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Apollo Lunar Exploration Program:
Six Scientific Expeditions to the Moon
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Established the Moon as a Cornerstone for
Solar System Science




The Moon as a Cornerstone for
Solar System Science

-One or more spacecraft currently/recently orbiting each of the terrestrial planets.

-We have fundamental questions about the formation and evolution of each of
these planetary bodies, and together the terrestrial planetary bodies as a whole.

-Many of these questions can only be answered in the context of lunar exploration
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Renaissance in Lunar Exploration —
Context and Role in Planetary Exploration
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Renaissance: 2003-2023:

Rebirth of lunar science!
ESA: Smart-1
China: Chang’e 1, 2, 3
Japan: Kaguya
India: Chandrayaan-1

United States: Lunar
Reconnaissance Orbiter, L-Cross, GRAIL, LADEE.

Russia: Lunar Glob, Resource
X-Prize
 “Everything has changed

but our way of thinking.”

A. Einstein. (7? “ W, «7\(7}
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(Modified without permission from Michelangelo, 1504)




Exploration of Planetary Crusts:

A Human/Robotic Exploration Design Reference Campaign
to the Lunar Orientale Basin
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1. The importante of coordinated human/robotic exploration.
2. Why the Orientale multi-ring basin?
3. Human/Robotic Scientific Destinations at Orientale.

4. The Human/Robotic Architecture: A Basis for Design Reference
Missions.
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Human/Robotic Exploration Optlmlzatlon i
Centers on Six Themes 7N

1) Precursor (What do we need to know before we send humans?).

I1) Context (What are the robotic mission requirements for final
landing site selection and regional context for landing site results?).

) Infrastructure/Operations (What specific robotic capabilities are
required to optimize human scientific exploration performance?).

IV) Interpolation (How do we use robotic missions to interpolate
between human traverses?).

V) Extrapolation (How do we use robotic missions to extrapolate
beyond the human exploration radius?).

V1) Progeny (What targeted robotic successor missions might be sent
to the region to follow up on discoveries during exploration and from
post-campaign analysis?).




What is the Relationship of Human and Robotic Exploration?

Jetal Diglancs 105/0)- Lunokhod, Apollo and MER Traverses to Scale
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Apollo 11 surface activities
and Pathfinder Sojourner traverse
are-not visible at this scale.

All Apollo traverses are centered on
the Lunar Module touchdown point except
for Apollo 16 and 17, which anchor the traverse Jim Head, Peter Neivert, Jay Dickson
map at one of the most distant points of the traverses. Brown Universify
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Human/Robotic Exploration Optlmlzatlon i
Centers on Six Themes 7N

1) Precursor (What do we need to know before we send humans?).

I1) Context (What are the robotic mission requirements for final
landing site selection and regional context for landing site results?).

) Infrastructure/Operations (What specific robotic capabilities are
required to optimize human scientific exploration performance?).

IV) Interpolation (How do we use robotic missions to interpolate
between human traverses?).

V) Extrapolation (How do we use robotic missions to extrapolate
beyond the human exploration radius?).

V1) Progeny (What targeted robotic successor missions might be sent
to the region to follow up on discoveries during exploration and from
post-campaign analysis?).
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Formation and Evolution of Planetary Crusts
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SSERVI Evolution and Environment of Exploration Destinations

MICROSYMP‘SIUM 56
The Crust’ ofgthefMoon

Insight into Early Planetary Processes

March 14-15, 2015 - The Woodlar ds Wule wuy Mu oll ‘The Woodlands, TX

nnnnnnnnnnnnnnnnnnnnnn ky Inslitute, Brown-MIT NASA Solar System Exploration Research Virtlual Inslitute (SSERVI)

1 Crustal geometry/physmal structure

2. Crustal chemistry/mineralogy/petrology;
3. Exogenic crustal modification by impacts;
4. Chronology of crustal formation/evolution.




1. Major Lunar Features: Multi-ring basins:
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Lunar Orientale Impact Basin:
2. The Type Area for Lunar Basin Formatic_)n and Evolution.




Orientale Basin:
Rings & Geologic Units
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(Knobby, Domical Deposit)
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(Basin Impact Melt Deposit)

(J. McCauley, D. Wilhelms,
D. Scott, K. Howard, C. Hodges)




3. Initial Crater/Basin Formational Stage :
Where is Transient Cavity Rim Crest?
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-Displaced and compressed material causes
structural uplift of the crater/basin rim.

-Power law decay of ejecta thickness
radially away from crater/basin rim crest.

-Combined topography decays to <10% of
rim crest height within ~1.5 crater radius.




3. Orientale Basin Formation: Origin of Rings and Scale of Basin Structure

TRANSIENT CRATER - NESTED MELT CAVITY FORMATION
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Orientale Basin:
Rings & Geologic Units
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Montes Rook Fm.
(Knobby, Domical Deposit)

Maunder Formation
(Basin Impact Melt Deposit)

(J. McCauley, D. Wilhelms,
D. Scott, K. Howard, C. Hodges)




5. Composition of the Ejecta from the Orientale Basin: Crust and Mantle
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6. Structure and Composition of the Lunar Crust:
The Magma Ocean Model

Megaregolith
(~10 km thick)

Upper Anorthositic Crust
(~15 km thick)

Lower Noritic Crust
(~25 km thick)

Crust averages ~50 16 km thick.
Upper and lower crust about equal.
Upper crust heavily modified in the upper

~10 km by impact processes.
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AT | Orientale Basin:
B ) 2o/ M SV Rings & Geologic Units

. flow
upper crust o

Hevelius Formation
(Basin Ejecta Deposit)

Feldspathic breccias; homogeneous, well-mixed.

lower crust

Cordillera Mountains:
Feldspathic breccias;
unweathered.

Montes Rook Fm.
(Knobby, Domical Deposit)

Feldspathic breccias; some anorthosite blocks.

upper mantle

Outer Rook Mountains:
Norites, noritic anorthosite
and anorthosite; more crystalline
blocks.
Inner Rook Mountains:
Massifs are crystalline anorthosite;
discrete peaks and clusters of peaks.

Maunder Formation
(Basin Impact Melt Deposit)
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7. Orientale
Impact Melt Sea
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8. Lunar Orientale Basin: Link to Apollo Missions Environments/Results

APOLLO 17







9. Filling of the Orientale Basin with Mare Deposits.
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1. The importance of coordinated human/robotic exploration.
2. Why the Orientale multi-ring basin?
3. Human/Robotic Scientific Destinations at Orientale.

4. The Human/Robotic Architecture: A Basis for Design Reference
Missions.
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ROl 4-Explosive Volcan
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* Thermal coupling between gas
and pyroclasts decreases *Pyrociasts e
X oreeeion process ~ Orag 10reas Nagginie
becomes adiabatic
- Particles decouple from gas,
follow ballistic trajectories

* Initial velocities 350-400 mvs

+FRON! iM0s <6 Mminutes

~
N ———
- Pyroclasts land to
+Pyroclasts closely spaced as° form halo deposit
decompression isothermal < »
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‘\ *Gas decompresses Into hard vacuum

Vent shightly
flared in regolith * Narrow foam-filled dike propagates 10 surface
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