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1. Discoveries from the prior decade

indicate the presence of water and 2. Technology

other volatile ices at the lunar poles developments, esp. in

e Lunar Prospector (2001) small-sats and rugged,

e Chandrayaan/M3 + DI + Cassini (2009) miniaturized

« LCROSS (2010) instruments, have

« Lunar Reconnaissance Orbiter (2010+) enabled new approaches

to ice detection and

Yet, fundamental questions remain mapping

»



32 experts from science and engineering fields

Stu dy G rO U p 16 institutions, including 5 NASA centers
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Workshop 1:

 » Science Objectives

* Instrumentation

e Mission Classification

Workshop 2:
* Mission Concepts
e Tech Priorities



Driving Questions

1.What are the origins and evolution of water in the
inner solar system?

2.Where are the operationally useful* deposits of water
on the Moon?

*For ISRU and Science



Summarizing Current Understanding

L]
0
-
Shadowed Moon ! llluminated Moon
]
& Lost to Space Sources: H
o 1 Sun, Moon, Earth
] ‘ Comets, Dust, Asteroids
(] Giant Molecular Clouds
Lost to Space (] UV ionization ,
g and sweeping

+ Sublimation
+ UV ionization
+ Sweeping
« Sputtering

» Micrometeorite impact vaporizarion

3 - Uy %
L 3 <im0 L = ;
‘ 'r » LA L - 3 -
¥ - 3 2y W o e W
XY < S iy
-
Losses g 8 T
t %
» ~
L4
LY .

N VYY)
nN."
o®*®
( ®“ " Cold trapping
Sequester 7
‘ gemetis by alterationto  « .
by regolith 4
refractory phase: -
overturn +Organics 1
« Hydrated minerals e f
« Clathrates ~r y
A
a }
i

There is ice at the lunar
poles, w/ abundances locally
up to at least ~10%

Lunar polar volatiles are
distributed heterogeneously,
even within the PSRs

Temperatures in PSRs are
among the coldest in the
solar system, capable of
trapping range of comet-like
volatiles

FINDING: The Moon’s water cycle provides a natural laboratory for the study of processes occurringthroughout the solar system



OUtStand | ng QueSti ons Inventory and distribution:

1. Is there molecular water in sunlit regions of the
Moon, or only hydroxyl (OH)?

2. What is the geographic distribution of subsurface
water, and its vertical extent?

3. What other volatiles are present besides water?

Abundance:

1. Is surfaceice present in sufficient quantities for
science and ISRU?

2. Do higher concentrations of ice exist at depth?

Form:

1. Are ice deposits concentrated in layers?

2. Does ice form coatings on grains or fill voids?
3. Does ice migrate vertically by thermal forcings?
4. Do water-rich impacts form discrete layers?

Water-equiv. [H] UV detections NIR detections

FINDING: Heterogeneity and disagreement among data and models suggest new approaches are needed
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Key Measurements Needed

“Determine the concentration of water in the
upper few meters with sensitivity better than
0.5 wt% at multiple locations with diverse
thermal environments”



Roadmap of Lunar Ice Investigation

Detect and map OH on lunar

Main Objectives:

M3, DI, Cassini ' Ry o
Detect water ice >0.5wt% | Understand the

origins and
evolution of water
Exospheric water 4 in the inner solar
letection < system

LCROSS

Locate and utilize
Map lunar WSl operationally useful
thermal w Volatile deposits for
science and
exploration

Measure abundance of H-

Apollo/re-analysis LRO Diviner

Detect presence of

LRO LAMP, M3,
bistatic radar
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Lunar CubeSats, CLPS



Some New Approaches

1. Multi-impactor plume
sounding

2. Multiple instrumented
penetrator probes

Separation from Carrier
Spacecraft and retro motor
nulls orbital velocity, start

free-fall

-
-

Attitude

control system
to maintain

low angle of
attack

Separation of

propulsion/attitude
' system prior to impact

See Decadal white paper by Paige et
al. and publication by Ahrens et al.

(2021, submitted)

3. Orbiter w/ active spectral
reflectometry
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< MEASUREMENT APPROACH
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Conclusion and Recommendation

e Although substantial progress has been made in the last decade to understand
origins, distribution, and abundance of lunar ice, fundamental questions remain

unanswered
 Making progress requires innovative approaches, focused on key measurements

* Small spacecraftand instrumentation with higher than averagerisk tolerance are
suitable for advancing this goal

We recommend that NASA continue to support and invest in low-cost,
innovative missions and instrument development with regular and
appropriately funded opportunities through programs such as SIMPLEx and
PRISM, and possibly through a more organized program.
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