Lunar Resources: What are we looking
for and where do we find them?

Richard Dissly

Ball Aerospace & Technologies Corp.
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Presentatlon Scope

EfflClent use of Iunar in-situ resources WI|| help Iower the \

2 cost of exploration — if needed Iinfrastructure Is mlnlma
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« What are key lunar resources?

» Focus on those with near-term utility to
manned Exploration

 More detailed look at oxygen and
water

» Possible distribution, manifestation

L UReN < Mapping at relevant spatial scales

e Conclusions
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- SiO, widespread, Si
Silicon Solar cells o5 Wi
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Lunar manufacturing

Varied, few-30 wt%
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e In water or mineral oxides

 Small variability in Apollo samples
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Lunar Mare Oxides: Lateral Composition
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+ There are multlple technlques that have been developed for
" - oxygen extraction from mineral oxides ‘_.:'-'if-f—;}g
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The Majority of Lunar Oxygen Producing Schemes Require
Between 20-50 kWh per kg of O en Collected

Most mvolve either _
gas-phase reduction E Va
d and/or electrolytic ' Vapor Pyrolysls
{ separation at high 5
| temperatures —
| Electrolytic separation
of water for oxygen is
also favorable (if water
IS abundant)

. iimenite/H2
anhydrous {Carbotek) Carbothermal/
fluorination 7 lcamolhemav Anorthosile
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Sulfuric acid leach
{modified sulfate process) .\
Magma Electrolysis
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Oxygen Yield (wt%)

Clementine Iron Map of the Moon !

Equal Area Projection
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Lunar Water and Volatiles | &\
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hat volatlle abundances
did Apollo find?

Volatile Elements in Apollo 11 Regolith

(Lunar Soureceboaok)
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Lunar Prospector
neutron spectrometer
found polar hydrogen

Values consistent with 1-2 wt %

corrected epithermal neutron counts high ? Water in pel‘man ently Shad Owed
| N egions; thermodynamically stable

high inferred hydrogen concentratio low s . .

. EE o S ; in cold regions (<100K)
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Sources

» Cometary and meteoritic

input — 100cm deposition in
10° yrs?? (Arnold, 1979) —
episodic source

Implanted solar wind H
reacting with regolith
oxygen during micro
Impacts — subsequent
stochastic migration to polar
cold traps — 10cm in 10°
yrs? (Vondrak and Crider,
2000) — constant source

Losses

» UV Photodissociation
(solar, earth, interstellar) —
few hour time scale, but
only on immediate surface

 GCR erosion — 106-107 yr
time scale, down to 50cm

* Impact erosion — how much
loss?
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What do we expect on a theoretical basis?
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depth (melers)

10° 10°?
average hydrogen concentration
(parts per millicn)

But the cometary input is not known —
Bottom I|ne we need to explore to find out!
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* Neutron Spectrometer — few km footprint, ~m depth
» Global thermal mapping at 300m res.
* Mini-SAR (Radar)

* Ly alpha detection of dissociation
s, TN

RLEP Lander #1 — 2011(?)

* In-situ validation at lunar south pole (nominal)

* Mobile platform (rover or hopper) to access perm
shadowed regions
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M Surface expression of water may be very I|m|ted

due to photodissociation and ejecta coverage —
WI|| I|ker need to dlg to valldate abundance
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Rover-based system capable of:

Autonomous resource signature
recognition and quantification

Autonomous travel (hazard avoidance)

Speed >10cm/s (high sensitivity not Wheel-Mounted N
needed) Sensors

Ground Penetrating
Radar 'y

3-D data collection (. Regolith Spectral
Sensors

'K Autonomy In mapping strategy g ¢, N
IR, SS L TR " i, e LA 2
g3 g Wheel- mounted contact sensors (e.g., magnetometer eIectrometer)

&
\3{"3 « Mast-mounted imagers for far-field context (multiband stereo imager) ;?’

. b

1%  Platform-mounted imagers for near-field information (self-illuminated
»1  Vis/IR, Raman)

« Subsurface remote sensors (Neutron spectrometer, GPR, EM sounding)

« Subsurface drill (in-situ validation of composmon stratlgraphy)
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Don’t Overlook Infrastructure Costs! L
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How to transport resource to

location where it Is of use?
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This will require expensive infrastructure!
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Lunar ISRU System

Development Flow
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Unmanned
prospecting
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Battery, Processar,
Control Electronics

supported
manned
visits
Ground-
based 3-D

mapping

Clementlne
; mineral maps
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Ground System Validation at Terrestrial Srtes
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44 * NASA and other groups have

4.4 used Devon Island in N.

{ Canada for the past decade for

~ Al field testing

Arctic Ocean

Atlantic
Ocean

T

S |« We should take advantage of
\iwu| this if planning a field site in
i | Alaska
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Lunar resources can help offset exploration costs — but [§
we must be aware of needed infrastructure burdens

Near-term ISRU will likely concentrate on
consumables such as water and oxygen

Efficient ISRU system development requires a phase
of ground-based mapping

Terrestrial field testing at relevant sites will help lower
Implementation risk

Same strategy Is applicable to Martian resource
exploration




