


Since Apollo, Orbital/Flyby Missions: 
Galileo (flyby) in 1990, 1992; 
Hiten (Muses-A), 1990: 
Clementine in 1994; 
Lunar Prospector in 1998; 
Hayabusa (Muses-C), 2003; 
SMART-1, 2003; 
SELENE, 2007; 
Chang’e-1, 2007; 
Chandrayaan-1 (2008) 
LRO/LCROSS (2009) 
Chang’e-2 (2010?) 
GRAIL (2011) 
LADEE (2012) 
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Differentiated source for basalts: 
• Olivine + Orthopyroxene (Opx) early
• Plagioclase, Clinopyroxene (Cpx) and Ilmenite later
• “KREEP” = last dregs
• Density instability

What do We Know about the Moon? 



Lunar Rock Types



Volcanic glass beads from fire fountaining.
Distinct from crystalline mare basalts.
Source Regions: Mare basalts = 100-250 km; 
    Glasses = 360-520 km. 

Apollo 17

Lunar Rock Types



The Lunar Interior



Apollo Seismic Stations

The complete 
Apollo passive 

seismic network 
operated from �

20 April, 1972, until �
30 September, 1977



Heat flow; Magnetometer;
Gravity; Apollo Passive 
Seismic Experiment.

Apollo 16
seismometer

Apollo Lunar Surface Experiment Package (ALSEP)



[From Nakamura, JGR 88, 677-686, 1983] 

Lunar Interior: Seismic Data



Lunar Interior: Seismic Data 

[Oberst & Nakamura  
(1992) 2nd Conf. on  
Lunar Bases &  
Space Activities]



Limitations to understanding of the Lunar Interior

• Difficult to identify a 
primary melt (glasses are 
the best bet!)
• Only a small proportion 
of the lunar surface was 
sampled.

• Geophysical data only 
from limited sites on the 
near side
• Seismic network only of 
limited extent on the 
near side



Four types of events 
induce seismicity on 

the Moon. 



Shallow Moonquake seismicity similar to intra-plate seismicity on Earth.
28 Shallow Moonquakes recorded, 7 with magnitude > 5.
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Dainty et al. (1974)
The Moon 9, 11-29.

Initial build-up 
phase;
Long duration of 
energy tail off.
Highest energy 
release over a period 
of 10 minutes or 
longer. 

Lack of chemical alteration allows the Moon to 
“vibrate” for much longer than the Earth (high 
Seismic “Q”).

Moon seismic Q is approximately an order of 
magnitude higher than that of Earth.

Seismology & A Moon Base 



Seismology & A Moon Base- South Pole 



Using terrestrial formulations, ground 
motion for a magnitude 5.7 quake is 
estimated at 3-20 cm with ground 
acceleration of 0.6-0.8 ms-2.

Seismology & A Moon Base- South Pole 

Although regolith will scatter surface 
waves, seismic waves are much less 
attenuated on the Moon relative to Earth 
(effects felt much further than an 
earthquake of comparable magnitude).

Shallow Moonquakes: more energy at higher 
frequencies than equivalent earthquakes.

Seismic risk if lunar 
outpost is on the rim 
of Shackleton?



The Lunar Surface



Lunar Surface Composition



• Apollo sites close to terrane boundaries; 
• Samples contain PKT signature; 
• Apollo sample collection is not representative 

of the lunar compositional diversity 
(Clementine/LP and more recent missions) – 
sample return needed. 

Jolliff et al. (2000) JGR 105, 4197 

Giguere et al. (2000) MaPS 35, 193 







Lunar Topography 



Why Should We Go Back to the Moon?

Reality: 
Less than 5% of the lunar surface has been 

explored in detail. Orbital missions for which we 
have data have a footprint of, at best, 100 m2.





Surface Areas: Moon=3.8x107 km2 USA=3.8x106km2

What we would have missed:
• Death Valley National Park
• Yellowstone National Park
• Acadia National Park
• Olympic National Park
• Yosemite National Park
• Most coastal regions



Why go back?   
Unresolved Questions: Lunar Interior

Deep Moonquakes: 
why so few from the 
far side?

Plastic/liquid 
zones?

MAY have a small core 
~250 km.  MAY be Fe, 
FeS, but MAY be ilmenite 
(FeTiO3). 

Current models suggest that the 
core would be solid if Fe metal, 
but could still be liquid if it was 
FeS.



Oberst & Nakamura (1992)
2nd Conference on Lunar Bases & Space Activities

Why go back?   
Unresolved Questions: Seismology



What are the 
structural and 

thickness 
variations in the 
lunar crust (near 
side vs. far side)?

S.R. Taylor (1982)

B. Jolliff et al. (2000) JGR 105, E2

J. Halekas et al. (2001) 
JGR 106, E11

Why go back?  
Unresolved Questions: 
Lunar Surface 



We choose to go to the Moon in this decade and do the 
other things, not because they are easy, but because they 

are hard, because that goal will serve to organize and 
measure the best of our energies and skills, because that 
challenge is one that we are willing to accept, one we are 
unwilling to postpone, and one which we intend to win… 

—John F. Kennedy


