropping off loads of icy
regolith and returning again.

The longer -term goal would be to scale up operations and push more of the
power and processing equipment down as close to the ice as possible, eventually
getting into the largest cold traps like Haworth and Shoemaker craters. This
would involve large Pssi on or even fusion reactors.

4.2 How much equipment and power are needed to extract and process
lunarice ?

There are some hard physical limits that constrain what it would take to turn icy
lunar regolith into rocket propellant. An excavator can carry a load equal to about
a quarter to half of its own weight. The distance from an ice deposit to the
processing facility sets the round -trip time , and for a certain number of
excavators the mass of raw ore delivered per unit time . An electrolyzer of a
certain size can only split so much water per hour . The energy to heat icy
regolith, vaporize the water, electrolyze it, and liquefy the hydrogen and oxygen
are all set by physical constants multiplied by some efbciency factors.

12
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If we set the goal of producing enough oxygen in a year to send a Starship from
the lunar surface back to Earth (<300 tons), some rough estimates are 500 kW of
power, 10 tons of mining and processing equipment, and 170 kW of required heat
rejection. The po wer system including power electronics adds another 5 tons
(which also produces more heat), and the radiators add another 7 or so tons for
>20 total . The current market price is $1B USD perton delivered to the lunar
surface on small commercial landers , and it isn ®yet clear how much prices will
be lowered by superheavy landers such as SpaceX® Starship and Blue Origin &
Blue Moon that could actually deliver industrial scale equipment .In the DARPA
Lun A-10 study, SpaceX indicated an aspirational cost (hot price) of <$10M per ton
to the Moon after 2030. Note that while launch costs have been dropping from
advances in reusable rockets, launch prices have barely moved because of a lack
of competition.

4.4 Would water be used on the Moon or exported?

The main use for water mined in space is for rocket propellant, not for astronauts
to drink and shower with. On the surface of the Moon, water split into hydrogen
and oxygen will be used to refuel vehicles that launch back to Earth. Every
kilogram of propellant produced is a kilogram of payload saved for an inbound
lander (implying a current propellant price of up to $1M/kg).

Hydrogen can either be used directly by hydrogen -burning engines, or be
combined with carbon compounds from ultra - cold traps (Table 1) to make
methane. However, this adds signibcant complexity. For a methane - burning
engine, it will make more sense in the near - to mid -term to bring the methane
from Earth and only use locally source d oxygen which can be extracted from dry
regolith as well as ice .

A tug-type vehicle that launches off the Moon with a LOX -LH, engine can achieve
about a 50% payload fraction (compared to <5% for Earth), in other words the
payload mass is equal to the mass of propellant. If the payload is extra propellant ,
it can be stored in an orbital depot and used to refuel spacecraft operating in
cislunar space. Advocates of depots have argued that propellant depots would be
well positioned at the Lagrange points of the Earth and Moon, particularly EML -1
that sits partw ay between them.

13
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An analysis by Metzger (2023) suggested that on the lunar surface, propellant
from lunar water would be immediately price competitive with Earth -launched
water. Within several years to decades (depending on assumptions), this
advantage would hold true for lunar propellant brought all the way back to low -
Earth orbit (Fig. 4).
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Figure 4. The baseline scenario from Metzger (2023), showing when (y - axis) it will be cheaper to
source propellant from the Moon versus Earth at different orbital locations (vertical lines). LEO =
low Earth orbit, GTO = geostationary transfer orbit, DRO = distant re  trograde orbit, GEO =
geostationary orbit, EML -1 = Earth-Moon Lagrange 1, LLO = low lunar orbit, LS = lunar surface.

5.0 Final Thoughts

14
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The benebts of in - space refueling are irrefutable: theyOre based in the simple
physics of rockets. If we become a truly space -faring civilization, space resources
are a necessity and not an option. Propellant will be at the heart of this.

But there are different places and different materials to get that propellant from.
Some advocates think near - Earth asteroids are a better idea than the Moon, even
though it takes years to get to and from them and itOs not feasible to set up a bxed
logist ics base to carry out mining operations. On the Moon, water is traded
against oxygen extracted from the regolith itself. The lunar regolith is ubiquitous
and essentially unlimited: it covers every landing site and is about 40% oxygen

by mass, half of which can be readily extracted. The downsides of oxygen-from -
regolith are extremely high -temperature processing (power hungry, materials
science issues), and the fact that spacecraft need both an oxidizer (oxygen) and
fuel (hydrogen or methane) :regolith provides only the former.

The main hurdle to mining water on the Moon is a lack of information.

Regardless of any claims to the contrary, the data do not exist today to locate a
mining site with any conbdence in how deep the ice is or how much there is.
Some upcoming efforts like DARPAOs LASSO can narrow down more promising
regions, but dedicated ground - based exploration is a billion - dollar hurdle before
any mining can begin.
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