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kaguya_e.html)
 The Terrain Camera aboard Kaguya has 
a resolution of 10 m / pixel and can therefore 
detect small craters. Using crater counts, several 
units at various locations including a part of Mare 
Moscoviense are 2.5 billion years old, 500 million 
years younger than previously 
known. Kaguya’s terrain camera 
was also used to determine that 
farside volcanism on a wide scale 
ceased approximately 3 billion 
years ago with areas continuing 
to experience volcanic activity 
for another 500 million years. 
This also suggests the volcanic 
activity may have been epi-
sodic. (“Long-Lived Volcanism 
on the Lunar Farside Revealed 
by SELENE Terrain Camera”, 
Junichi Haruyama, Makiko 
Ohtake, Tsuneo Matsunaga, 
Tomokatsu Morota, Chikatoshi 

Honda, Yasuhiro Yokota, Masanao Abe, Yoshiko 
Ogawa, Hideaki Miyamoto, Akira Iwasaki, Carle 
M. Pieters, Noriaki Asada,
Hirohide Demura, Naru Hirata, Junya Terazono, 
Sho Sasaki, Kazuto Saiki, Atsushi Yamaji, Masaya 
Torii, Jean-Luc Josset in Science Express on 6 

 After beginning operations in December 
of 2007, JAXA’s SELENE probe (nicknamed 
Kaguya) carried on an extended investigation of 
the moon and was finally sent into a controlled 
crash onto the surface near Gill Crater on June 11, 
2009. Although its results are largely cloaked in 
mystery due to a lack of released data, what has 
been published is tantalizing. A cursory skimming 
of press releases gives some idea of the treasures 
and discoveries yet to be revealed. 

Because Kaguya had a special relay satel-
lite orbiting the moon, it was able to provide accu-
rate gravity maps of the farside. This, along with 
the detailed topographic map it determined show 
the farside crust to be much more rigid than that of 
the nearside. It has also determined through imag-
ing that the farside experienced volcanism for a 
longer time than did the nearside. (“This Week In 
Science” edited by Stella Hurtley in Science vol. 
323, Feb 13 2009, p849) 

 The highest point on the Moon the southern 
rim of the Dirichlet-Jackson basin and the low-
est one is the floor of Antoniadi crater. The topo-
graphic range is about 19.81 km, which is greater 
than the ULCN 2005 result.. The laser altimeter 
carried by Kaguya has produced maps with spatial 
resolution better than half a degree which produces 
unbiased topography for regions smaller than a 
few hundreds of kilometers. These results strongly 
suggest a rigid crust is the primary structural sup-
port of smaller shapes while isostatic compensation 
rules for larger regions. The exact cut-off range 
between the two is not published in the abstract. 
(“Lunar Global Shape and Polar Topography 
Derived from Kaguya-LALT Laser Altimetry”, 
H. Araki, S. Tazawa, H. Noda, Y. Ishihara, S. 
Goossens, S. Sasaki, N. Kawano, I. Kamiya, H. 
Otake, J. Oberst, C. Shum in Science 13 February 
2009: Vol. 323. no. 5916, pp. 897 – 900 abstract 
and http://www.jaxa.jp/press/2009/02/20090213_
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Farewell Kaguya
by Steve Boint

Kaguya image of lunar south pole.

Kaguya HDTV image of Grimaldi (in the lower left, the center is located at (5.5°S, 68.3°W), D= 172km) 
and Oceanus Procerallum, obtained by HDTV-WIDE at 2008/12/12 13:56:21(UT). http://wms.selene.jaxa.
jp/selene_viewer/en/observation_mission/hdtv/hdtv_058.html

Kaguya image of Orientale.
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November 2008 and Science 13 February 2009:Vol. 
323. no. 5916, pp. 905 – 908, abstract and http://
www.jaxa.jp/press/2009/02/20090213_kaguya_e.

html)
 Kaguya was able to use radar to deter-
mine lunar structure to a depth of several hundred 

meters which determined 
that regolith layers were 
deposited during the times 
when the basalts were not 
flowing. Also, between 
3.55 million years ago and 
2.84 million years ago, 
tectonic activity became 
minimal and basalts of 
only a few hundred meters 
thickness accumulated and 
formed the ridges. (“Lunar 
Radar Sounder observa-
tions of Subsurface Layers 
Under the Nearside Maria 
of the Moon”, Takayuki 
Ono, Atsushi Kumamoto, 
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Hiromu Nakagawa, 
Yasushi Yamaguchi, 
Shoko Oshigami, 
Atsushi Yamaji, Takao 
Kobayashi, Yoshiya 
Kasahara, Hiroshi Oya 
in Science 13 February 
2009: Vol. 323. no. 
5916, pp. 909 – 912)
 Shackleton Crater has 
been suspected of har-
boring water ice. The 
Terrain Camera was 
able to use sunlight 
scattered from the cra-
ter rim and image the 
floor of Shackleton. 
While the temperature 
was less than 90K, the 
albedo showed water 
could be present only 
as a mixture with lunar 
soil or it could be 
absent. It does not exist 

Kaguya Terrain Camera view looking at the southeast direction from the northwest clearly shows the layers 
of lava flows on the upper parts of the rille's wall. These layers were probably formed approximately 3.2 
billion years ago. http://wms.selene.jaxa.jp/selene_viewer/en/observation_mission/tc/tc_006.html

Kaguya image of Tsiolkovsky.

Kaguya image of Lunar North Pole.

Portion of the topographical map produced using Kaguya's Laser Altimeter.  The 
complete map is found at: http://wms.selene.jaxa.jp/selene_viewer/en/observa-
tion_mission/lalt/lalt_004.html
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as a relatively pure block of ice. (“Lack of Exposed 
Ice Inside Lunar South Pole Shackleton
Crater”, Junichi Haruyama, Makiko Ohtake, Tsuneo 
Matsunaga, Tomokatsu Morota,
Chikatoshi Honda, Yasuhiro Yokota, Carle M. 
Pieters, Seiichi 
Hara, Kazuyuki 
Hioki, Kazuto Saiki, 
Hideaki Miyamoto, 
Akira Iwasaki, 
Masanao Abe, 
Yoshiko Ogawa, 
Hiroshi Takeda, 
Motomaro Shirao, 
Atsushi Yamaji, 
Jean-Luc Josset in 
Science Express on 
23 October 2008 and 
Science 7 November 
2008: Vol. 322. no. 
5903, pp. 938 – 939 
abstract).
 Let’s hope 

the trickle of published data turns into a stream 
over the next year. Kaguya has helped usher in a 
new era of lunar exploration and it has done so 
with style.

Two sections of the Laser Altimeter generated profile of Theophilus Crater.  The complete graphic can be 
found at: http://wms.selene.jaxa.jp/selene_viewer/en/observation_mission/lalt/lalt_003.html.

Antoniadi imaged by Kaguya.

Kaguya shot HDTV video of its final moments. While it landed on the dark side of the terminator, thus 
allowing no visuals of the impact, its skimming of the surface is fascinating. The upper image preceeds the 
lower one.Find the video at: http://www.youtube.com/watch?v=AxDNWXZpC3g
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Lunar Reconnaissance Orbiter Arrives
by Steve Boint

 NASA'x Lunar Reconnaissance Orbiter has 
begun fulfilling its stated objective of spending 
"at least a year in a low polar orbit approximately 
50 kilometers (31 miles) above the lunar surface, 
while its seven instruments find safe landing sites, 
locate potential resources, characterize the radiation 
environment and test new technology."
 It carries a Cosmic Ray Telescope for the 
Effects of Radiation which will focus on the impact 
of cosmic rays on humans and human technology. 
Its Diviner Lunar Radiometer Experiment will 
measure surface and subsurface temperatures, 
identify landing hazards, and explore the possible 
locations of ice deposits. The Lyman-Alpha 
Mapping Project 
will search for 
surface frost near 
the poles and 
image permanently 
shadowed regions 
using only starlight. 
The Lunar 
Exploration Neutron 
Detector will create 
high-resolution 
maps of hydrogen 
abundance, 
providing clues 
to the abundance 
of water. The 
Lunar Orbiter 
Laser Altimeter 
will produce a 
high-resolution 
topographical map 
of the moon with 
emphasis placed 
on the topography 
of possible landing 
sites. The Mini-
RF radar will be 
used to search 

for water and to demonstrate new technology for 
communicating with Mission Control. And the 
Lunar Reconnaissance Camera will focus on the 
poles producing images with a resolution of down 
to one meter. 
 Images released already are fascinating 
in their detail. LRO has finally succeeded in 
photographing the landing assemblies left on the 
moon by the Apollo missions. Maybe, just maybe, 
this will cut down on the volume of conspiracy 
theorists. 
 Check out: http://www.nasa.gov/mission_
pages/LRO/overview/index.html

Left: On the bottom left is Hahn crater. A portion of the large impact crater 
Gauss is in the upper right corner. Its floor appears to have been flooded 
with lava, which solidified and later fractured. The presence of these irregu-
lar cracks may be due to the intrusion of magma, which disrupted the crater 
floor as it rose and eventually stalled beneath the surface. Uncalibrated 
image; north is up. Credit: NASA/GSFC/Arizona State University.

Below: Apollo 11 landing site imaged by NASA's LRO. Upper image is an 
enlargement.
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Apollo 14 
landing 
site imaged 
by NASA's 
LRO. Upper 
image is an 
enlargement. 
Note the 
experiment 
package and 
the tracks 
between 
it and the 
lander.

Apollo 15 landing site imaged by NASA's 
LRO. Upper image is an enlargement.
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FIVE MILLENNIUM CANON OF LUNAR 
ECLIPSES 
By Fred Espenak and Jean Meeus

NASA TP-2009-214172  National 
Aeronautics and Space Administration, Goddard 
Space Flight Center, Greenbelt, Maryland It is 
rare to find a book that will almost never outlive 
its usefulness. I now have three. Like the Five 
Millennium Canon of Solar Eclipses and The Five 
Millennium Catalog of Solar Eclipses, published in 
2006 and 2008 respectively, the latest book covers 
its subject from the year 2000 BC to the year AD 
3000. After a complete and thorough explanation, 
each lunar eclipse in that vast time period is shown 
in its relation to the Earth’s umbra and penumbra. A 
map of the Earth is shown for each eclipse, giving 
its visibility from Earth. Although English is not 
likely to be spoken or read in the year 3000, one 
would expect the pictures would give it all away. 
This valuable reference will be useful until the year 
3001.

I have a printed book of St. Bonaventure’s 
Breviloquium that is just 500 years old, in Gothic 
print letters and in the Latin language. The 
Archimedes Codex, a book-bound manuscript, is 
about twice that age. Consider: in the year 1000 the 
precursor to modern English spoken then would not 
be readily understood by people today; Chinese, 
Sanskrit, Latin and Greek were spoken, and a host 
of other languages now extinct. In 1000 BC a prim-
itive precursor to Greek was written, and Hebrew 
and Chinese existed. Latin still had to develop. In 
2000 BC Akkadian, Sumerian and Egyptian ruled 
the literate world; some of the words of Egyptian 
since drifted into the extinct language of Coptic.

Why do I mention this? Because of the vast 
sweep of this publication and its two prequels, it is 
5000 years of eclipses! It covers most of recorded 
history—and history yet to be made in the millen-
nium to come. It would even have gone back to the 

building of the Giza pyramids if not for the build-
up, in the retrocalculations, of uncertainty in delta-
T, the time correction between UT and dynamic 
time, which determines the orientation of the Earth 
in space. If not for this, it might have gone back to 
7750 BC, the first settlement of the Earth’s oldest 
still-existing city, Jericho. But even in 2000 BC it 
was a different world. The last hold-out mammoths 
still existed on Wrangel Island. The last of them 
may have seen the sun darken in the total eclipse at 
Wrangel in 1959 BC.

The three works and a promised fourth one, 
The Five Millennium Catalog of Lunar Eclipses, 
are invaluable for historians since the seers and 
chroniclers of old were wont to mention an eclipse 
now and then for various reasons. This can be used 
to date the statement. If the statement is indepen-
dently dated, then it can be used to get a better han-
dle on the past behavior of delta-T. If the color of a 
lunar eclipse is mentioned by the ancient chronicle, 
then an estimate of the Danjon number might be 
obtained. Low Danjon numbers are associated 
with volcanic activity which can further correlate 
the historical record and explain crop failures and 
social upheavals due to the resulting increased albe-
do of the Earth from stratospheric volcanic dust.

The future also brings speculation. We 
might muse that a high full moon on November 
25, 2998 will drift into a total lunar eclipse as 
seen from the Sahara Inland Sea. Or on April 26, 
3000 the moon’s shadow will pass over machines 
that were once people in a repository on what was 
southern Egypt.

Although as a shameless bibliophile I just 
had to have the print copies, it turns out that all 
four books will be available for free download! 
Find them at:
http://xjubier.free.fr/en/site_pages/lunar_
eclipses/5MCLE/xLE_Five_Millennium_Canon.
html

BOOK REVIEW
by Francis Graham

Kent State University, East Liverpool, Ohio

Apollo 17 landing site imaged by NASA's 
LRO. Upper image is an enlargement.



Summer 2009 Page 15Page 14 SELENOLOGY  Vol. 28 No.2

FROM THE PAPERS…
By Eric Douglass

In this quarterly column, we will explore recent 
papers from the Lunar and Planetary Conferences. 
Our focus in on presenting topics of interest to the 
broader lunar community. The summaries presented 
here contain not only the results of the paper, but 
also background information that connects the 
results to broader lunar topics and background 
information. 

Paper: C. R. Neal; “Future Lunar Science 
Opportunities—What’s Left to be Done;” Lunar 
and Planetary Science Conference XXXIX; 3/2008; 
paper #1190.

 In this article, the author lists many mys-
teries that science has not penetrated concerning 
the moon. He begins by summarizing the lunar 
missions, beginning with Luna I (Russian), and 
moving through the remaining 66 missions—
including Apollo missions, Galileo, Clementine, 
Lunar Prospector, Smart-1, Selene and Chang’e. 
His point, however, is that while these missions 
have answered many of our questions, they have 
left us with many others. Some of these questions 
surround features that we commonly observe and 
I thought that a brief list of these would be appro-
priate for those of us with telescopes. Below I’ve 
arranged a selection of his questions into categories 
and related them to the surface features that we 
routinely observe.
 (1) Questions surrounding the regolith 
(figure 1: optical telescope image; figure 2: Lunar 
Orbiter image). The regolith is the surface layer on 
the moon which at present is a fine layer of dust 
composed mostly of mineral fragments and clasts 
(welded particles from impact processes). This is 
underlain by the megaregolith which was formed 
by the vast sheets of ejecta from basin-creating 
impacts. However, to understand the mineralogy of 
the regolith we must first turn to the geologic his-
tory of the moon.
Describing the geologic history of the lunar surface 

begins with the accretion of the moon from materi-
als in Earth’s orbit (giant impact hypothesis). As the 
accretion occurred, energy from the impacts caused 
the surface to melt. Thus, the early surface was a 
molten ocean of liquid rock (magma ocean hypoth-
esis). As this solidified, low density rocks bobbed 
to the surface, forming an ever thickening skin. 
These low density rocks were mostly anorthosites 
(rocks composed of the mineral ‘plagioclase’). This 
layer was disrupted by two processes: volcanism 
that brought magnesium rich materials to the sur-

face and impacts that placed meteoritic/cometary 
materials onto the surface. Further, when 
the impacts were of sufficiently large size, 
the craters excavated materials from much 
deeper in the moon which were also distrib-
uted onto the surface. Thus, the regolith is, 
mineralogically, a mixed bag. 
The questions that the author asks about this 
layer are: is there a “significant late veneer 
of accretion;” is our understanding of the 
regolith from the Apollo samples truly rep-
resentative of the whole regolith; is the “sur-
face distribution of KREEP representative 
of the underlying crust;” and how is “the 
surface expression of lunar materials related 
to the Moon’s internal structure”? 
(2) Questions of history. The geologic his-
tory of the moon has been pieced together 
by lunar scientists. Their initial tools uti-
lized only observation. Scientists began 
by noting how various lunar features were 
related to each other (stratigraphy). For 

example, if one crater’s rim lay 
over a basin rim, then the cra-
ter was younger and the basin 
was older (figure 3 and figure 
4 where the oldest feature is 
the large crater ring which was 
later flooded with lava; at a 
later time yet, the lava surface 
and crater ring were struck by 
more recent impacts). Another 
observation tool involved 
recognizing the increasingly 
degraded state of older objects 
(figure 5: for example, note the 
difference in crater rims, from 
sharp to dull, which is related 
to their respective ages). 
Objects on the moon are sub-
ject to erosion from micromete-
orites, so that older objects are 
smoother, with a distinct loss 
of sharper features. For exam-
ple, Imbrium’s rim and ejecta 
are smooth with respect to the 
rim and ejecta of Copernicus 
because Copernicus is much 

Figure 1: Surveyor VII: A Preliminary Report, 
NASA SP-173; 87; Surveyor’s foot pad is in the 
foreground.

Figure 2: Surveyor VII: A Preliminary Report, 
NASA SP-173, 138; this image is after the lander 
excavated a trench with its arm.

Figure 3: The Geologic History of the Moon, D. Wilhelms, 59

Figure 4: LOPAM, 156
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younger. The study of geologic history was next 
aided by the return of rocks from the moon (Apollo 
missions) where measurement of radioactive decay 
produced more exact dating for areas sampled and 
the types of lunar objects sampled. 
However, these studies have failed to answer cer-
tain historical questions. Some of the questions 
that the author asks in this section are: “what were 
the timing and effects of the major basin-forming 
impacts;” did the “South-Pole Aitken Basin…pen-
etrate the lunar mantle;” how did the lunar impact 
rate change across time (e.g., was there a late heavy 
bombardment); how does space weathering of sur-
face objects occur; and why are there no impact 
samples older than 4.2 Ga?
(3) Questions of objects. A number of surface fea-
tures remain enigmatic. However, the author only 
focuses on one: Reiner Gamma (figure 6, 7). This 
odd, flat feature is found in Oceanus Procellarum, 

and appears as a bright swirl in our telescopes. 
While it has been described as a magnetic anomaly, 
due to shock remnant magnetism forming at the 
antipode to a basin, there are still questions about 
its form and the nature of the moon’s prior magne-
tism. 
(4) Questions about volatiles and atmosphere. As 
has often been discussed, the permanently dark cra-
ters at the lunar poles likely contain volatiles such 
as water. The volatiles are thought to come from 
ice-rich comets striking the moon. These volatiles 
vaporized upon impact, migrated about the surface, 
and were eventually lost to space. But some were 
caught in the cold traps of permanently shadowed 
craters. These volatiles have accumulated over the 
last several billion years, so that a quite-thick layer 
may well exist.
The questions that the author asks in this section 
deal with such issues as the location and form of 
volatile ices as well as how to sample them using 
our current state of technology. This also gives 

way to questions about the 
lunar atmosphere. While the 
moon is often characterized 
as having no atmosphere, 
this isn’t technically correct. 
As a gravitational body, it 
retains a small atmosphere 
best characterized as an exo-
sphere (the uppermost layer 
of a planet’s atmosphere, 
which merges into space). 
Due to the low density of 
molecules, the moon’s exo-
sphere is said to begin at 
the moon’s surface. The 
moon’s atmosphere is com-
posed of transient species 
that are replenished from the 
solar wind (either directly 
or through sputtering), from the vaporization of 
surface materials (from meteoritic impacts), and 

from outgassing (for example, from LTPs). 
The author asks about the composition and 
changes in the lunar exosphere, whether there 
are seasonal variations, and of the effect from 
larger impacts (the exosphere is disrupted by 
impacts). 
We finish this article with two comments. 
First, this list isn’t complete with respect to 
observation studies. For example, we might 
also add questions about the rate of LTPs, 
or new insights from real-time meteorite 
observations, or the exploration of volcanic 
features (identifying highland volcanic fea-
tures, finding lunar domes). Second, my goal 
in reviewing this article is that it will act as a 
stepping-off place for future observing proj-
ects. Observation provides an opportunity for 
new science as we, painfully but with preci-
sion, continue to study the moon. May this list 
stimulate thought about new projects…ones 
about which we have yet to dream. 

Figure 5: LOPAM, 265.

Figure 6: Reiner gamma; optical telescope; 
Consolidated Lunar Atlas, dig. ed., ed. 
Douglass, D26.

Figure 7: Lunar Orbiter Photographic Atlas of the 
Moon (LOPAM), Bowker and Hughes, plate 170.
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