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Preface

The Moon is Earth’s nearest neighbor. Since the dawn of intelligence, our eyes
have seen the Moon, puzzling over its shady figures, its phases, its motions in the
sky, and its relation to tides. Even the smallest telescopes resolve the shadows
into a heavily cratered surface, stimulating the imagination. Each advance of the
astronomer’s art has revealed new insights into the nature of the lunar surface,
until curiosity and competition led the American and Russian space programs to
send orbital cameras, robotic landers and rovers, and the Apollo astronaut explo-
ration teams to the Moon.

The Lunar Orbiter program, a series of five photographic spacecraft launched
in 1966 and 1967, was motivated by the need to find and certify safe and interest-
ing landing sites for the Apollo spacecraft. When the Lunar Orbiter program was
started (1964), no spacecraft had landed on the Moon, but the Apollo program
was committed to safely land the Lunar Module, with two astronauts on board. At
the time, I was working in the lunar environment group of Bellcomm, Inc. AT&T
established Bellcomm at the request of the National Aeronautics and Space
Administration (NASA) to support the Apollo project headquarters group. Our
responsibility included the challenging assignment of finding a safe landing site
for a vehicle about the size of a helicopter, with a half-meter (0.5-m, 20-inch)
ground clearance and limited ability to land on a slope. Of course, we had very
little information about the lunar surface at such scales. There was some informa-
tion from lunar photometry and radar scatter measurements, but there were
strong uncertainties about what aspects of the surface were being measured; in
particular, the soil strength was an unknown. Speculation raised possibilities of
dust floated by static electricity or fragile glasslike lava.

The requirements for Lunar Orbiter were established to achieve the best possi-
ble resolution within the state of the art and to obtain imagery of that resolution
over a significant percentage of the area available for Apollo landings. Targeted
Apollo landing sites had to be as smooth as possible over a large enough area to
accommodate the down-range and cross-range navigation errors, determined by
the tracking, and control uncertainties associated with factors such as the largely
unknown gravity anomalies.

NASA’s Langley Research Center was chosen to manage the Lunar Orbiter
program. I had the pleasure of drafting the specifications and participating in the
selection of contractors. The resulting spacecraft and camera designs of Boeing
Aircraft and Eastman Kodak (respectively) were capable of enormous data collec-
tion capacity, even in today’s terms. All together, about 1000 pairs of medium-
and high-resolution exposures were made during the five missions. The negatives
were developed in orbit, scanned, and transmitted to photographic and magnetic
tape recorders in the three stations of the Deep Space Network operated by the Jet
Propulsion Laboratory (JPL) in California, Spain, and Australia. Each exposure
results in one medium-resolution frame and one long high-resolution frame,
usually presented as three subframes.

Although five missions were planned to compensate for possible failures, either
of spacecraft or rejection of initial target sites, the survey for early Apollo landing
sites was completed in the first three missions. As a result, the fourth mission was
used for a comprehensive survey of the near side of the Moon; these are the pho-
tographs that are the primary contents of this book. The fifth mission examined
many scientific sites at very high resolution, surveyed a few additional landing
sites for later Apollo missions, and improved coverage of the far side of the
Moon. Since the Lunar Orbiter missions returned their extensive photographic
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coverage of Earth’s Moon, the pictures have been the basic reference for high-
resolution topographic information. The most often referenced images are the
comprehensive set of about 600 images selected by Bowker (1971) and the near
side set of about 450 images selected by Whitaker (1970).

Following the thorough coverage of the Lunar Orbiter program, the Apollo
Command and Service Module, in orbit during landing missions, provided addi-
tional coverage of the equatorial regions with its mapping and panoramic
cameras. The Clementine mission provided a comprehensive survey of altitude,
albedo (intrinsic brightness), and multispectral data in 1994. Lunar Prospector
provided gamma ray spectroscopy in 1998. The data from these spacecraft has
added insight into the mineral composition of nearly all the lunar surface,
extending surveys of the equatorial region by Apollo. The interpretation of the
remote sensing data has been supported by ground truth from analysis of lunar
rocks and soil returned by Apollo and Luna missions. Despite the advances of
these later missions, the Lunar Orbiter photographs, taken at a low sun angle,
remain the primary source of topographic images and are used extensively in
current scientific presentations, papers, and books.

At the time of Lunar Orbiter’s design, image scanning technology was much
less advanced than it is today. The methods used resulted in artifacts in the
images that distract a viewer. Scanning and transmission limitations required the
subframes to be reassembled from 20 to 30 framelets of 35-millimeter film. There
are fine bright lines running across each subframe between the framelets, and
there are brightness variations from the spacecraft’s scanner that appear as
streaks within the framelets. The artifacts are particularly distracting when the
images are printed at high contrast to show subtle topographic features and
brightness variations. Lunar scientists have become used to these artifacts, but
they detract from their value to students and casual observers.

Since the first photos were received, I have wanted to clean up the scanning
artifacts, but at the time it would have been very expensive. The priorities were to
examine the photos and start using them, rather than to improve their visual
quality. Advances in the art of computation and the capacity of modern comput-
ers have enabled processing of the photos to remove nearly all the scanning arti-
facts, resulting in clear images that are much easier to view. Drawing on an
understanding of the nature of the artifacts, I have written programs that
measure and compensate for the systematic artifacts and in addition apply
filtering techniques similar to those published by Lisa Gaddis of the United States
Geological Survey (USGS) (Gaddis, 2001).

Lunar Orbiter photography has been archived as hard copy photographs, each
about 60 centimeters (cm) (about 2 feet) wide, at each NASA Regional Planetary
Image Facility, including one at the Lunar and Planetary Institute (LPI) in
Houston, Texas. LPI has digitized this important archival source and published
the images in the Digital Lunar Orbiter Photographic Atlas of the Moon on the
LPI web site (www.lpi.usra.edu/research/lunar_orbiter/). Further, the LPI staff
has added annotations to the photos, clearly outlining many of the features and
labeling them with their internationally recognized names.

A team led by Jeff Gillis carried out this important work; Jeff was supported by
Washington University at St. Louis and LPI. He is currently with the University of
Hawaii. LPI technical and administrative support was provided by Michael S.
O’Dell, Debra Rueb, Mary Ann Hager, and James A. Cowan with assistance from
Sandra Cherry, Mary Cloud, Renee Dotson, Kin Leung, Jackie Lyon, Mary Noel,
Barbara Parnell, and Heather Scott. The selection of photos on the LPI Digital
Archive is that selected for Lunar Orbiter Photographic Atlas of the Moon by
Bowker and Hughes (see the reference section for details).

The annotated photos in this atlas provide full coverage of the near side,
including nearly all the features whose names have been approved by the
International Astronomical Union (IAU). All the high- and medium-resolution
photos of Lunar Orbiter 4 (except for a few that were found unacceptable for
Bowker, 1971) have been cleaned and are in the enclosed compact disc. Most of
these, selected for nonredundancy and interest of features, are printed along with
the annotated photos. All the photos (before processing by the author) are cour-
tesy of NASA and LPI.

Photos with annotated overlays label the major features within each of the
photos, including the landing sites of manned and unmanned spacecraft. These



overlays were extracted digitally from those published by LPI. I added additional
annotations to provide latitude, longitude, and scale information and also to bring
the set of features up to date with the Gazetteer of Planetary Nomenclature, the
list maintained for the IAU by the United States Geological Survey (USGS)
Astrogeology Program. Notes with each photo point out salient aspects of the fea-
tures. The combination of cleaned photos, labeled features, and notes are intended
to serve as powerful aids to learning the geography and geology of the near side of
the Moon as well as valuable reference material.

Throughout the project of cleaning the photos and writing this book, helpful
suggestions and comments were made by Jeff Gillis, Mary Ann Hager, Paul
Spudis, Lisa Gaddis, Debbie Martin, Michael Martin, Ewen Whitaker, and Brad
Jolliff.

My dear wife Mary worked long and patiently as system administrator, picture
processor, and reviewer.

Special gratitude goes to Don Wilhelms, USGS Astrogeology (retired), whose
books have been major sources and who was kind enough to review this book
and set me straight on lunar geology.

Charles . Byrne
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Chapter 1

Overview of the Atlas

1.1. Content

The atlas presents full coverage of the nearside of the Moon
with a series of photos all taken from orbit by Lunar
Orbiter 4, with a nearly vertical viewpoint and sunlight
at approximately 20 degrees (°) from the horizontal.
Extensive computer processing has been used to improve
the quality of these photos. Features whose names have
been recognized by the International Astronomical Union
(IAU) have been identified on an overlay and listed in the
index of features. Notes on each page discuss the geologic
processes that formed the features and controlled their
interactions.

The high-resolution photos of this book typically cover
about 200 by 300 kilometers (km). Approximately 350 of
these photos cover the nearside of the Moon (with some
overlap). The photos are grouped into chapters that each
present one of the regions of the Moon. Six of these regions
have been selected to focus on basins of the Moon, the
largest coherent lunar features. Chapters on the North and
South Polar Regions complete the coverage of the nearside.
Figure 1.1 identifies these regions against the background of
a photograph of the full Moon. Figure 1.2 identifies the
regions of the central latitudes against a Mercator projection
map, Figure 1.3 shows the North Polar Region, and Figure 1.4
shows the South Polar Region.

An introduction to each chapter surveys the relevant
region, using wide coverage photos. An overview of the
geology of each region and its features introduces the spe-
cialized vocabulary needed to describe lunar processes. Each
chapter provides a guide to the high-resolution photos as an
aid to relating them to the wide-angle views and to the Moon
as a whole. Each high-resolution photo is marked with the
latitude and longitude as a further guide to locating features
on the maps of Figures 1.2 to 1.4.

An enclosed compact disc (CD) contains all the cleaned-
up photographs of Lunar Orbiter Mission 4, with an index
listing all the officially named lunar features shown in this
book. These photos, when viewed on a monitor with appro-
priate magnification, show more detail than can be seen in
the printed pictures.

1.2. How to Use This Atlas

A telescopic observer or photographer of the Moon, working
at high resolution, views a small area under lighting that
varies both with time and with position. The angle of view is
nearly vertical at the center of the Moon as we see it, but se-
verely foreshortened near the limb (edge of the visible
Moon). One might ask: What features are in the area? How
do they relate to the rest of the Moon? How would the feature
look relative to others if seen at similar lighting conditions
and viewing angles? What is the current understanding of the
processes that formed these features?

The following is a summary of how an interested observer
might answer these questions, with the aid of this atlas:

1. Relate a feature viewed in a telescope, photo, or electronic
image to its position on the full Moon photo of Figure 1.1.

2. Note the region in which it appears; consult the Table of
Contents to find the appropriate chapter.

3. Determine the approximate latitude and longitude of the
feature from the maps in Figures 1.2 and 1.3. These coor-
dinates can be used with the chart in the beginning of the
relevant chapter to narrow the search for the correspond-
ing photo.

4. Once the photo or photos that cover the area of interest are
located, annotations will identify the name of the feature (if
it has a formal name) and the names of nearby features.

5. The notes on the page or pages describe something of the
processes that took place to form the feature or its
surroundings.

6. The reference section refers to more detailed descriptions
in the literature for many of the photos.

The process described above can be followed in reverse. If
an observer is interested in a feature found by browsing the
book, the latitude and longitude on the annotated photo can
be used to locate the feature relative to larger features on the
maps of Figures 1.2 to 1.4. Then an observer can feature-walk
a telescopic field of view to the appropriate part of the Moon,
just as one star-walks a field of view from one star group to
another to bring dim deep-sky objects into sight.

the Atlas
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Figure 1.1. These regions of the Moon establish the scope of the corresponding chapters of this atlas. The base photo is from the Consolidated Lunar Atlas

(LPI Web site).

Of course, these are only examples of ways this atlas can be
useful. The overview chapters and the introductions to the
regional chapters can be read as a book summarizing the
largest features on the Moon and their relationships. Another
way to use the atlas is to browse it. The notes need not be read
sequentially. The atlas can also be used as a reference book.
The feature index in the CD lists near side features with IAU
names and directs the reader to a relevant page. The Source
Notes section of the enclosed CD often identifies discussion of
features in books of comprehensive coverage of the Moon,
which refer in turn to additional research publications.

1.3. Large-Scale Maps

Figure 1.1 is the full Moon, photographed from Earth. A few
outstanding features are identified as an aid to orientation
when looking at the Moon. The dark maria (low-lying areas
flooded by lava) form the patterns variously known as the
man in the Moon, the rabbit, and so on.

The map in Figure 1.2 is based on data from the
Clementine spacecraft. Clementine scanned the Moon from a
polar orbit whose plane was aligned with the sun, so that the
lunar surface shows its inherent brightness (called albedo),
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Figure 1.2. Map of the near side of the Moon, based on Clementine brightness data (NRL Web site). Region names are the same as in Figure 1.1; the north-
south regional boundaries are curved to follow the Lunar Orbiter 4 photos, planned for uniformity of the sun angle. Mare Orientale and the features on the
eastern limb are visible from Earth only at times of favorable libration and then are much foreshortened. Note that features in the polar regions are stretched

horizontally in this Mercator projection.

as it appears from Earth when the Moon is full. This map
shows features of the eastern and western limbs more clearly
than they can be seen from Earth.

Figures 1.3 and 1.4 are polar projections, mosaics of
Clementine scans of the polar regions. Clementine’s bright-

ness sensor continued to look almost directly down at the
surface as the spacecraft passed nearly over the poles, but
these maps show the topography of the features rather than
the albedo because the sun is always low near the poles.
Under such low illumination, crater walls throw shadows.

the Atlas
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Chapter 2

Lunar Orbiter Mission 4

2.1. The Mission

Lunar Orbiter Mission 4 produced most of the photos in this
book. This scientific mission was planned to systematically
cover the nearside of the Moon. Extensive 1-meter (1-m)
photography had been taken of the candidate Lunar Orbiter
landing sites by missions 1 through 3, and the geologists
wanted moderate-resolution photography (about 50 m) of so
many large features on the nearside that a systematic survey
mission was appropriate.

2.2. Mission Design

The layout of exposures from orbit depends on many aspects
of the mission design. The spacecraft was placed in a high-in-
clination (nearly polar) orbit to provide full coverage of the
nearside of the Moon. The orbit was such that the incidence
angle of sunlight was about 20° (east to west; morning sun)
throughout the photographic mission. While the 2-week
photographic mission continued, the Moon revolved under
the orbit with approximately uniform sun angle from the
east limb to the west limb, presenting a new surface under
the spacecraft at each orbital pass. The period of the orbit,
the altitude of the spacecraft, and the width of the high-
resolution image were coordinated so that high-resolution
images taken on successive orbits overlapped by about 10%
at the lunar equator, with more overlap at high latitudes.
Successive high-resolution photographs taken on the same
orbit were timed to overlap between about 10% as well. The
overlap of photos avoids gaps in coverage, assists the con-
struction of mosaics, and provides partial stereo coverage.

Most of the photos were taken vertically, except for those
near the poles, where this could not be done because of the
nature of the chosen orbit. The vertical photography mini-
mizes foreshortening of the features to aid interpretation of
the images.

Although all five of the Lunar Orbiters successfully pro-
vided extensive new photographic coverage, there were often
problems, and Mission 4 was no exception. In this case, the
problem involved erratic operation of the thermal door, a
lens cap intended to protect the cameras from the cold of
deep space when they were not actually making an exposure.
Early in the mission, the optics chilled to the dew point of
the moisture within the cameras and became fogged. The

Boeing operations team and the science team designed a
work-around. The thermal door was left open, but the space-
craft was oriented toward the sunlit part of the Moon so that
the optics would be kept warm as much as possible.

Many photos of the eastern nearside were lost while the
problem was analyzed and resolved, but additional expo-
sures were made at the end of the mission to replace most of
the missed coverage. These photos were taken on the “back
side” of the orbit, with the spacecraft near apolune. As a con-
sequence they are at lower resolution than the other photos
and lighting is reversed, coming from west to east.

A schematic of the layout of the high-resolution images
across the nearside of the Moon is shown in Table 2.1.

2.3. The Cameras

The Lunar Orbiter photography system consisted of two
cameras, one with a short focal length and wide field of view
(called the “medium-resolution camera”) and one with a
long focal length and a narrower field of view (called the
“high-resolution camera”). The high-resolution field of
view was centered within the field of view of the medium-
resolution camera and was more than three times longer
than it was wide.

The image motion compensation was provided by a feed-
back loop based on a circular scan of part of the high-resolu-
tion image. This mechanism, which had failed on Lunar
Orbiter Mission 1 but worked flawlessly on all the later mis-
sions, moved the film platen in two dimensions to track the
image.

Six fiducial marks (“sawteeth”) for mapping were pro-
vided at the edge of the field of view. These marks have been
trimmed from the images in this book.

2.4. The Film

The negative film was a fine-grained low-contrast 70-
millimeter (70-mm) black-and-white standard Kodak
product. The fine grain assured low graininess at high resolu-
tion. The low contrast (about 1 to 1) was selected to tolerate
unknown variations in the brightness of the lunar surface at
high resolution. A gray scale, resolution charts, and reticule
marks (small crosses, barely visible on the images in this
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book) were exposed on the negative to assist in reconstruc-
tion and calibration of the images after scanning.

The film was developed in the spacecraft by the Kodak
Bimat process. A second 70-mm film, its thick emulsion satu-
rated with developing fluid, was pressed against the exposed
negative by rollers. The two-film sandwich was stored in a
buffer of rollers until development was complete and then
they were separated.

Unfortunately, the Bimat process was susceptible to cer-
tain flaws. Small bubbles sometimes interposed between the
negative and developer film, leaving various patterns on the
negative. Also, rollers sometimes left bars across the film
where the film was paused. These defects are easily distin-
guished from lunar features but unfortunately degrade a
minority of the images.

2.5. Scanning and
Reconstruction

The developed film was scanned by the available technology
of the time; charge-controlled devices (CCDs) were still well
in the future. Instead, a cathode ray tube (CRT) was used to
provide a single scan line. Of course, this scan line could
provide only the equivalent of about 800 pixels because of
limitations on the phosphor grain and focus of the electron
beam. This short (about 4 mm) scan line was aligned with
the long dimension of the film. A mirror directed it across
the 70-mm width of the film. A photocell detected variations
in brightness as a measure of the density of the developed
negative. After the width of the film was scanned, the film
was advanced by a little less than the width of the scan line,
providing overlap between scans to avoid gaps.

On the ground, the recorded signal was received at a Deep
Space Network (DSN) site in California, Spain, or Australia,
operated by the Jet Propulsion Laboratory (JPL). A CRT in
the Kodak Ground Recording Equipment (GRE) transformed
the signal into an image on 35-mm film. A segment of this
film (called a framelet) represented a scan of the mirror
across the 70-mm film in the spacecraft. There were two
GREs, backed up by two Ampex video tape recorders (the
original rotating head recorders) at each DSN site.

Once the 35-mm framelets were developed, they were
trimmed by automatic machines and assembled on a light
table. This was done at JPL (during the mission), Langley
Research Center, and the Army Mapping Service. The assem-

bled framelets were limited to about 60 centimeters (cm),
24 inches, in length; this was sufficient to fully reconstruct
the medium-resolution frames, but the long high-resolution
frames were reconstructed as a set of three subframes.
Contact prints were made from these reconstructed frames
and subframes; these are the primary records of the photos.
Second-generation images at the same scale are stored at
NASA Regional Planetary Image Facilities around the world.

The Army Mapping Service often used the tape recorders
to adjust the contrast and brightness of the surface. Typical
images are at a contrast of about 3 to 1 relative to the bright-
ness variations of the lunar surface. This contrast exagger-
ates the brightness variation of topography, compressing the
variations in the brightest and darkest parts of an image, but
also amplifies the inherent brightness variation of rays and
ejecta blankets from craters.

2.6. Scanning Artifacts

The complex deconstruction and reconstruction processes,
involving multiple electrical, mechanical, optical, photo-
graphic, and manual processes, introduced several types of
scanning artifacts. Thin bright lines, leaks from the light
table between framelets, appear in most reconstructed
frames and subframes. Sometimes negative framelets were
assembled on the light tables, so these lines are dark on the
positive prints. Variations in sensitivity of the phosphors on
the two CRTs used in the process (one in the spacecraft and
one on the ground) and possibly variations in the sensitivity
of the rotating heads of the tape recorder cause systematic
brightness variations in the series of framelets. This effect,
which is quite distracting, is sometimes called the “venetian
blind effect” because it appears as if the image has been
projected on a set of venetian blinds.

2.7. Cleaning the Images

A computer program written by the author specifically for
this purpose has cleaned the photographs in this book.
Appendix A, in the enclosed CD, describes this process in
detail. As a result, residual scanning artifacts are only occa-
sionally visible in the printed photos. However, artifacts
associated with the development process in the spacecraft
remain.
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Chapter 3
Overview of the Near Side

of the Moon

3.1. Origin of the Moon

To understand these photos, one must understand the Moon,
its geography, and the factors that have influenced its near
side surface. The origin of the Moon was a matter of vigorous
debate until about 12 years after the last Apollo mission. In
1984, after many years of analysis of the 300 kilograms (kg),
800 pounds, of rocks and soil returned by Apollo and Luna
missions, a consensus was struck that has lasted for the sub-
sequent 20 years. The following narrative retells this consen-
sus origin story, without attempting to review the debate of
alternative theories. The curious reader is encouraged to
review the references.

As unlikely as it seems, another planet perhaps about the
size of Mars and formed in the general orbital vicinity of
Mars had its orbit perturbed by some unknown event and
struck the early Earth a glancing blow. Just as a small car
absorbs much of the energy of an impact with a large truck,
the smaller planet, known as Theia, was partly vaporized,
partly melted, and largely pulverized and thrown into space.
Some of Theia escaped from Earth or fell to Earth, but most
of it ended up in an orbit near Earth. Modeling suggests that
much of the core of Theia, relatively dense, was pulled into
Earth and joined Earth’s core.

The pulverized and molten orbital components in near-
Earth orbit (perhaps about four Earth radii according to the
computer simulations) coalesced. As a result, the resulting
body was heated by gravitational energy, supplemented by
radioactive energy, and largely melted into a deep magma
ocean. Part of Theia had become the Moon.

The strong tidal forces generated by the orbital proximity
of these two bodies caused a loss of energy in the total system
and a transfer of angular momentum between them. The
Moon’s rotation relative to its revolution about Earth
stopped, so that the near side of the Moon always faces Earth
(synchronism). The Moon’s orbital radius increased, absorb-
ing some of the angular momentum of the early Earth; that
change slowed Earth’s rotation to its current 24-hour period.

Most of these events occurred within the first 500 million
years after the Earth had itself coalesced and took place in a
relatively short interval, perhaps 100 million years (the coa-
lescence of the Moon could have taken place within weeks
after the impact). Of course, the chaotic impact would have
thrown material into many orbits, some of which may have
taken very much longer to impact the Moon. The heavily
cratered surface reflects the arrival of many such delayed im-

pactors as well as new arrivals from the solar system after the
outer surface had cooled and become solid. The rate of
arrival of these later impactors is a matter of intense interest.
There is some evidence of a quiet period followed after a
time by a brief period of a high rate of arrival, sometimes
called the cataclysm to suggest a major chaotic event in the
Solar System.

As a result of this history, our Moon is somewhat unusual
in the solar system. It contains much the same chemical ele-
ments as the other rocky planets, but its crust contains a dis-
tinctly different quantitative distribution of those elements.
The mineralogy is often familiar to geologists from their
terrestrial experience, even to the point of the relevance of
an extensive descriptive vocabulary. But the Moon is (to our
current knowledge) unique in having experienced two dis-
tinct melting phases, one when Theia was formed as a planet
and one when the Moon was formed from a part of Theia’s
debris. Each melting phase resulted in differentiation of the
minerals, as heavy material sank and light material rose
in two different gravity fields and two different thermal
domains. A set of elements called KREEP that is concen-
trated when massive quantities of material are melted and
solidified are unusually abundant in some maria. Erupting
magma carried the doubly concentrated material to the
surface.

3.2. The Near Side Versus the
Far Side

The synchronization of the Moon’s rotation with its revolu-
tion in the intense early tidal environment established that the
near side would always face Earth and be the visible side
(visible to humanity before the mid-twentieth century, that is).

Measurements of the Moon’s gravitational field have es-
tablished that the depth of the crust is less on the near side
than on the far side. This implies that, for a given size of im-
pactor or strength of internal processes, penetration of the
crust is more likely on the near side.

3.3. Mare and Highlands

The Moon exhibits significant differences between the near
side and near side. In particular, much more mare material is



found on the near side. Mare material is the relatively dark
material visible on the face of the Moon, contrasting with the
more reflective highlands. It is made of relatively heavy min-
erals that have risen from the mantle of the Moon, below the
crust. How can we explain this paradox of the rise of heavy
materials through light materials? The answer lies in the de-
crease of density that accompanies heating. The material
becomes lighter than crust because it is hotter. When it
becomes exposed, it quickly cools and is locked in place by
the rigidity of a surface exposed to the cold of deep space
half the time. The association of most mare material with
positive gravity anomalies called mascons (an abbreviation
of “mass concentrations”) also reveals their high density.
Both remote sensing and analysis of lunar rock and soil
samples returned to Earth have established that the materials
of the maria are heavier than highland materials because of
their higher proportion of iron and magnesium.

Historically, the distinction between mare materials and the
more pristine highland materials (so called because they are in
fact higher than mare, but also resemble terrestrial highlands
in their relatively rugged topography) has been very impor-
tant, because elementary observation distinguishes the dark,
flat mare from the relatively bright, rugged, highlands.

3.4. Basins

As understanding grew, it no longer appeared that maria are
fundamental to the structure of the lunar surface. Rather, it
seems that mare regions are secondary to the formation of
large basins by impactors that are large enough to compro-
mise the integrity of the lunar crust. Such basins allow heavy,
dark minerals to rise through the fractured crust from the
hotter upper mantle below the crust. The basin associated
with a mare region can be much larger and has a much more
extensive effect on lunar topography. Typically, only the inte-
rior of the depression formed by the basin impactor floods
(or partly floods) with mare material. However, deposits
ejected from the basin can extend for a distance that is a mul-
tiple of the crater radius. Such basin ejecta blankets cover or
partially cover much more area than the central depression.

Basins that have been flooded with lava to form a mare are
named for the mare they contain (the Orientale Basin is
named for Mare Orientale). Basins that lack mare fill are
named for two craters that happen to be superposed on the
basin (the Schiller-Zucchius Basin).

Because basins are more fundamental than their included
maria, this introductory section emphasizes basins as land-
marks for the geography of the Moon.

3.5. Landmarks for
Geography

Strictly speaking, perhaps we should say selenography or
lunography (writing about the Moon) instead of geography
(writing about the Earth), but the term geography seems to
be more evocative of what we mean. Geography is not
geology: it refers to landforms and their relation, without
emphasis on the mineralogy or the formation process of the
landforms. It is difficult to grasp a good mental image of the

Region Latitude Longitude
Orientale Basin Region (includes

Grimaldi Basin) 19°S 95°W
Humorum Basin Region (includes

Nubium Basin) 24°S 39.5°W
Imbrium Basin Region (includes

Oceanus Procellarum) 35°N 17°W
Nectaris Basin Region (includes

Tranquillitatis and Fecunditatis Basins

and nearby highlands) 16°S 34°E
Serenitatis Basin Region (includes

the Crisium Basin and nearby

highlands) 17.5° N 58.5°E
Eastern Basins Region (the Smythii

Basin, the Humboldtianum Basin,

the Australe Basin, and intervening

highlands) 2°S 87°E
North Polar Region (North Pole) 90° N NA
South Polar Region (South Pole) 90°S NA

Table 3.1. Landmarks for the regions of the Moon and their coordinates.
Landmarks are in bold print. Note that the center of the Orientale Basin is
actually around the western limbj it is included because much of the basin
and its ejecta are on the near side.

major features of the Moon in terms of their global distribu-
tion and relationships. There is no equivalent of the organi-
zation of terrestrial geography in terms of continents and
oceans that are so useful in establishing a mental and visual
image of Earth.

This section introduces a high-level list of eight regions,
centered on interesting, memorable focal points. They are
chosen for broad distribution, to ensure roughly uniform
coverage of the lunar near side. Each region is sufficiently
small to support photographic and other images with rea-
sonable distortion. The proposed regions, and the latitude
and longitude of their focal points, are shown in Table 3.1.

Basins were chosen as many of the focal points because
they are major modifiers of the surface geology, not only
through their central rings and maria but also through their
ejecta blankets. Specific basins were chosen as much for uni-
formity of spacing around the lunar globe as for size or inter-
est. In addition to basins, the North and South Polar Regions
were included because of the special significance of the shad-
owed craters in those regions and also because the photo-
graphic quality is quite different.

3.6. Descriptions of Landmark
Regions

The following sections summarize the characteristics and
prominent features of each region. Only enough description
is included to differentiate the regions from each other; these
descriptions are not intended to be comprehensive or to
discuss the geology or stratigraphy of the regions in detail.
No attempt is made to establish precise boundaries between
the regions: that would be like attempting a precise boundary
between the Atlantic and Arctic Oceans. These regions are

Near Side of the Moon

Overview of the
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proposed to serve as a method to organize imagery, an alter-
native to latitude and longitude, and no representation is
made that they are of fundamental geologic or cartographic
significance.

Orientale Basin Region

The Orientale Basin, with its central mare and multiple rings,
has been called the archetype of basins because it is both
large and relatively recent. Consequently, its structure is very
clear. The region includes the smaller Grimaldi Basin and
craters Schickard and Bailly.

Humorum Basin Region

The Humorum Basin region includes the Nubium Basin and
craters Pitatus and Tycho. This region is particularly inter-
esting for understanding the interactions of different types
of features such as the manner in which mare floors en-
counter crater rims and highlands. The Fra Mauro Peninsula
is an example of such a feature.

Imbrium Basin Region

The Imbrium Basin and its ejecta blanket dominate much of
the near side. The region includes Oceanus Procellarum, and
other neighboring maria: Vaporum, Serenitatis, and Frigoris.
Craters in this region include Kepler, Copernicus, Archimedes,
and Aristoteles. This entire region is rich in maria, ejecta
blankets, and rays of craters. It also has a number of features
(such as Vallis Schroteri) that are associated with the flooding
of the mare floors.

Nectaris Basin Region

The northeastern part of the Nectaris region is rich in maria,
including Fecunditatis and Tranquillitatis as well as Mare
Nectaris. To the west and south, the region includes exten-
sive highlands. To the west, parts of these highlands are
covered with ejecta from the Imbrium Basin.

Serenitatis Basin Region

This region includes the Serenitatis and Tranquillitatis
Basins, the northern part of the Fecunditatis Basin, and the
western part of the Crisium Basin. The region shows the
interplay of overlapping basins.

Eastern Basins Region

From Earth, this region covers the eastern limb (edge, as we
see it) of the Moon. It includes the eastern part of the
Crisium Basin, the Australe Basin, the Smythii Basin, and
Mare Marginis.

North Polar Region

The heavy shadowing in both polar regions obscures both
photography and passive spectral measurements, especially
for the floors of basins and craters. The near side part of the
region and the North Pole itself are largely covered with
ejecta from the Imbrium Basin. Craters in this region include
Nansen, Shackleton, and Anaxagoras. The region includes
the Humboldtianum Basin.

South Polar Region
The South Polar Region is dominated by the rim of the South
Pole-Aiken Basin and several smaller basins such as

Schrodinger, Planck, and Bailly. Permanently shadowed
crater floors in this region (as well as in the North Polar
Region) are believed to harbor deposits of hydrogen or water
ice. Permanently sunlit crater rims nearby are proposed as
sites for solar power.

3.7. The Ages of the Lunar
Features

An interesting attribute of a lunar feature is the time it was
formed. The ages of different features on the Moon are in-
ferred from several sources.

Estimating Ages

The most precise ages are determined from measurement
of isotope ratios in our precious rock samples; association of
the samples with specific features establishes their time of
formation.

When rock samples are unavailable, geologists resort to
less precise measures. For example, sharply defined fea-
tures are inferred to be recent because meteorite bombard-
ment softens the edges of features by a process called
mass-wasting. Also, counts of crater densities can be
used to estimate the time a surface has been exposed to
bombardment.

Very often, even though absolute time cannot be deter-
mined, the sequence of formation can be determined. For
example, ejecta from a basin may overlay a crater or lava
from a mare may flow into a crater. Such layering and the
branch of geology that studies it are called stratigraphy.

Named Age Ranges

Systematic study of stratigraphy, together with other clues,
establishes a chain of evidence that leads to relative ages and
estimated age ranges of most of the features of the Moon.
These age ranges are named for associated archetype
features. In order from the oldest to the youngest, the
ranges are the Pre-Nectarian, Nectarian, Early Imbrian, Late
Imbrian, Eratosthenian, and Copernican Periods or Epochs.
Geologists use the term “epoch” as a subdivision of a period.
The Early Imbrian and the Late Imbrian Epochs are subdivi-
sions of the Imbrian Period. The boundary between the Pre-
Nectarian and Nectarian Periods is the time of the impact
that produced the Nectaris Basin. The Nectarian Period ends
with the event that produced the Imbrium Basin. The Early
Imbrian Epoch spans the time between the Imbrium and
Orientale events.

Large basin-forming events are used to divide these time
periods because such events spread their deposits so very far,
as much as halfway around the Moon. This method allows us
to relate many other features to large basin events by analyz-
ing interactions with the widespread deposits. Because
Orientale is the last big basin, however, the younger age
ranges are based on large craters. The Eratosthenian Period
is next, and then the Copernican Period (this interval is open
ended; we live in the Copernican Period). These last two
periods are not distinguished by bounding events, but on the
degree of degradation of craters and their ejecta (especially
the fading of rays) as they are exposed to further impacts and
to the solar wind.



Chapter 4

Organization of the Photos

4.1. Grouping by Landmark
Regions

Each chapter that follows displays images of a particular
landmark region. A few medium-resolution frames are
shown for each region to provide an overview. Only a few of
the medium-resolution photos are presented because they
have a high degree of overlap. The high-resolution photos
are selected in rectangular blocks so that a reasonable degree
of organization is imposed. The relation of the photos and
their assignment to regions is shown in a table in each
chapter.

4.2. Order: West to East and
South to North

The regions are presented from the west limb around the
nearside to the east limb; that is because Orientale, the
newest and clearest basin and Imbrium, the largest nearside
basin, are both toward the west and are should be viewed
before the other regions. Keep in mind, however, that the
mission and the rising sun move from east to west. To mini-
mize confusion, the photos covering a particular longitude
range are presented from south to north (in the order most
of the photos were taken, and in order of the numbering con-
vention for those photos). A few of the photos in the Eastern
Basin Region were taken in reverse of the usual orbital direc-
tion, to compensate at the end of the mission for photos lost
at the beginning of the mission.

4.3. Clean and Annotated
Images

One page is provided for each high-resolution subframe or
frame. The cleaned image is shown on the right side of each
page and an overlay with the major features of the image
labeled is on the left. A title line shows the photo number,
lighting conditions, and spacecraft altitude at the time of the
exposure. Latitude and longitude marks and a scale bar are
shown in the annotated overlay. The scale bar is derived
from the size of prominent surface features, as listed on the

USGS Web site. Except for the apostrophe, diacritical marks
in feature names have been omitted in both photos and text
because they are not supported in the software used to anno-
tate the photos. A list of names with diacritical marks as
guides to pronunciation is in the enclosed CD.

4.4. High-Resolution Frames
and Subframes

In most cases, subframes (designated H1, H2, and H3) are
displayed. In some cases, the three subframes are reassem-
bled as a full high-resolution frame (designated H). This is
done either to show the relationship of the features across
the full exposure or because the features displayed are
deemed to be of relatively little interest, usually because of
similarity to their surroundings. All subframes are presented
at full detail in the enclosed CDs.

4.5. Discussion Notes

The photo pages contain notes that point out and discuss rel-
evant aspects of the features and their relationships. These
notes draw on an extensive lunar literature to include aspects
of the stratigraphy, geology, and possible formation and
modification processes of the features.

4.6. Enclosed Compact Disc
(CD)

The enclosed CD contains:

e All high-resolution subframes from Lunar Orbiter
Mission 4 (JPEG files)

e All medium-resolution frames from Lunar Orbiter
Mission 4 (JPEG files)

e An index of nearside features whose names are recognized
by the International Astronomical Union (IAU)

e A description of the process used to clean up scanning
artifacts

e Source notes related to individual photos

of the Photos

Organization
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The feature index includes all the near side features in the
master IAU list maintained by the USGS that are larger than
6 km. Several smaller features and some far side features
near the eastern limb, the western limb, the North Pole, or

the South Pole are also included. Each of the features listed
in the index can be found in the annotated photo (and the
photo number) on the indicated page.



Chapter 5

Orientale Basin Region

5.1. Overview

Orientale, the Archetype Multi-Ringed

Basin

Figure 5.1 shows the spectacular Orientale Basin, the
newest large basin on the Moon. It is often called the ar-
chetype of basins because it reveals the structure of basins
so clearly. Like typical large basins, it is multi-ringed; that
is, there are a number of concentric rings both inside and
outside of its major raised rim. Mare surfaces have been
formed from lava seeping up from below its central floor.
Additional lava has seeped up into the low troughs between
the external rings.

Although the Orientale Basin has many features in
common with all basins, it must be considered that there are
significant differences between basins as well. The detailed
structure of a basin depends on the nature of the target mate-
rial. Orientale has formed in an area of thick, somewhat
uniform crust. Although there are no major basins in its
immediate vicinity, large craters have been identified that
influenced its detailed structure.

Orientale Basin and its included Mare Orientale are
located on the western edge of the Moon, the edge that rises
and sets last. Terrestrial astronomers glimpse its eastern
rings as the libration of the Moon turns that edge a bit
toward us. Spacecraft Zond 3 photographed it in 1965 at es-
sentially Earth-based resolution. However, the Lunar Orbiter
4 coverage showed the magnificence of its structure at a
much higher resolution.

These photos created a major paradigm shift in minds of
geologists who had been debating whether volcanism or
impacts dominated the lunar surface. This newest basin had
a fresh ejecta blanket, revealed in detail by the high-resolution
photos. The unavoidable conclusion was that many geologic
units whose origins were debated were in fact formed by
ejecta, not only from Orientale but also from larger, older
basins such as Imbrium. This insight was confirmed and
strengthened by the pervasive discovery of impact breccia in
the rocks returned by Apollo missions. Such rocks are
formed by the hypervelocity shock of impacts welding preex-
isting rock fragments from diverse sources into larger rocks.
They show a diverse set of shock effects, from changes
of crystalline structure to partial or complete melting
(Wilhelms, 1987).

Figure 5.1. LO4-187M. The Orientale Basin is the archetype of multi-
ringed basins. The lava flow of Mare Orientale is in the dark center of the
concentric rings. The dark mare surface to the upper right is Oceanus
Procellarum, the largest deposit of mare on the Moon. The small dark circu-
lar feature is a mare deposit on the floor of the 440-km Grimaldi Basin. The
bright rays in the upper right corner of the photo radiate from Glushko, a
small crater near Oceanus Procellarum, not from Orientale.

A remarkable property of multi-ringed basins is the regu-
larity of the radii of the concentric rings. Such rings are
found not only on the Moon (where there is evidence of
about 60 multi-ringed basins), but also on Earth, Mercury,
Mars, the Jupiter moons Ganymede and Callisto, and
the Saturn moons Tethys and Rhea (Spudis, 1993). Measure-
ments of the rings of basins on all these bodies fit a specific
relationship; successive rings, both internal and external to
the topographic rim (the ring of highest elevation also called
the main ring), have radii in the ratio of the square root of 2.

Basin Region

Orientale
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This relationship, equivalent to the doubling of the area of
each successive ring, is very regular, but has no consensus
theoretical basis at this time.

Crater Morphology as a Function of
Size

Small impact craters do not have such concentric rings. The
smallest craters have a transient cavity that is nearly hemi-
spherical. The transient cavity is the zone of target material
that was melted and pulverized by the hypervelocity impact.
Some of this material is ejected, with most of it landing
within one radius of the transient cavity from the rim of
the transient cavity. This rim is a single topographic ring.
Medium-sized craters have a distinctive central peak; the
focused sound wave rebounding from the mass of pulverized
and compressed material has lifted material nearly vertically,
and it forms a mountain in the center of the crater. As the di-
ameters of lunar craters exceed about 300 km (200 miles), the
central peak breaks up into one or more internal rings, and
external rings form as well. It is these very large craters that
we call multi-ringed basins, or basins for short. The bottoms
of large craters may penetrate near or through the boundary
between the crust and the mantle.

Surroundings of the Orientale Basin
To the north and west, the ejecta blanket from Orientale has
been deposited on highlands. To the northeast, the ejecta fell
on the surface later covered by the mare material of Oceanus
Procellarum. To the east and south lie highlands interrupted
by other, smaller basins: Grimaldi and Humorum. The flank
of Grimaldi shows fine striations radial to Orientale, so it
must have formed earlier. Similarly, the Humorum Basin
predates Orientale.

Figure 5.2 shows a mosaic of the eastern sector of the
Orientale Basin Region, illustrating the structure of its rings.

5.2. High-Resolution Images

Table 5.1 shows the high-resolution images of the Orientale
Basin region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east; that is, they are in the
order LO4-194H, LO4-195H1, LO4-195H2, LO4-195H3, LO4-
186H1 ... LO4-161H3. Note that the photos taken on a given
orbit are presented in order; both frame and subframe
numbers increase in the same order as the pages of this
book. However, in moving from west to east to a new orbital
sequence, the numbers decrease.

LO4-194H has been assembled as a complete frame. It
shows the range of Orientale ejecta from the topographic rim
to one radius away from that rim. In addition, it illustrates
how subframes are contiguous parts of high-resolution
frames. Similarly, LO4-169H and LO4-161H are displayed as
full frames.

Figure 5.2. Mosaic of Lunar Orbiter 4 high-resolution photos of the
Orientale Basin, from the central mare at the left out past the concentric
rings to the right. Dark mare material is found not only in the central part of
the basin, but also in the troughs between the rings. Note the striations in
the ejecta blanket radiating from the central portion of the basin. They have
a stronger appearance to the northeast and southeast rather than directly
toward the east. Because of the direction of solar illumination, ridges ori-
ented in the east-west direction do not cast shadows. The smaller Grimaldi
Basin in the upper right of the mosaic shows both a topographic ring that
has contained most of the mare lava and a lower outer ring.

Subframes LO4-180H1 and LO4-167H1 are not printed in
this chapter because they are redundant with the subframes
to their east and west and show no additional features. The
base photos are included in the enclosed CD.

Latitude Range Photo Number
27 N-56 N 189 | 183 | 175| 170 | 163|158
188|182 | 174| 169 | 162|157
0-27S 187|181 | 173 168 | 161|156
27 §-56 'S 194 | 186 | 180 | 172| 167 | 160|155
56 5-90°S 166 154
Longitude 95 W|89 W|[82 W|76 W|68 W|62 W|56 W
at Equator

Table 5.1. The cells shown in white represent the high-resolution photos
of the Orientale Basin Region (LO4-XXX H1, -H2, and -H3, where XXX is the
Photo Number; LO4 means Lunar Orbiter Mission 4). The Imbrium Basin
Region is to the northeast, the Humorum Basin Region is to the east, and the
South Polar Region is to the south. The far side is to the west. The next
number after LO4 is the exposure number, which increased as the mission
progressed from east to west.



LO4-194H
Sun Elevation: 16.10°
Altitude: 3002.79 km

This full high-resolution frame shows
the inner Orientale Basin at the top.
Montes Cordillera is the topographic
ring. Its scarp bounds the floor of the
basin. The arc of Montes Rook shown
here is the first inner ring of the
Orientale Basin.

Striations show a heavy deposit of
ejecta (the Hevelius Formation) from
the inner Orientale Basin to the south.
The character of the ejecta changes
from the heavy, striated inner Hevelius
Formation to the lighter, more uniform
outer Hevelius Formation about 440 km
away from the rim of the Montes
Cordillera ring (930 km in diameter).
Graff, Catalan, and Baade have been
covered with a heavy deposit while
Yakovin has received a lighter deposit.
Several other craters in the 10- to 30-km
range (probably secondaries from
Orientale) left deposits of fine ejecta
outside their rims.

The crater Hausen (out of the picture
to the southwest) has more recently
deposited chains of small secondary
craters that can be seen on the floor
of crater Pingre and outside its rim.
Pingre may lie on the floor of an older
basin called the Pingre-Hausen Basin.
The large semicircular ridge east and
north of Pingre is the boundary of that
basin.
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Photographic Atlas

Lunar Orbiter

Riccioli

LO4-169H
Sun Elevation: 17.10°
Altitude: 2672.11 km

Where Oceanus Procellarum meets
highlands, the younger mare invades
low-lying parts of the older highlands
just as water meets a shoreline on Earth.
Ejecta and secondaries from Krafft and
Cardanus overlie the mare, so they are
younger yet.

The lava flooding Eddington is of
very low viscosity; it finds its way into
every crevice. The flow may be not only
horizontal but may also seep up from
below, through the fractured rock of the
crater floor.

The bright rays come from Coper-
nican crater Glushko (LO4-174H2).

The linear trough just east of Hedin
(radial to Orientale) terminates in a
plains deposit, as if the trough were
plowed by a body of material that was
(or became) molten. The long fault
that crosses the floor of Hevelius and
extends nearly to the rim of Riccioli has
a graben form (flat floor) in the high-
lands outside of Hevelius, but is nar-
rower (a rille) as it crosses the crater
floor at a lower elevation; this is what
one would expect of a fracture zone that
has a V shape in the vertical plane.
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Photographic Atlas

Lunar Orbiter

LO4-161H
Sun Elevation: 16.50°
Altitude: 2722.66 km

This chaotic region has been overlaid
by ejecta from the Grimaldi Basin and
then by the Orientale Basin. Damoiseau
appears to have been mostly flooded
with a heavy, viscous material, probably
molten or semimolten material from
Orientale. Some of this material has
backflowed over and down the north-
east crater wall. The lowest part of the
floor may have been flooded with mare
like the flat-floored craters nearby. The
floor material has fractured because of
the cooling of the molten material.
Rimae Grimaldi and Rimae Sirsalis
are part of the fracture pattern around
the border of Oceanus Procellarum.
They can be seen to cross and modify
the secondary craters of Orientale, es-
tablishing their younger age. The main
rima of the Sirsalis feature is the longest
such feature on the Moon, leaving
its mark on crater floors, rims, and
ejecta until it disappears into Oceanus
e Procellarum (LO4-156H2). It is overlaid
PRS- I EY  only by the youngest crater in its path,
y t” i DéS. L the 13-km crater just to the south of
&‘ RO N crater Sirsalis.
¥ ol : p. x5 " The 22-km crater on the east rim of
Byrgius is Copernican, with an exten-
sive ray field. Some of these rays can be
seen extending eastward. Henry Freres
has a slumped wall, possibly caused by
the impact that caused the 8-km young
crater in its floor.




Chapter 6

Humorum Basin Region

6.1. Overview

Basins, Maria, and Highlands

Figure 6.1 shows the Humorum Basin Region. The Humorum
Basin is of the Nectarian Period, younger than the Nubium
Basin and older than the Orientale Basin. It is sufficiently
distant from later basins that it has not been extensively
modified, except by mare flooding of its floor and outer

trough. Its neighboring basins have been more modified,
partly by Humorum itself. The highland regions to the south-
east are relatively isolated from basins and preserve the
heavily cratered surface of the crust. One would like to say
that they are “pristine” highlands, but in consideration of the
fact that the highland surface is formed from intense cratering
bombardment, that term is misleading. The point is that this
highland area has not been covered by such a heavy layer of
basin ejecta that earlier cratering events have been obscured.

Figure 6.1.104-137M. The Humorum Basin Region, the middle and lower area of this photo, includes the multi-ringed Humorum Basin itself, the Nubium
Basin to the east, southern Oceanus Procellarum to the north, and the heavily cratered highland area to the south. The bright-rayed crater Tycho is also within
this highland region. Northeast of the Humorum Basin Region is the Imbrium Basin and the bright craters (left to right) Aristarchus, Kepler, and Copernicus.

Basin Region

Humorum



Photographic Atlas

Lunar Orbiter

Figure 6.2. Clementine albedo display of the Humorum region. The floors
of the basins in this region are flooded with dark mare material. Mare
Humorum is left and above the center of the image and Mare Nubium is to
the upper right. Oceanus Procellarum is near the top of the image. Tycho’s
bright ray pattern can be seen across both highland and mare surfaces. This
is a section of the PIGWAD' Mercator projection; the center of this figure is
at 30° west longitude and 30° south latitude and the squares are 30° on a
side. Sources: NRL and USGS, with permission.

The juxtaposition of so many basins in the vicinity of
Oceanus Procellarum has allowed rising mare lava to form a
nearly continuous sea, interrupted only by the rims of basins
and craters. The extent of this mare material is clear in the
Clementine albedo map of Figure 6.2.

The albedo map distinguishes between the bright crust
material, the dark mare material from the upper mantle, and
the rays, which are newly exposed crust material thrown out
from young craters. The rays will darken with exposure to
the solar wind, which frees metallic iron from the surface
mineral grains in a process known as maturing. Rays from
impacts into highlands that fall on mare are different in com-

position than mare, so the brightness contrast persists long
after maturing (Hawke, 2004). In additional time, gardening
by subsequent crater bombardment will cause the ray mater-
ial to blend with the mare surface as well.

Apollo Landings

Apollo 12, the second mission of humans on the Moon, ex-
plored and returned samples from a shallow mare surface of
southeast Oceanus Procellarum (LO4-125H3). The mission
confirmed the character of maria established for Mare
Tranquillitatis by Apollo 11. However, this mare proved to
be 500 million years younger and much richer in KREEP.
Some samples appear to be from rays of Copernicus and
establish the time of that impact as 810 million years ago.

Apollo 12 landed within walking distance of Surveyor 3,
establishing a new level of landing accuracy that permitted
future missions to be targeted for even more interesting
landing sites. Parts of Surveyor 3 were returned to Earth and
examined for the character and rate of micrometeoroid
impacts.

Apollo 14 explored and sampled a geologic structure
called the Fra Mauro Formation (LO4-120H3). The Fra
Mauro Formation is material ejected from the Imbrium
Basin. The samples, together with samples from Apollo 15,
establish the time of the Imbrian impact as 3.85 billion years
ago. Other samples returned by Apollo 14 are older, in the
range of 3.87 to 3.96 billion years, and may come from
impacts in the subsurface below the Imbrian ejecta.

6.2. High-Resolution Images

Table 6.1 shows the high-resolution images of the Humorum
Basin Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east; that is, they are in the
order LO4-155H2, LO4-155H3, LO4-156H, LO4-148H1...
LO4-108H3.

Subframes LO4-155H1, LO4-142H1, LO4-131H1, LO4-
119H1, and LO4-107H1 are not included in print because
they are redundant with adjacent exposures to the east and
west (they are included in the enclosed CD). The subframes
of exposures 156H, 132H, and 113H have each been com-
bined into full rectangular images.

Latitude Range Photo Number

0-27 N 162 157 150 144 138 133 126 121 114 109 i
0-27'S 161 156 149 143 137 132 125 120 113 108 101
27 5-56°S 160 155 148 142 136 131 124 119 112 107 100
56 5-90°S 154 130 118 106 094
Longitude 62 W 58 W 49 W 41 W 35W 30W 23 W 16 W mnow 3IW 4E
at Equator

Table 6.1. The cells shown in white represent the high-resolution photos of the Humorum Basin Region (LO4-XXX H1, -H2, and -H3, where XXX is the
Photo Number). The Orientale Basin Region is to the west, the Imbrium Basin Region is to the north, the Eastern Basins Region is to the northeast, the

Nectaris Basin Region is to the east, and the South Polar Region is to the south.

! Planetary Interactive G.I.S.-on-the-Web Analyzable Database
(USGS)
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55 W

LO4-156H
Sun Elevation: 16.6°
Altitude: 2721.57 km

This frame shows the transition
between the highlands and southern
Oceanus Procellarum. The linear
feature that runs southeast from
Hermann is an example of a wrinkle
ridge, also known as a mare ridge; such
features often appear in a large mare
surface. Their origin is unclear, but
it may be related to cooling and
solidification of the lava.

As is common along the “shore” of
Oceanus Procellarum, radial fractures
are revealed by rimae (rilles) at the
surface. Flooding by lava, cooling, and
possible isostatic adjustment are likely
sources of the fracturing.

Note the 80-km buried crater at
the edge of Oceanus Procellarum near
Rimae Sirsalis; only part of its rim
remains visible, like the smile of
the Cheshire Cat. Striations between
Fontana and the mare support the
hypothetical basin under southern
Oceanus Procellarum, as discussed in
the introduction to the chapter on the
Imbrium Basin Region (Chapter 7).

Basin Region

Humorum
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LO4-132H
Sun Elevation: 18.9°
Altitude: 2717.39 km

Montes Riphaeus is a remnant of very
old crust. It may be an arc of the
rim of a large crater containing Mare
Cognitum. The intersecting ray patterns
come from Copernicus to the northeast
and Kepler to the northwest. The small,
sharp, rayed craters such as Euclides
could be secondaries from Copernicus.

In the lower left of this picture, the
dark mare is probably in a trough of the
Humorum Basin. The remains of an
outer ring appear as an island above it.

Rimae Hippalus are nearly concentric
with the Humorum Basin, but they
trend outward toward the north instead
of curving around to the northwest.
Rima Agatharchides is part of the total
system of rimae, which is influenced by
Mare Humorum and Mare Nubium and
the underlying basin structures. These
rimae traverse older features like the
rim of Hippalus, but are interrupted
by newer craters such as the one about
30 km southeast of Hippalus. The ejecta
from the newer craters fills in the rimae.
The bounding ring of the Humorum
Basin has been suppressed here, pos-
sibly because of interactions with the
preexisting ring and melt sheet of the
Nubium Basin.
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Photographic Atlas

Lunar Orbiter

Nicolet

Promontorium *
Taenarium,

NUBIUM

{258 «

O Lippershey

LO4-113H
Sun Elevation: 20.1°
Altitude: 2718.02 km

Lalande has a spectacular ejecta pattern
because it impacted an area with in-
herently light-colored material and de-
posited it on the dark surface of Mare
Insularum. The deep troughs to the
southeast of Lalande and radial to it are
too large to be caused by Lalande and
are from the Imbrium Basin.

An ancient 160-km flooded crater
may underlie the mare surface in the
center of this picture. Promontorium
Taenarium could be a remainder of the
rim of this crater, associated with the
intersection between that rim and a ring
of the Nubium Basin. The mountain
northwest of Lassell would be the top of
a complex central peak of the 160-km
flooded crater.

Rupes Recta (straight wall) is hard to
explain. It is not curved like the scarps
on the inside of basin rings, and it does
not appear to be directly related to the
shore of Mare Nubium. It may be a
continuation of the degraded scarp near
Deslandres. Albedo patterns on the
eastern border of Mare Nubium are also
unusual. Perhaps this is dark mantling
material, pyroclastic fountain material
that occurs near mare borders and
spreads ballistically beyond the mare.
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Photographic Atlas

Lunar Orbiter

7.1. Overview

The Imbrium Basin Region includes a number of interesting
features such as Oceanus Procellarum, Copernicus, Kepler,
the Aristarchus plateau, and Vallis Schroteri (Schroter’s
Valley) as well as Mare Imbrium, the Fra Mauro Formation
of Imbrium ejecta, and surrounding maria. Because these
features are so large, yet closely related, the region stretches
from the western edge of the visible Moon to the central
meridian and from the equator to 60° north.

The Imbrium Basin

The Imbrium Basin (Figure 7.1) has had a larger influence on
the current appearance of the near side surface of the Moon
than any other single feature. Although mare flooding hides
much of the structure of Imbrium, enough remains to associ-
ate its major features with those of Orientale and other
basins. Specifically, the basin has an inner circular depressed
floor, largely flooded with mare. A scarped rim bounds this
depression, and beyond the rim is a trough and then addi-
tional raised rings. Flooding by surrounding mare has ob-
scured much of the ejecta blanket except for the southeast
sector. Here the Fra Mauro Formation can be seen to be
similar to the Hevelius Formation of the Orientale Basin.
Chains of secondary craters that radiate from the central part
of the Imbrium Basin extend beyond this region nearly to the
eastern limb.

When the mountain ranges that form the topographic ring
of the Imbrium Basin were named, they were not perceived
to be parts of a continuous circle; the sectors of the ring
were given the names of familiar mountain ranges on Earth.
Clockwise from the north they are Montes Alpes (Alps,
France, Switzerland, and Italy), Montes Caucasus (Caucasus,
Georgia), Montes Apenninus (Apennines, Italy), Montes
Carpatus (Carpathians, Romania), and Montes Jura (Jura
Mountains, Switzerland, France).

Oceanus Procellarum

Oceanus Procellarum (Figure 7.2) contains the largest dis-
tinctly named area of mare on the Moon. It has often been
considered as evidence of a possible enormous ancient basin,
the Procellarum Basin, perhaps three times the size of the
Imbrium Basin and underlying that basin as well as Oceanus
Procellarum. This hypothesis is supported by the determina-
tion that the crust under this area is thinner than in the rest

Figure 7.1. LO4-134M. The inner edge of the topographic ring of the
Imbrium Basin is shown as a dashed circle, actually an ellipse here because
the center of the photo does not coincide with the center of the basin.
Within this ring, most of the area is covered with mare material (Mare
Imbrium). Beyond this ring is a trough partly filled with mare (Mare Frigoris
to the north and Mare Insularum and Mare Vaporum to the south). The
diameter of the topographic rim is 1160 km.

of the Moon, perhaps caused by the removal of the top layer
of crust by the massive impact. Additional evidence of the
uniqueness of this region is provided by remote sensing, and
by sample collection, which shows the region to be rich in
KREEP minerals and thorium.

However, there are problems with that hypothesis. In par-
ticular, there is little sign of massive radial ridges and troughs
of an ejecta blanket or external rings that would be expected
to accompany such a large basin. Also, there are positive fea-
tures (mountains) that protrude from the mare that are hard
to reconcile with a large, flat central floor, even allowing for



Figure 7.2. L04-162M. The large dark area in this picture is Oceanus
Procellarum. Mare Imbrium is in the upper right part of the picture. The
bright-rayed craters are Aristarchus and Kepler (below and to the right of
Aristarchus). The Grimaldi Basin is to the lower left of Oceanus Procellarum
and the Humorum Basin is to the lower right.

internal rings. It has also been suggested that Oceanus
Procellarum is an outer trough of the Imbrium Basin. If so,
it is an extraordinarily large area of mare to fill a trough.

Examination of elevation data from Clementine and
earlier spacecraft missions suggests a third explanation of
Oceanus Procellarum. Mare lava shrinks as it cools, leaving
depressions where it is deepest. Roughly circular depressions
suggest multiple basin-sized depressions beneath Oceanus
Procellarum (McEwen, 1994). Supporting evidence of the
depth of the flooded depressions has come from analysis of
partially flooded crater rims (De Hon, 1979). Further, arcs of
two circular rims can be seen in the northern part of this
mare (Figure 7.3).

The proposed Lavoissier-Mairan and Cardanus-Herodotus
Basins have influenced the formation of two plateaus, which
help in determining the basin sizes and locations. The plateau
west of the Montes Jura (Jura Mountains) was formed by
ejecta from the proposed Lavoissier-Mairan Basin, the
Imbrium Basin, and a large crater under Sinus Roris. The
Aristarchus plateau may have been built up by the eastern
intersection of the main rings of these two proposed basins
(Byrne, 2004). Analysis of data from Lunar Prospector has
revealed patches of high-thorium material surrounding these
proposed basins, especially the northern one (Gasnault,
2002).

A similar examination of the topography of the southern
part of Oceanus Procellarum (Figure 7.4) shows a depression
that may reveal a basin. In this case, the lava has left exposed
remnants of crater rims and perhaps part of a complex
central peak or inner ring. There are indications that a basin

Figure 7.3. LO4-175M. These two possible basins, called here the
Lavoissier-Mairan Basin (to the north) and the Cardanus-Herodotus Basin
(each named after craters near their proposed main rings) are inferred from
circular depressions revealed in Clementine elevation data. These basins
may have attracted the lava that flooded the northern part of Oceanus
Procellarum.

in this area could be south of the position shown in Figure
7.4 (the possible Flamsteed-Billy Basin of Wilhelms, 1987),
but striations beyond the mare to the southwest are a better
fit to the location shown. Clementine data show a distinctly
higher elevation of the mare floor between the Cardanus-
Herodotus Basin shown in Figure 7.3 and the Reiner-
Letronne Basin in Figure 7.4.

The possible existence of these basins does not refute the
contribution of an outer trough of the Imbrium Basin to
the depression beneath the northeastern part of Oceanus
Procellarum. Nor do these basins in themselves explain the
thinness of the crust and the unusual distribution of ra-
dioactive, rare earth, and related elements (KREEP) in this
part of the Moon. This leaves room for the Procellarum
Basin hypothesis, so long as the basin formed when the
crust and early mantle were still soft enough for isostatic
adjustment.

Fra Mauro Formation

At one time the Fra Mauro Formation was thought to contain
numerous volcanic features, but other geologists believed
it to be ejecta from the Imbrium Basin. The formation is
so widespread that dating the Imbrium impact helps estab-
lish ages of many other features. Analysis of samples from
Apollo 14 (Humorum Basin Region) and Apollo 16 (Nectaris
Basin Region) established that this formation was deposited
from the Imbrium Basin impact. See the chapters for these
regions for further discussion of these Apollo landings and

Basin Region

Imbrium
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Figure 7.4. Part of LO4-162M. The dashed circle outlines a possible basin, the Reiner-Letronne Basin that is inferred from a depression in Clementine
elevation data. This basin may have attracted the lava that flooded the southern part of Oceanus Procellarum. The Grimaldi Basin is to the west and the
Humorum Basin is to the southeast. The southeastern part of this possible basin is in the Orientale Basin Region and the southeast part is in the Humorum

Basin Region.

their contributions to our understanding of the Imbrium
Basin.

7.2. High-Resolution Images

Table 7.1 shows the high-resolution images of the Imbrium
Basin Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east. That is, they are in the

order LO4-189H1, LO4-189H2, LO4-189H3, LO4-183H1,
LO4-183H2 ... LO4-162H1, LO4-162H2... LO4-110H3.

High-resolution photos of Mission 4 did not cover the
extreme northwestern part of this region. Therefore, the first
photo in this chapter is LO4-189M, which completes the near
side coverage in this area.

Subframes LO4-183H3, LO4-170H3, LO4-158H3, LO4-
145H3, LO4-134H3, LO4-122H3, and LO4-110H3 have not
been printed because of redundancy but are in the enclosed
CD. The subframes of LO4-152, LO4-144, L04-138, LO4-121,
and LO4-114 have been merged into full frames.

Lattitude Range Photo Number

56 N-90 N 190 | 176 164 152 140 | 128 116 104

27 N-56 N 189 | 183 | 175 | 170 | 163 | 158 | 151 | 145 | 139 | 134 | 127 | 122 | 115 | 110

0-27 N 188 | 182 | 174 | 169 | 162 | 157 | 150 | 144 | 138 | 133 | 126 | 121 | 114 | 109
0-27'S 195 | 187 | 181 | 173 | 168 | 161 | 156 | 149 | 143 | 137 | 132 | 125 | 120 | 113 | 108 | 101
Longitude BOW|B82W|76W|68W|[62W|56W |49 W |41 W |35W[30W |23W |[T6W|TOW |3W | 4E
at Equator

Table 7.1. The cells shown in white represent the high-resolution photos of the Imbrium Region (LO4-XXX H1, -H2, and -H3, where XXX is the Photo
Number). The Orientale Basin Region is to the southwest, the Humorum Basin Region is to the south, the Eastern Basins Region is to the east, and the North
Polar Region is to the north.
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LO4-189H
Sun Elevation: 18.4°
Altitude: 2877.84 km

Striations on and within the rims
of Repsold, Gerard, von Braun, and
Lavoisier may have come from the pos-
sible Lavoissier-Mairan Basin. The east-
west ridges and valleys northeast of
Repsold may be ejecta from a crater
under the nearby bay of Oceanus
Procellarum. In the 50-km crater west of
von Braun, there is a moat of lava
around the inside of the rim.

The bulging floors of these craters are
heavily fractured, probably caused by
tensile failure of the floor material, a
melt sheet, as it is forced to expand. The
fractures on the floor of Repsold cross
crater rims without deflection; they are
responses to deep stress.

The eastern edge of Oceanus Pro-
cellarum shows a thinning layer of
mare, leaving many crater rims. Some
craters such as Aston and Voskesenkiy
are internally flooded with mare, which
must have come from below. The
degraded 55-km crater southeast of
Voskesenkiy shows striations that may
have come from the possible basin in
northern Oceanus Procellarum.
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LO4-175H
Sun Elevation: 19.2°
Altitude: 2871.76 km

The field of sharp secondaries south of
Oenopides and Babbage was deposited
from the Eratosthenian crater Pytha-
goras. Later in the Eratosthenian Period
a fresh lava flow south and west of
Markov submerged parts of the sec-
ondary field. A deep trough and ridge
pattern runs about 15 km south from
Markov. It may be ejecta from the
possible basin under northern Oceanus
Procellarum.

Rays from a crater on the north rim
of Oenopides intersect with rays from
Lichtenberg; this cloudy appearance
helped give Oceanus Procellarum its
name (“Ocean of Storms”). The dark
streak running east to west, passing just
south of Lichtenberg, is one of the latest
flows of lava in the maria. It covers rays
and ejecta of the bright-rayed crater
Lichtenberg. Although very few lava
flows have taken place after the Era-
tosthenian Period, this particular flow
has taken place in the Copernican
Period, which began on the order of
1 billion years ago. Nearly all mare sur-
faces formed during the earlier Late
Imbrian Epoch and the Eratosthenian
Period.

Basin Region

Imbrium
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i LO4-162H
©Colgi Sun Elevation: 17.1°
Zover Altitude: 2669.94 km
These spectacular bright rays radiate
g¢@ from the Copernican crater Glusko, far
25 N to the southwest (L04-174H1 and -H2,
in the Orientale Basin Region). Wrinkle
ridges are major topographic features of
this area of deep mare, probably formed
to relieve compression stresses as lava
subsided under a hardening surface.

Luna 8 (1965) was nearly successful
but fired its retro-rocket a bit late and
was destroyed by an excessively hard
landing.

Luna 9 was fully successful, the first
spacecraft to land beyond Earth. Its
camera viewed the surrounding area,
named Planitia Descensus (Plain of
Descent).

Rimae Hevelius reveal fractures that
are radial and circumferential to the
rounded edge of the mare. The dense
mare material makes the surrounding
areas bend inward toward the mare,
inducing tensional forces that are re-
lieved by V-shaped fractures (whose
width is greatest where the surface ele-
vation is highest). Striations in the rim
' of Hevelius and the area southeast of
@Galﬁa_ai . Lohrman are radial to the Orientale

i . Basin, about one radius away from the

- rim of that basin. This is the “type area”
of the Hevelius Formation (ejecta from
Orientale).

+ Luna @
Wi

1

40 km ot

i J % [uha @
+Planitia
{ . Descensus
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Sun Elevation: 19.1°
Altitude: 2668.99 km

This area just east of the Aristarchus
plateau has relatively thin mare cover-
age; it is higher than the central mare
surfaces of either Oceanus Procellarum
or Mare Imbrium. Numerous rilles (and
the lakes that fed them) carried lava
from the vicinity of Prinz to the north.
Montes Harbinger is probably a rem-
nant of the topographic ring of the
Imbrium Basin.

Some of the valleys of Rimae Prinz
are quite wide. Like meandering
streams on Earth, some sinuous rilles of
lava on the Moon are dynamic. In time,
their individual bends move in a down-
stream direction and sweep out a wide
valley.

The rays from Kepler, coming
from the southeast, meet rays from
Aristarchus, coming from the north-
west. Kepler is larger than Aristarchus
but is further away from the center of
the picture. Note the pair of overlapping
craters near 7° N, 43° W (the larger
of the overlapping craters is called
Bessarion B). The unusually sharp
septum between the two suggests a si-
multaneous impact of the two craters;
neither has pushed wall material into
the other.

The flooded «crater rims below
Maestlin show striations from the
Imbrium Basin.

Basin Region

Imbrium
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Photographic Atlas

Lunar Orbiter
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Fedorov &
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LO4-138H
Sun Elevation: 18.3°
Altitude: 2670.70 km

Oceanus Procellarum meets Mare
Imbrium (upper right) near Mons
Vinogradov, which is part of the highest
ring of the Imbrium Basin. The dark-
ness of the mare surface, plus the pat-
terns of Dorsum Aduino and the long,
narrow Rima Brayley suggest a young
lava flow of low viscosity. Rima Brayley
appears to guide lava in each direction
away from a low rise near crater
Brayley.

The knobby terrain curving along the
right side of this picture is part of
a circular feature that bounds Mare
Insularum. The shapes of the interior of
Kepler and its wall have been disrupted
by the crater near its northern rim. This
impact, being younger than Kepler,
must have added its ray pattern on top
of the one from Kepler itself. Southwest
of Kepler, projecting from the mare
surface of Oceanus Procellarum, are
ridges and valleys radial to the Imbrium
Basin. They are probably exposed be-
cause they top the first circumferential
ring of the Imbrium Basin outside of its
highest ring, the ring that bounds the
trough occupied by Mare Frigoris.
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Dorsum
Grabau

¥

Timocharis

Heinrich )

MARE IMBRIUM

LO4-121H
Sun Elevation: 19.6°
Altitude: 2681.82 km

Timocharis is a crater with moderately
sharp features but whose ray pattern has
blended with the surrounding terrain
due to exposure to the solar wind and
gardening by meteorite bombardment.
These characteristics, plus measurements
of craters on its floor and ejecta, establish
its age as Eratosthenian.

Copernicus is just south of Montes
Carpatus, the local name of the highest
ring of the Imbrium Basin. The ejecta
pattern of this moderately young and
spectacular crater is typical of both large
craters and basins. A rampart of material
is thrown outside of the rim. Further out,
there is a heavy blanket of ejecta with
radial striations. At about one radius
away from the rim, the ejecta blanket
thins, leaving uncovered areas, and then
becomes a field of secondary craters for a
distance of about one diameter away
from the rim. Rays of fine, bright mater-
ial extend for many diameters.

Well south of Copernicus, there are
ridges and valleys from the Nubium
Basin (overlain with Imbrium secon-
daries). A pair of simultaneous im-
pactors produced Fauth and its smaller
unnamed companion.

Basin Region

Imbrium
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Photographic Atlas

Lunar Orbiter

Pupin
MARE IMBRIUM

LO4-114H
Sun Elevation: 19.3°
Altitude: 2687.21 km

Montes Apenninus marks the rim of the
Imbrium Basin and the edge of Mare
Imbrium. As in other maria and other
parts of Mare Imbrium, there are radial
and circumferential ridges near this
edge of the mare. Pupin is interesting
because it is a bright mound with a
central crater and no ray pattern, sug-
gesting that it may be a volcanic feature.
A pair of matched impactors may have
caused Feuillee and Beer. Wallace has
been nearly flooded, an indication of
the depth of lava there.

Sinus Aestuum was formed by lava
flowing into the valley south of the rim
of Imbrium, as Mare Frigoris covers
the valley north of the Montes Alpes.
Eratosthenes is the type crater of the
Eratosthenian Period; it formed after
Sinus Aestuum was flooded. long after
the Imbrium impact. However, rays have
been nearly blended away and its rim
structure has been slightly degraded.

Stadius, flooded by lava that has been
covered by ejecta from Eratosthenes,
must be from an earlier time. Dark
mantling material surrounds Gambart
and the nearby striations from Nubium.
Surveyor 2 (September 1966) crashed
after an unsuccessful midcourse cor-
rection.
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Chapter 8

Nectaris Basin Region

8.1. Overview

Basins, Maria, and Highlands

The Nectaris region (Figure 8.1) has extensive highlands, in-
tensively cratered terrain whose large-scale topography has
been established in very ancient times (in the Pre-Nectarian
Period).

From the time of the formation of the Nectaris Basin, the
highlands have been affected by ejecta (including secondary
impactors) from basins such as Nectaris and Imbrium and also
from craters such as Tycho, whose rays can be seen streaking
across the southeast portion of the photo in Figure 8.1.

Figure 8.1. LO4-096M. This picture is centered on the southeastern part
of the central highlands of the near side. The small mare east of the central
highlands is Mare Nectaris. It occupies the middle of the Nectaris Basin,
which is much larger than the mare. East of Mare Nectaris, at the edge of the
picture, is the western portion of Mare Fecunditatis. North of Mare Nectaris
and Mare Fecunditatis is Mare Tranquillitatis in the Crisium Basin Region.

Figure 8.2. Part of LO4-083M. The arc of cliffs outlined by the morning
sun is the Rupes Altai (the Altai scarp). It outlines the major ring of the
Nectaris Basin.

An especially interesting part of this region is the area
where the Nectaris Basin intersects with the Fecunditatis
Basin to the west and the Tranquillitatis Basin to the north.

Figure 8.2 illustrates the size of the Nectaris Basin, much
larger than Mare Nectaris.

Figure 8.3 shows three of the rings of the Nectaris Basin.
These rings have been drawn so that the second ring from
the center is the square root of 2 greater than the inner ring
and the third ring from the center is the square root of 2
greater than the second ring. With this constraint, the size
and center of the set of rings have been adjusted to match
topographic highs.

Like other major basins, Nectaris has thrown a heavy
blanket of ejecta that forms radial ridges and troughs outside
of its major ring, the rim. In the case of Nectaris, this ejecta
blanket has been degraded by further basin impacts to its
north and east. However, the formation is clearly seen to the
south (Figure 8.4).

Basin Region

Nectaris
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Figure 8.3. LO4-084M. The ridge marked by the innermost ring, whose
eastern sector passes over the Montes Pyrenaeus (LO4-065H2), bounds the
central area of mare flooding (partly blocked or covered by ejecta from later
craters). The outer ring is the main ring; aligned with Rupes Altai. Troughs
between the rings are partly filled with mare.

Apollo Landing

Apollo Mission 16 landed in the midst of the south-central
highlands (LO4-089H3), near the boundary between the
Cayley and Descartes Formations. This was the first mission
with a Lunar Roving Vehicle, which permitted the astronauts
to reach both formations. Before the mission, these terrain
types were thought to be volcanic. In the course of the mis-
sion it became clear to both the astronauts, who were partic-
ularly well trained in geology, and the support geologists at
Mission Control that ejecta from Imbrium had covered both
areas. The astronauts revised their sample collection strategy
to improve characterization of the impact-dominated
terrain. Analysis of the samples helped establish the age of
the Imbrium impact event (3.85 billion years). In addition,
some samples from the Descartes Formation, probably exca-

Figure 8.4. L04-052M. These deep troughs and ridges south of the
Nectaris Basin were produced by ejecta from that basin. The pattern is
similar to the Fra Mauro Formation of the Imbrium Basin, to the Hevelius
Formation of the Orientale Basin, and to the secondary-impact crater fields
of those basins.

vated from an underlying layer of ejecta from the Nectaris
Basin, were dated at 3.92 billion years.

8.2. High-Resolution Images

Table 8.1 shows the high-resolution images of the Nectaris
Basin Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east. That is, they are in the
order LO4-100H1, LO4-100H2, LO4-100H3, LO4-101H1,
LO4-101H2, LO4-101H3, LO4-095H1... LO4-053H3.

Photos LO-095H1, LO-083H1, and LO4-071H1 are redun-
dant and have not been printed, although the cleaned images
are in the enclosed CD.

LO096H and LO077H are printed as full frame.

Latitude Range Photo Number

0-27 N h 102 097 090 085 078 073 66 061 054

0-27 S 108 101 096 089 084 077 072 65 060 053 046
27 5-56 S 107 100 095 088 083 076 071 64 059 052

56 5-90S 094 082 070 058 044

Longitude 3IW 4E 10E 10E 16 E 24 E 30E 38E 49 E 57 E 63 E
at Equator

Table 8.1. The cells shown in white represent the high-resolution photos of the Nectaris Basin Region (LO4-XXX H1, -H2, and -H3, where XXX is the Photo
Number). The Humorum Basin Region is to the west, the Imbrium Basin Region is to the northwest, the Serenitatis Basin Region is to the north, the Eastern

Basins Region is to the east, and the South Polar Region is to the south.
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Bumham

A58

Playfair |
N

L0O4-096H1
Sun Elevation: 21.8°
Altitude: 2722.26 km

The fresh, sharp craters in the cluster
southeast of Hipparchus are all bright in
Clementine albedo data. The rays and
bright ejecta come mostly from the
crater to the northeast of Hind. The
mottled dark areas are concentrated in
low-lying terrain, with the exception of
a dark plateau south of Lade with sharp
edges that may be a flow. Clementine
gravity data show a positive anomaly
here that is similar to those under mare
areas, but weaker. Could there have
been an early stage of mare formation
here that did not go to completion?

Burnham, in the midst of light plains,
has a roughly circular raised rim, but
the floor is not depressed. Further,
the rim is breached with grooves that
suggest flow to the outside. Between
Burnham and Abulfeda there is another
irregular rim, surrounded by a flow with
a lobate edge. These features may have
been produced by molten ejecta from
the Nectaris Basin.

The ridge and the crater chain near
Playfair are from the direction of the
Nectaris Basin to the east-northeast,
as are many other striations in this
area. Many of the craters show signs of
being covered by Nectaris ejecta and so
are considered Pre-Nectarian. However,
Playfair is relatively unmarked, so it has
been classified as Nectarian.

Basin Region

Nectaris
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MARE LO4-077H
TRANQUILLITATIS \ Sun Elevation: 22.9°
Altitude: 2729.55 km

Torricelli may have been formed by a
pair of impactors. The rim of a flooded
88-km crater surrounding Torricelli can
be seen just above the mare surface.
There is a positive gravity anomaly at
Sinus Asperitatis, suggesting that it had
its own source of lava. The last (surface)
flow of southern Mare Tranquillitatis
did not enter the sinus; its edge can be
seen at the northeast sector of Sinus
Asperitatis.

The northwestern part of Mare
Nectaris has been covered with ejecta
from Theophilus, covered in turn with
rays from Madler. A couple of small
(about 2 km) craters have penetrated
the Theophilus ejecta to produce their
own dark halos of mare material. It
appears that a landslide from a hill to
the north has cascaded over the rim of
Madler onto its floor, as well as over the

ejecta blanket of Madler, exposing very
158 light material.

MARE The next ring inside of Rupes Altai
NECTARIS can be seen arcing across this image,
passing halfway between Piccolomini
and Fracastorius. The next inner ring
is tangent to the southern rim of Fra-
castorius. Imbrium secondaries, crater
chains, and other ejecta cover this part
of the floor of the Nectaris Basin.

ﬁ;nﬁmlm \) .

‘r‘ /_'_(

Basin Region

Nectaris
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Photographic Atlas

Lunar Orbiter

58

()]
Messier

Amontons

Goclenius

MARE FECUNDITATIS

@lelot

LO4-060H
Sun Elevation: 23.3°
Altitude: 2737.76 km

Messier and its companion to the west
(called Messier A) are characteristic in
shape to low-angle (about 5° from the
horizontal) impacts of a lower-density
material into a higher-density material.
Messier A may actually have been caused
by a pair of impactors. The ray pattern of
these Copernican craters takes three
directions: to the left and right of the
impact axis and downstream. Except for
the few surface features, this area shows
a deep mare lava floor fed by a pluton of
rising lava from the mantle.

The southern part of Mare Fecun-
ditatis (east of Monge and Cook) has
probably flooded an intersection of
troughs (LO4-060H1). The main ring of
the Fecunditatis Basin passes through
the low ridge between Crozier and
McClure.

This area of Mare Fecunditatis may
have flooded a depression formed by
the intersection of troughs from the
Fecunditatis, Nectaris, and Balmer-
Kapteyn Basins. The main ring of the
Nectaris Basin passes through Borda
and runs west of Biot. Vallis Snellius is
radial to the Nectaris Basin.
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Photographic Atlas

Lunar Orbiter

Chapter 9

Serenitatis Basin Region

has formed a circular depression that was subsequently (long

L
9.1. overV|ew after the impact event) filled with lava erupted from below,
forming a mare. The Fecunditatis Basin, whose edge is visible
The Serenitatis Basin Region stretches from Mare Imbrium,  in the lower right-hand corner of Figure 9.1, is covered in the
whose eastern edge is near the 0° meridian, across Mare  Nectaris Basin Region (see Chapter 8).
Serenitatis and Mare Tranquillitatis to the western edge of The diameters of the main rings of these four basins
Mare Crisium. (Spudis, 1993) are as follows:

A series of four basins, Imbrium, Serenitatis, Tranquillitatis,
and Fecunditatis, cover an arc of 120°, one-third of the cir-
cumference of the Moon. Each member of this chain of basins e Serenitatis: 920 km

e Imbrium: 1160 km

MARE
IMBRIUM

MARE
SERENITATIS |

L)

MARE -
Sinus VAPORUM P
Aestuum g %, TRANQUILLITATI

3

Pl (8 e 4
3] B (R
] e “é “\‘ ) ' ’ ;‘u

el |

Figure 9.1.1L04-097M: Serenitatis Basin Region. The Imbrium, Serenitatis, and Tranquillitatis Basins underlie their respective maria. Sinus Aestuum lies in
an outer trough of the Imbrium Basin, and Mare Vaporum lies in a depression formed by the intersection of outer troughs of the Imbrium and Serenitatis
Basins. Mare Frigoris lies partly in the northern part of the same outer trough of the Imbrium Basin as Sinus Aestuum and Mare Vaporum.



e Tranquillitatis: 700 km
e Fecunditatis: 690 km

To provide a sense of scale, Spain and Portugal would be a
close fit in Mare Serenitatis. Massive mountain ranges were
thrown up at arcs of the main ring of these basins, especially
where the main rings of two or more basins come together.
For example, at the boundary between the Imbrium and
Serenitatis Basins, Montes Apenninus (to the south) rise as
much as 4,430 m (14,400 feet) above the nearby mare surface.
Radial ridges formed by ejecta from the Imbrium event can
be seen south of Mare Serenitatis, running for 500 km. Such
ranges and ridges are formed by impact in a matter of
minutes and hours.

Serenitatis Basin

Mare Serenitatis is unusual in that it has apparently covered
two basins: the Serenitatis Basin and an older, smaller basin
north-northeast of the main Serenitatis Basin called the
Northern Serenitatis Basin. The main ring of the Serenitatis
Basin is interrupted in the sector where it would have
crossed the floor of the older basin, perhaps suppressed by a
melt sheet within the main ring of that basin. Similarly, the
melt sheet of the Serenitatis Basin may have suppressed the
main ring of the younger Imbrium Basin where it would have
crossed the floor of the Serenitatis Basin. In the same way,
the melt sheet of the Tranquillitatis Basin may have sup-
pressed the main ring of the Serenitatis Basin where they
intersect.

Apollo Landings

Apollo 11 landed on Mare Tranquillitatis (LO4-085H1), the
first landing of humans beyond Earth and the first mission to
return rock samples from beyond Earth. The samples col-
lected by Armstrong and Aldrin established many of the
characteristics confirmed by subsequent missions. The rocks
were composed of basalt, a complex material that hardens
from lava flows when molten rock from the mantle (the
region of relatively dense rock below a crust) rises to the
surface. On Earth, basalt paves the floors of the oceans and
erupts from volcanoes. The lunar soil and rocks are free of
organic compounds and of volatile elements and compounds
(hydrogen, sulfur, sodium, and water). The age of the basalt
at Tranquillitatis Base was found to be 3.65 aeons (billion
years).

A few rock samples were not basalt but had been thrown
from highlands by impacts. These rocks contain plagioclase,
a low-density mineral composed of calcium and aluminum
silicates. This is the material, along with other minerals that
combine easily with it, that rises from a body of molten rock
(the magma ocean of the primitive Moon) to form the crust.

Apollo 15 landed near the sinuous canyon of Rima Hadley
and Mons Hadley, a mountain in the Montes Apenninus
range, part of the main ring of the Imbrium Basin (LO4-
102H3). Equipped with a Lunar Roving Vehicle, Scott and
Irwin explored a wide variety of terrain types. The walls of
Rima Hadley showed layers of mare material from a series of
flows; the deepest flow was 60 m in depth. “Genesis Rock,” a
crustal rock aged at 4.15 billion years, was collected from the
slope below the mountain Hadley Delta. Some samples, rich
in highland plagioclase, were probably thrown to this area
from the crater Autolycus from 150 km away; the impact
event was aged at 1.29 million years.

Apollo 17 landed in a valley (Taurus-Littrow Valley) of
Montes Taurus, part of the main ring of the Serenitatis
Basin (LO4-078H3). Schmitt and Cernan, their travels aided
by a Lunar Roving Vehicle, sampled ejecta from the
Serenitatis Basin. Radioactive aging of the samples estab-
lished the age of the Serenitatis Basin to be 3.86 or
3.87 billion years. One-meter layers of orange and black
glass beads were discovered, establishing the character of
dark mantling material that is common near the edges of
maria. Some samples of material from a ray of Tycho were
dated at 109 million years.

9.2. High-Resolution Images

Table 9.1 shows the high-resolution images of the Serenitatis
Basin Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east. That is, they are in the
order LO4-102H1, LO4-102H2, LO4-102H3, LO4-103H1,
LO4-103H2 ... LO4-054H1, LO4-054H2... LO4-055H3.

Subframes LO4-098H3, LO4-086H3, LO4-074H3, and LO4-
062H3 are redundant and are not printed, although they are
included in the enclosed CD.

Photos LO4-078H, LO4-073H, LO4-066H, and LO4-054H
are printed as complete frames.

Latitude Range Photo Number

56 N-90 N 104 092 080 068 191H1
27 N-56 N 110 103 098 091 086 079 074 067 062 055 191H2
0-27 N 109 102 097 090 085 078 073 066 061 054 191H3
0-27'S 108 101 096 089 084 077 072 065 060 053 046
Longitude 3IW 4E 10E 16 E 24 E 30E 38 E 43 E 49 E 57 E 63 E
at Equator

Table 9.1. The cells shown in white represent the high-resolution photos of the Serenitatis Basin Region (LO4-XXX H1, -H2, and -H3, where XXX is the
Photo Number). The Imbrium Basin Region is to the west, the Nectaris Basin Region is to the south, the Eastern Basins Region is to the west, and the North

Polar Region is to the north.

Basin Region

Serenitatis
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Photographic Atlas

Lunar Orbiter

LO4-078H
Sun Elevation: 23.6°
Altitude: 2722.07 km

A

L:M;:;,\ $ ) Y One objective of the Apollo 17 Mission
L.mm), 4 ¢ (December 1972) in the Taurus-Littrow
o A ']MD 3 \| valley was to sample the dark mantling

A ) - material in this area. Although the ma-

terial was mostly covered, it was ex-
cavated and exposed by the impact of
local craters. Sampled by Schmitt and
Cernan, it is composed of beads of a ti-
tanium-rich composition that is dark
orange if a glass and black if crystal-
lized. Aged at 3.4 billion years old, it is
generated by volcanic fountains driven
by an unknown volatile material.

Lava may have risen through a hard-
ening surface at Dorsa Barlow, running
through Rima Jansen to the northwest
: _ and filling a crater about 50 km north
Dawes i us ¥ of Jansen. The main rings of Tranquil-

et il R AN i litatis and Serenitatis each pass between
Dawes and Fabbroni, but there are no
mountains there. Perhaps Serenitatis de-
stroyed this sector of the Tranquillitatis
ring and the melt sheet of Tranquillitatis
suppressed the Serenitatis ring.

The highlands near Copernican crater
Censorinus in the bottom right corner
of this photo mark the remains of the
southwest sector of the much-degraded
main ring of the Tranquillitatis Basin
(see Photos LO4-077H3 and LO4-072H3
in the Nectaris Basin Region).

; Wallach
©

g
it G
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Photographic Atlas

Lunar Orbiter

—_—
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Mons Esam @y ycian

(]

Vi

Diana

Grace

LO4-073H
Sun Elevation: 24.9°
Altitude: 2756.52 km

Montes Taurus separates the Serenitatis
and Crisium Basins; it is within a radius
from the rim of each, and no doubt re-
ceived ejecta from both, overlaid with
Imbrium ejecta. An 85-km crater may
underlie Sinus Amoris. Romer, Hill,
and Carmichael are fresh Copernican
craters. Chains and clusters of Imbrium
secondary craters are east of Romer.

The TAU named Diana and Grace in
1979. Were the IAU representatives
thinking of two commoners who mar-
ried royalty? Mons Esam is a mound
surmounted by a crater, in the middle
of a mare. It looks like an ash cone or
fumarole, a possible source of dark
mantling material. Rima Cauchy (a
rille) and Rupes Cauchy (a scarp) prob-
ably are both surface expressions of
faults in the mare.

The Censorinus Highlands are
located at a triple intersection of the
main rings of the Tranquillitatis and
Fecunditatis Basins and the first outer
ring of the Nectaris Basin. Shaking
may have leveled Imbrium ejecta in the
terra plains unit between Censorinus
and Leakey. There are deposits of dark
mantling along the shoreline of Mare
Tranquillitatis and on the Censorinus
highlands.
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Lacus
Bonitatis

Sinus
Concordiae

40 km

L0O4-066H
Sun Elevation: 24.2°
Altitude: 2730.73 km

This part of Montes Taurus is a high-
lands area between the Serenitatis, Tran-
quillitatis, and Crisium Basins. The
ridges near Lacus Bonitatis are radial to
the Crisium Basin, whose main ring
runs through Macrobius. Lacus Bonitatis,
running at right angles to the ridges, is in
an outer trough of Crisium.

The complex region east of Mare
Tranquillitatis has been influenced by
many basins. Sinus Concordiae has
flooded part of an outer trough of the
Fecunditatis Basin, beyond the ring that
passes north of da Vinci. Palus Somni has
received deposits from Tranquillitatis,
Fecunditatis, Crisium, Serenitatis, and
Imbrium (in that order). These deposits
cover the eastern sector of the main ring
of Tranquillitatis as it passes east of Lyell.
The highland peaks between Cauchy and
da Vinci are at an intersection of rings
from the Tranquillitatis and Fecunditatis
Basins.

An outer ring of the Fecunditatis
Basin passes near Zahringer, and the
main ring of Tranquillitatis passes by
Montes Secchi. The intersection of
these two rings, just north of Lawrence,
has raised a plateau (LO4-066H3). The
Censorinus highlands are in the bottom
left. Dark mantling material has slid off
steep slopes of these mountains, leaving
bright areas.

Serenitatis

Basin Region
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The ring that bounds Mare Crisium has
a flat-topped structure like a plateau.
In comparison with Orientale rings,
this ring is more like one of the Montes
Rook rings (inner rings) than like
Montes Cordillera (the main ring).
There is sporadic lava flooding beyond
this inner ring, just as in the Orientale
Basin.

The Crisium Basin has its own
mascon, revealing an internal source
of lava from beneath the crust. An
“isthmus” of about 200 km separates
Mare Crisium and Mare Fecunditatis.
This narrow strip of highlands is deeply
scored by ejecta from the younger
Crisium.

Luna 16 (September 1970) landed on
Mare Fecunditatis, drilled a 35-cm core,
and returned a 101-gram (101-g) sam-
ple to earth. It showed a mineral com-
position similar to that of other maria
samples, with some quantitative differ-
ences. Luna 18 (September 1971) failed
upon landing, possibly due to the rough-
ness of its landing site. Luna 20 (February
1972) returned 50 g of samples, probably
Crisium ejecta. The samples are distinctly
different from mare material; lighter in
color and higher in density, the samples
are similar to those gathered by Apollo
from other basin rims.
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Photographic Atlas

Lunar Orbiter

Chapter 10

Eastern Basins Region

10.1. Overview

The Eastern Basins Region covers roughly the area between
60° east longitude and the eastern limb (90° east longitude)
and between 60° south latitude and 60° north latitude.

The region contains part of several definite ringed basins,
Crisium, Australe, Smythii, and Humboldtianum (southern
part) in downward order of size, and the probable basin,
Balmer-Kapteyn. Each of these basins has some mare mater-
ial within it, but (with the exception of Mare Crisium) the
mare is irregular, probably because this region is midway
between the thin crust of the western and central near side
and the thick crust of the far side.

Although the basins in this region are older than Imbrium,
they are relatively free of its influence becausee the region is
mostly beyond a basin radius away from the main ring of
Imbrium.

The Crisium Basin

The Crisium Basin has a topographic rim 740 km in diame-
ter. It is one of the younger basins and is particularly inter-
esting. It represents the transition between the older basins
to the west, strongly dominated by ejecta from the giant,
relatively young Imbrium Basin, and basins near the eastern
limb and on the far side that are relatively free of the
influence of Imbrium.

In a first impression, the Crisium Basin appears to be elon-
gated in form, which might be taken as evidence of a glanc-
ing impact. On closer inspection, the shape resolves into two
circular basins, as shown in Figure 10.1.

The western, northern, and southern shores of the Crisium
Basin are nearly covered with ridges and valleys formed by
ejecta from the Imbrium Basin to the northwest. To the east,
the topography is dominated by ejecta from Crisium itself.
Clementine multispectral data show a strong difference
between the mineral signatures to the west, which is upper
crust ejected from the Imbrium Basin, and the signatures to
the east, which are believed to contain portions of lower
crust below the Crisium Basin.

The Australe Basin

The Australe Basin is partly on the near side and partly on
the far side; its center is at 52° south latitude and 95° east
longitude. Since it was formed in the Pre-Nectarian Period, it
has been severely degraded. No rings outside of the main

Figure 10.1. Crisium Basin (part of LO4-060M). Mare Crisium looks
somewhat like a flounder. Mare Fecunditatis and Mare Tranquillitatis are in
the lower left corner of the figure. Mare Marginis is far to the right. Mare
Undarum, the dark area southeast of Crisium, is in an intersection of outer
troughs of the Crisium and Fecunditatis Basins. Mare Crisium has flooded
depressions from a complex series of impacts. The circular shape of the
largest depression has been modified by a large crater or basin to the west-
northwest of the main impact and a smaller crater to the east (the “tail of the
fish”).

ring have been identified, but at least one inner ring has been
traced.

The central part of this basin has been only partially
flooded with mare lava. As seen in Figure 10.2, lava has
erupted only where impactors have formed large craters in
the basin floor. Perhaps the central Australe Basin had an ex-
tensive melt sheet that inhibited the rise of lava except where
it has been penetrated.

The Smythii Basin

The Smythii Basin, as large as Crisium, is at 2° south latitude
and 87° east longitude and straddles the eastern limb. It is
best seen in Lunar Orbiter 2 photograph 196M, shown in
Figure 10.3. There is a mascon associated with Mare Smythii.

10.2. High-Resolution Images

Lunar Orbiter 4 was planned to start its photographic
mission at the eastern limb with a series of photos like the



Figure 10.2. Australe Basin (LO4-009M). The center of the basin is slightly
left and below the center of the photo. The main ring, most pronounced in the
eastern sector, spans 30° of the lunar circumference. The dark circular feature
near the top is Mare Smythii, with radial ridges and valleys of the Smythii
Basin ejecta surrounding it. The Balmer-Kapteyn Basin straddles the termina-
tor southwest of Mare Smythii. Near the bottom of the picture is Schrodinger,
a small far side basin that nonetheless has strong radial valleys extending from
its main ring. The dark far side feature to the right is the flooded crater
Tsiolkovskiy. Half of the ancient South Pole-Aiken Basin of the far side is in
this picture. Its main ring intersects that of Australe. Schrodinger, but not
Tsiolkovskiy, is within the South Pole-Aiken Basin.

rest of the mission, systematically taking four to six expo-
sures on each orbit from near perilune, at an altitude of
about 3000 km.

Unfortunately, the thermal door (a lens cap) locked open,
leaving the optics open to the cold of space. As a result
moisture condensed on the inside of the lenses (much as dew
might settle on the outside of a lens), fogging the pho-
tographs. After analysis, the spacecraft was kept pointing at
the lunar surface (warmer than deep space) and the lens
cleared. Meanwhile, many exposures were lost or badly de-
graded. Of the planned high-resolution photos in this region,
only LO4-009H and LO4-018H are printed in this chapter.

The mission operators compensated for the loss by schedul-
ing a series of photos near the end of the mission, when the
apolune (the other end of the orbit, at about 5500 km) came
over the eastern limb. These are the photos used to cover the
Eastern Basins Region. The resolution is of course lower and
the coverage larger. As a result, two subframes from each of
these exposures cover parts of this region. The remaining sub-
frames cover parts of the North and South Polar Regions. Table
10.1 shows the high-resolution images of the Eastern Basins
Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east. The apolune photos are
in the order LO4-191H3, LO4-191H2, LO4-184H2, LO4-
184H1, LO4-178H2, LO4-178H1, LO4-177H3, LO4-177H2,

F1

i

Figure 10.3. The Smythii Basin (LO2-196M). The dark compact mare to
the upper left is Mare Smythii, with Mare Marginis above it and a small area
of mare below it. The southeastern sector of the main topographic ring of
the Smythii Basin can be seen curving from the top center and out the lower
left side of this photo.

LO4-165H3, and LO4-165H2. This seems like a confusing se-
quence but it results from the spacecraft flying from north to
south, in reverse of the usual direction. For consistency, we
follow the usual south to north convention, despite having to
present the pictures in the reverse order of their numbers.
The perilune photos are presented in the order of LO4-018H1
... LO4-018H3, LO4-009H1 ... LO4-009H3 (the usual order).

Because of the loss of photography early in Lunar Orbiter
Mission 4, high-resolution exposures in the southern part of
the Eastern Basins Region (with the exception of LO4-009)
have been lost. To identify the features of this region, a
medium-resolution photo from Mission 2 (LO2-196M) is
provided at the end of this chapter.

Lattitude Range Photo Number

56 N-90 N 191H1 177H1|1165H1{191H1

27 N-56 N 062 [191H2 177H2|165H2

0-27 N 061 |191H3 177H3|165H3| 018
0-27S 060 184H1(178H1

27 §-56 S 059 184H2({178H2 009
56 S-90S 184H3(178H3

Longitude 57E | 54E|70E | 75E| 81 E| 90E | 96 E
at Equator

Table 10.1. The cells shown in white represent the high-resolution
photos of the Eastern Basins Region (LO4-XXX H1, -H2, and -H3, where
XXX is the Photo Number). The North Polar Region is to the north, the
Serenitatis Basin Region is to the northwest, the Nectaris Basin Region is to
the southwest, and the South Polar Region is to the south. The far side is to
the east. Exposures 165 to 191 were taken from apolune in afternoon sun,
and exposures 009 and 018 were taken at perilune in morning sun. Apolune
photos were taken at about twice the altitude of perilune photos, so they
have about half the resolution and four times the area of coverage.

Basins Region

Eastern
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11.1. Overview

The North Polar Region covers the area between the North
Pole and about 55° south latitude and between the western
and eastern limbs.

Mare Frigoris extends along the southern boundary of the
region. The area near the pole is heavily cratered highlands.
Mare Humboldtianum is near the eastern limb of this region
at the center of the Humboldtianum Basin.

Figure 11.1. Mare Frigoris (LO4-190M). The white dashed lines are the 90° W and 0° E/W meridians. Mare Frigoris is the dark area stretching around the

Mare Frigoris

Mare Frigoris (Figure 11.1) extends about 1500 km in the
east-west direction but only about 300 km in the north-south
direction. Its western section is clearly circumferential to the
Imbrium Basin, filling the outer trough of that basin. It con-
nects with Sinus Roris, a large bay at the northern extremity
of Oceanus Procellarum. The eastern section of Mare
Frigoris is northeast of the Serenitatis Basin. The lava surface
of Mare Frigoris connects to that of Mare Serenitatis through
Lacus Somniorum.

Eastern

- Near side
.

: Western
NEETE (o[

North Pole, a little more than halfway to the edge of the Moon. Mare Imbrium is near the bottom of the photo and Mare Serenitatis is to its right.

Polar Region

North



Photographic Atlas

Lunar Orbiter

Eastern
Near side

Western
Near side

Figure 11.2. Humboldtianum Basin (LO4-128M). The black dashed lines
mark the 0° E/W and 90° E meridians. The small dark area in the upper right
of this picture (near the 90° E meridian) is Mare Humboldtianum in the
floor of the Humboldtianum Basin. The basin structure is obscured in this
photo by the bright ejecta and rays of the nearby Copernican crater
Belkovitch. The large dark area near the bottom left of the picture is Mare
Imbrium; Mare Serenitatis is to the east. Mare Frigoris is north of the two
maria.

The Humboldtianum Basin

The Humboldtianum Basin (Figure 11.2), near the northeast-
ern limb of the Moon, is a ringed basin that, like the
Orientale and Nectaris Basins, is sufficiently far from
younger basins that its structure is well preserved. The
ringed structure can be seen in LO4-065H1 in this chapter.

The North Polar Highlands

The heavily cratered region at the polar cap (see Figures 11.1
and 11.2) extends across the pole into the far side highlands.
The crust is thicker here, relative to the mare-filled areas to
the south. Even though there are large craters (not quite
basin sized), there is no sign of lava flooding beyond 70°
north latitude on either the near side or far side.

The North Pole

The best parts of the photos taken near the North Pole on
each of the orbits of Clementine have been carefully assem-
bled and are shown in Figure 11.3.

The highest points in this area, such as on the rims of large
craters, are in sunlight all or nearly all the time because the
axis of the Moon is within 1.5° of a right angle to the plane of

its travel around the sun (the ecliptic plane). Such a site is
especially interesting for a long-term base on the Moon
because continuous or nearly continuous solar cell power
would be available. Conceivably, solar panel farms could be
established there (or near the South Pole) and the power
could be beamed to Earth.

Nearby, on the floors of smaller, deeper craters within
Rozhdesvenskiy and Peary, there are very cold areas that
never receive light or heat from the sun (see Chapter 12).
Analysis of data from the neutron spectrometer instru-
ments on the Lunar Prospector spacecraft has detected de-
posits of hydrogen in the vicinity of these cold traps near
both poles. If the hydrogen is in water molecules, it is in
the form of crystals distributed in the lunar soil, not as
solid ice. The neutron spectrometer detects the energy of
solar wind neutrons that rebound from the nuclei of atoms
on the lunar surface. A neutron that rebounds from the
single proton in the nucleus of a hydrogen atom loses much
more energy than if it rebounds from a nucleus of a heavier
element.

See the overview in the chapter on the South Polar Region
(Chapter 12) for a discussion of how these hydrogen concen-
trations can be used.

11.2. High-Resolution Images

The Lunar Orbiter photos of the North Polar Region, like
those of the South Polar Region, have a high degree of
overlap because they were taken from a near-polar orbit. All
the rectangular sets of three subframes in a high-resolution
exposure have the pole in or near the top of the northern
subframe. The illumination angle in the middle subframes is
about 10° but the angle approaches zero toward the pole. Of
course, the pole is always within 1.5° of the terminator.

Although the polar photos were not taken on every orbit
over the poles, there is still so much overlap in the middle
and northern subframes that only every other photo is
printed here (all the photos are in the enclosed CD). Table
11.1 shows the high-resolution images of the North Polar
Basin Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east. The photos are in the
order LO4-190H1, LO4-190H2, LO4-190H3, LO4-178H1,
LO4-164H1, LO4-164H2, .... The last photo is LO4-165H1, an
apolune photo.

To fill in an area in the southwestern part of the North
Polar region, which was not photographed in high resolu-
tion, the first following page shows medium-resolution
photo LO4-189M. The planned high-resolution Lunar
Orbiter photos of the far eastern part of the North Polar
Region were spoiled by the failure of the thermal door. Near
the end of the mission, apolune photos were taken of that
area. One of these (LO4-165H1) is presented at the end of
this chapter to complete coverage of the near side North
Polar Region.
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Figure 11.3. North Pole (USGS Astrogeology, PIA00002, NASA). This mosaic covers the North Polar Region within 10° of the pole. The near side is in the
lower half of the photo.

Lattitude Range Photo Number

75 N-90 N 190H3 140H3 116H3 068H3 [ 165H1

60 N-75 N 190H2 140H2 . 116H2 068H2

50 N-60 N 190H1 | 176H1 [164H1 | 152H1 [140H1 | 128H1 [ 116H1 | 104H1 [ 092H1 | 080H1|068H]1

27 N-56 N 189, | 175, | 163, | 151, | 175, | 139, | 127, | 115, | 103, | 091, | 079, | 067, | 055 | 165H2

183 170 158 145 170 134 122 110 098 086 | 074 062

Longitude at 75W | 63W | 51W | 38W | 22W | 12W |OE/W| 7E 15E 28E | 42E 56E | 66E| 85E
50N

Table 11.1. The cells shown in white represent the high-resolution Lunar Orbiter photos of the North Polar Region (LO4-XXX H1, -H2, and -H3, where
XXX is the Photo Number). The shaded cells within the North Polar Region represent photos that are not printed in this chapter because of redundancy; they
are included in the CD. South of this region are the Imbrium Basin Region, the Serenitatis Basin Region, and the Eastern Basins Region. Exposure 165H1 was
taken from apolune in afternoon sun. The apolune photo was taken at about twice the altitude of perilune photos, so it has about half the resolution and four

times the area of coverage.

Polar Region

North
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12.1. Overview

The near side South Polar Region covers the area between
about 55° south latitude and the South Pole and between the
western and eastern limbs.

The region is entirely highlands. On a large scale, its
topography records the early over-cratered bombardment of
the Moon after the crust formed. The entire South Polar
Region is within one diameter of the main ring of the South
Pole-Aiken Basin on the far side, so it has been essentially
covered with ejecta from that basin. However, that ejecta has
been so degraded by further bombardment that it is difficult
to identify specific features such as ridges and secondary
craters that might have been due to the South Pole-Aiken
impact.

Western Sector of the South Polar
Region

The Bailly Basin, unflooded by mare, is within this sector,
toward the western limb (Figure 12.1). The lack of mare
flooding is an indicator of a relatively thick crust in this area.

Central Sector of the South Polar
Region

Figure 12.2 shows the central part of the near side South
Polar Region. The highlands here are a continuation of the
near side central highlands, a feature that reaches all the way
to the lunar equator.

Eastern Sector of the South Polar
Region

Figure 12.3 shows the eastern limb of the Moon, including
the eastern edge of the near side South Polar region. The
southern part of the Australe Basin is in this sector.

The South Pole

The best parts of the photos taken near the South Pole on
each of the orbits of Clementine have been carefully assem-
bled and are shown in Figure 12.4.

As can be seen from Figure 12.4, the sun is rarely seen at
the floors of craters that are deep relative to their size
because the lunar axis is inclined by only 1.5° relative to the
plane of its travel around the sun. More of this permanently
shadowed area is near the South Pole than near the North

Near side

Far side

South Pole

Figure 12.1. Western Sector of the South Polar Region (LO4-193M). The
white dashed line marks the western limb, the meridian at 90° degrees west
longitude. The Bailly ringed basin is in the center of this photo, in the north-
ern part of the South Polar Region. The 90° meridian runs through the crater
Hausen, adjacent to Bailly. The Orientale Basin is to the north, near the
visible edge of the Moon in this photo. Ridges of Orientale ejecta can be seen
reaching all the way to the edge of the South Polar Region.

Pole. As the surface is radiating heat to deep space and
because the dusty surface (gardened by small meteorites) is a
reasonably good insulator against thermal conductivity, the
temperature at the floors of these craters is near absolute
zero, as low as 40 degrees Kelvin. The surface dust at such
cold ambient temperatures is a good trap for volatiles such
as hydrogen that arrive there by chance. Hydrogen is avail-
able from the solar wind, in the form of ionized protons.
Such protons that impact in sunlit areas on the Moon are
likely to be neutralized and thermally excited into the space

Polar Region

South



Photographic Atlas

Lunar Orbiter

South Pole

Figure 12.2. Central South Polar Region (LO4-106M). The dashed line is
the zero meridian. The small dark area in the upper left corner of this
picture is Mare Nubium, in the floor of the Nubium Basin. The very sharp
crater south of Mare Nubium is Tycho, which spreads its rays preferentially
to the east, over the southern part of the near side central highlands. The
large crater Clavius is directly to the south of Tycho, just within the South
Polar Region. The bright area southeast of the center of the photo is due to
the ejecta of Copernican crater Stevinus. The dark splotchy area in the lower
right is the western portion of Mare Australe. The shadowed floor of the
small far side Schrodinger Basin is below and to the right of the South Pole.

around the Moon. If they do not escape, they “hop” from
place to place (landing and being reemitted).

The Lunar Prospector Mission carried instruments to
detect concentrations of hydrogen and found them near each
of the poles. The hydrogen, perhaps combined with oxygen
(plentiful in the minerals of the lunar surface) in the form of
ice, is likely to have been trapped at or near the surface of
these permanently shadowed areas.

The nature of these concentrations of hydrogen and
perhaps of ice is of great interest. If sufficiently rich concen-
trations of suitable materials can be found in the low gravity
of the Moon, they might provide a useful source of rocket
fuel or propellant, rather than lifting supplies from Earth.

Another special characteristic of this region near the pole
is its location near the South Pole-Aiken Basin. Rocks scat-
tered here could be the deepest ever excavated from the crust
(and possibly from the upper mantle of the Moon). An expe-
dition to gather these rocks could also establish the age of
the oldest lunar basin and help determine whether basin
bombardment was continuous from the time of the
solidification of the crust or whether there was a separate,
later event of basin bombardment.

Near side

South Pole '

Figure 12.3. Eastern South Polar Region (LO4-008M). The dashed line is
the eastern limb, the 90° east meridian. Mare Australe is in the upper left.
The smaller Schrodinger Basin is below it, with deep valleys running
between it and the Australe Basin.

12.2. High-Resolution Images

The Lunar Orbiter photos of the South Polar Region (Table
12.1), like those of the North Polar Region, have a high
degree of overlap because they were taken from a near polar
orbit. The rectangular sets of three subframes in a high-reso-
lution exposure taken at perilune have the pole in or near the
bottom of the southern subframe (designated H1). The illu-
mination angle in the more northern subframes (H2 and H3)
is about 10°, but the angle approaches 0 toward the pole. Of
course, the pole is always within 1.5° of the terminator. The
actual South Pole was in shadow during this mission.

Although the polar photos were not taken on every orbit
over the poles, there is still so much overlap in the middle
and southern subframes that only every other photo is
shown here.

After an early success (LO4-005H1, -H2, and -H3). the
planned high-resolution photos of the eastern South Polar
Region were spoiled by the failure of the thermal door. Near
the end of the mission, apolune photos were taken of that
area. One subframe of these (LO4-184H3) is presented near
the end of this chapter to provide complete coverage of the
near side South Polar Region. Table 12.1 shows the high-reso-
lution images of the South Polar Region in schematic form.

The following pages show the high-resolution subframes
from south to north and west to east. The photos are in the
order LO4-193H1, LO4-193H2, LO4-193H3, LO4-179H3,
LO4-186H1, LO4-186H2, .... After LO4-184H3, an apolune
photo, are LO4-005H1, LO4-005H2, and LO4-005H3.
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Figure 12.4. South Pole (USGS Astrogeology PIA00002, NASA). This mosaic covers the South Polar Region within 10° of the pole. The near side is in the
upper half of the photo. Crater Shoemaker, near the pole, was in shadow throughout the Lunar Orbiter 4 and Clementine Missions.

Lattitude Range Photo Number

27 §-56 SN 194, | 180, | 167, 100, | 188, | 076, | 064,
186 | 172 160 095 | 083 | 071 | 059

555-65S 193H3 [179H3 [166H3 082H3|070H3

65S5-753S 193H2 166H2 [154H2 |[130H2

75§-90S 193H1 166H1 [154H1 [130H1

Longitude 90W, |70 W [60W, [50W, |[40W,| TOW 0OE/W,| 20E | 30E | 40E | 50E | 60E | 50E, 40E, 80 E,

at 50 S 80 W 50W |40 W |30W, 10E 70E 90 E
20 W

Table 12.1. The cells shown in white represent the high-resolution photos of the South Polar Region that are printed in this chapter (LO4-XXX H1, -H2, and
-H3, where XXX is the Photo Number). The shaded cells within the South Polar Region represent photos that are not shown in this chapter because of redun-
dancy; however, they are in the included CD. North of this region are the Orientale Basin Region, the Humorum Basin Region, the Nectaris Basin Region, and
the Eastern Basin Region. Exposure 184H3 was taken from apolune in afternoon sun.

Polar Region

South
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Glossary

Latin Words in Names of Features

Catena: Bowl, a chain of craters.

Dorsum: Backbone, a ridge, often wrinkled, in the surface of a mare.

Lacus: Hollow, a small depression filled with lava flows.

Mare: Sea, dark, smooth plains formed by lava flows in a large
depression.

Mons, Montes: Mount, mountains, a peak or range of mountains.

Palus: Swamp, a small area with shallow lava flows.

Planitia: Plain, a low flat area.

Promontorium: Promontory, a highland peninsula extending into a
mare.

Rima: Crack, leak, a narrow, long channel that may be sinuous (a
sign of meandering lava flow), straight, or in an arc (signs of a
fault).

Rupes: Cliff, a long abrupt change in elevation; a cliff along a verti-
cal fault or an edge of a lava flow.

Sinus: Bay, an extension of a mare.

Vallis: Valley, a wide, long depression.

Age Ranges on the Moon (Oldest First)

Pre-Nectarian Period: The age range between the hardening of
the crust and the impact event that formed the Nectaris Basin.
Nectarian Period: The age range between the formation of the

Nectaris Basin and the Imbrium Basin.

Early Imbrian Epoch: The age range from the formation of the
Imbrium Basin through that of the Orientale Basin.

Late Imbrian Epoch: The age range from the formation of the
Orientale Basin through the most voluminous lava flows.

Eratosthenian Period: The age range of declining heavy lava flow
and declining rate of impact. This period includes the formation
of rayless post-mare craters like Eratosthenes.

Copernican Period: This age range extends from the time of forma-
tion of the oldest bright-rayed craters to the present. Copernicus,
with very bright rays, is the typical young crater of this period.
Since the rays of craters fade with time, craters with dimmer rays
are assigned older ages in this period.

General Terms

Albedo: The inherent brightness of a surface.

Apolune: The point on a lunar orbit farthest from the surface of the
Moon.

Basin: A large crater-like depression containing one or more rings
in addition to a rim. Also “multi-ringed basin.”

Crater: A compact depression. Nearly all craters on the Moon are
caused by impact; when fresh, impact craters usually are nearly
circular and have raised rims.

Crust: The upper layer of rock, composed of minerals that have sep-
arated from a melt and risen because of their low density.

Ejecta: Material thrown out from a transient crater as a result of the
energy released by an impact.

Limb: An edge of a celestial body like the Moon, as viewed.

KREEP: An acronym representing potassium (chemical symbol K),
Rare Earth Elements, and Phosphor. These elements are late to
crystallize from a cooling melt.

Main ring: The highest ring of a basin. Also called the rim of the
basin or the topographic ring.

Mantle: The layer of rock below the crust, composed of minerals
that have separated from a melt and fallen because of their high
density.

Mascon: A concentrated mass that affects the gravity field of the
Moon. Mascons are associated with pipes of high-density mantle
material that flooded maria.

Perilune: The point on a lunar orbit closest to the surface of the
Moon.

Ring: A circular ridge that is formed along with a basin. Internal
rings are inside the main ring and external rings are outside the
main ring.

Secondary crater: A crater formed by the impact of material ejected
from another (primary) crater or basin.

Theia: The small planet that impacted Earth to form the Moon,
named for a Greek goddess whose daughter was said to be Selene,
the goddess of the Moon.

Topographic rim: The highest ring around a crater. Also called the
main ring if the crater exhibits multiple rings and troughs (a
multi-ringed basin).

Topography: The shape of a surface.

Transient crater: The material that is fractured, melted, and vapor-
ized by a hypervelocity impact before further dynamic processes
redistribute the material as ejecta, secondary impactors, and so
on.

Trough: A shallow linear or curved depression, especially a circular
valley between rings of a basin.

Glossary
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IAU Named Features

All of the annotated features are listed here, with the exception of the craters. These craters are only those that are mentioned at least once in the notes. For a
full list of annotated craters, see the CD.

Albedo feature Craters (continued) Craters (continued) —Hedervari, 320
—Reiner Gamma, 114 —Billy, 64 —Descartes, 169 —Hedin, 33, 42

—Blagg, 202 —Deslandres, 87, 93, 96, 97 —Heinsius, 77

—Bode, 150 —Diana, 228 —Helicon, 130, 136
Catena (chain of craters) —Bohnenberger, 183, 189 —Diophantus, 128, 129 —Hell, 87, 93, 94
—Abulfeda, 169 —Bohr, 26, 34 —Drygalski, 294, 298, 299 —Henry, 54
—Brigitte, 224 —Borda, 188, 194 —Eddington, 44 —Henry Freres, 54
—Davy, 94, 98 —Bouguer, 124, 274 —Eichstadt, 30, 39 —Hercules, 226, 227, 230, 247
—Deslandres, 94 —Boussingault, 319 —Einstein, 26, 27, 103, 266 —Hermite, 266, 269, 273, 277
—Humboldt, 262 —Brayley, 128 —Endymion, 227, 230, 234, 247,287, —Herodotus, 116, 121
—Kerafft, 43 —Brisbane, 191, 195, 319 290 —Hesiodus, 82, 87, 88
—Littrow, 224 —Buisson, 262 —Euclides, 79 —Hevelius, 49
—Sylvester, 269 —Bullialdus, 83, 84 —Eudoxus, 212 —Hill, 228
—Taruntius, 235 —Burckhardt, 238, 240, 241, 247, —Euler, 129, 134 —Hind, 165
—Timocharis, 144 253 —Faraday, 95, 138, 158 —Hippalus, 74, 79
—Yuri, 1 —Burg, 217, 223 —Fauth, 137, 143 —Hipparchus, 162, 165
Craters —Burnham, 161, 165 —Felix, 135 —Hommel, 157, 314
—Abel, 261 —Byrd, 269, 273, 277, 281, 285, 289, —Feuillee, 144, 147 —Hooke, 233, 239, 247, 253
—Abulfeda, 165, 169 317 —Flamsteed, 70 —Hortensius, 132, 137
—Agrippa, 208 —Byrgius, 46, 47, 54 —Fontana, 59 —Hubble, 254, 258
—Airy, 161 —Campanus, 78, 79 —Fourier, 58, 59, 62 —Huggins, 86, 92
—Alexander, 212 —~Capuanus, 73, 78 —Fra Mauro, 90 —Humboldt, 250, 261, 262
—Aliacensis, 96, 159, 160 —Cardanus, 43 —Fracastorius, 179, 182, 183 —Hyginus, 203, 208
—Alphonsus, 98 —Carmichael, 228, 231 —Franklin, 230, 233, 247 —Idel’son, 308, 320
—Amundsen, 301, 304, 308, 312, —Carpenter, 272 —Furnerius, 192, 196, 248 —Inghirami, 28, 37

316, 320 —Carrington, 239, 242, 247, 253 —Galle, 282, 283 —1J. Herschel, 271, 272, 274

—Anaxagoras, 276, 280 —Casatus, 302, 305 —Gambart, 90, 143 —]Jacobi, 91, 310, 311
—Anaximenes, 268, 272 —Cassini, 154 —Gartner, 283, 286 —]Jansen, 224
—Annegrit, 135 —Catalan, 296 —Gassendi, 69, 75 —TJansky, 254, 256, 257, 262
—Anville, 194, 235 —Cauchy, 228, 231 —Gaudibert, 183 —]Janssen, 171, 177, 180
—Apianus, 159, 160, 164, 165 —Cayley, 213 —Gauss, 253, 255 —Jeans, 322
— Aristarchus, 121, 122 —Censorinus, 184, 224, 228 —Geminus, 238, 241, 247, 253 —Jenner, 260
— Aristillus, 153 —Cepheus, 230, 233, 247 —Gemma Frisius, 164 —Joliot, 254, 258
— Aristoteles, 282, 283 —Challis, 277, 281, 285 —Gerard, 104, 146 —TJoy, 204, 210
—Aston, 103 —Charles, 135 —Gioja, 269, 273, 277, 281, 285 —Kapteyn, 249
—Atlas, 226, 227, 230, 247 —Chevallier, 230, 233, 247, 253 —Glushko, 42, 43 —XKepler, 128
—Atwood, 199, 249 —Clausius, 62 —Goclenius, 189, 194 —Kies, 82
—Autolycus, 153, 205 —Clavius, 60, 71, 80, 306, 307 —Goddard, 254, 257 —Kiess, 262
—Baade, 20, 296 —Cleomedes, 237, 238, 240, 241, —Goldschmidt, 276, 280 —Kirchoff, 225, 229
—Babbage, 267, 270, 271 246 —Goodacre, 164, 167 —Klaproth, 302, 305
—Baco, 157, 311 —Cook, 194 —Grace, 228 —XKonig, 78, 79, 83
—Baillaud, 284, 288, 290 —Copernicus, 138, 143 —Graff, 20, 296 —XKopff, 23
—Bailly, 295, 297, 299, 300 —Couder, 18 —Grimaldi, 49, 54, 103 —Krusenstern, 159, 160
—Balmer, 249, 251 —Crozier, 194 —Guericke, 89, 94 —XKugler, 259
—Barnard, 261, 262 —Cruger, 48, 54 —Gum, 260 —La Caille, 97, 140, 160
—Barocius, 158, 163 —Curie, 261, 262 —Gutenberg, 184, 190 —La Condamine, 124, 131, 274, 275
—Barrow, 280 —Cusanus, 288, 290, 320 —Guthnick, 296 —Lade, 165, 208
—Bartels, 27, 103 —Cuvier, 91, 157, 310, 311 —Haidinger, 72, 77 —Lagrange, 38, 46
—Bayer, 60, 303 —Cyrillus, 174 —Hainzel, 66, 72 —Lalande, 94
—Beer, 144, 147 —da Vinci, 231 —Hale, 321 —Lamarck, 39, 47
—Berosus, 253, 255 —Daguerre, 183 —Hanno, 185, 191, 195, 319 —Lamb, 260
—Berzelius, 233, 238, 247 —Damoiseau, 54 —Harlan, 250 —Lambert, 139, 140
—Bessarion, 128 —Darney, 84 —Harpalus, 113, 218, 271, 274 —Lame, 249
—Bessel, 215 —Darwin, 47, 48 —Hartwig, 32, 41 —Langrenus, 198, 199, 249
—Bianchini, 124, 274 —De La Rue, 227, 230, 234, 286, 287, —Hausen, 295, 297 —Lassell, 94
—Biela, 176, 185, 315, 318, 319 290 —Hayn, 290 —Lavoisier, 103, 105, 106, 206

—Bilharz, 199, 249 —Debes, 232, 237, 238 —Hecataeus, 251 —Lawrence, 231
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Craters (continued)
—Philolaus, 272, 276
—Phocylides, 36, 51

—Piazzi, 46

—Piazzi Smyth, 145, 148
—Piccolomini, 178, 179, 181
—Pingre, 19, 295, 297
—Pitatus, 87, 88, 93, 94
—Plana, 217, 223

—Plato, 142, 278, 279
—Playfair, 160, 165

—Plinius, 220

—Plutarch, 252, 254

—Pons, 167, 168, 173
—Pontanus, 164, 165, 167, 168
—Pontecoulant, 185, 191, 319
—Posidonius, 222, 225
—Priestly, 259

—Prinz, 121, 122, 125
—Ptolemaeus, 98, 99, 162
—Puiseux, 67, 68, 73, 74
—Pupin, 146

—Purbach, 96, 97, 140
—Pythagoras, 266, 267, 268, 270
—Rabbi Levi, 167, 172
—Reaumur, 99, 162, 202
—Regiomontanus, 96, 97, 159
—Reichenbach, 187, 188, 193, 194
—Reimanus, 185, 191, 192, 319
—Reinhold, 137

—Repsold, 104, 146, 266, 267
—Riccioli, 41, 42, 49
—Riccius, 166, 172

Craters (continued)

—Le Gentil, 294, 299

—Le Monnier, 222, 224, 225
—Le Verrier, 136

—Leakey, 184, 228
—Lebedev, 259

—Letronne, 69, 70
—Licetus, 91, 92, 95, 138, 158
—Lichtenberg, 107, 108
—Lilius, 80, 91, 310
—Lindenau, 167, 172, 173
—Linne, 210, 211
—Lohrmann, 49, 54
—Lohse, 198
—Longomontanus, 71, 72, 77, 306
—Luther, 216, 222
—Lyapunov, 254, 258
—Lyell, 228, 231

—Lyot, 322

—DMadler, 179

—Maestlin, 125, 128
—Magelhaens, 189
—NMaginus, 80, 86, 92, 307, 310
—Main, 277, 281, 285
—Mairan, 118, 123
—Malapert, 298, 301, 304, 308
—Manilius, 209

—Marco Polo, 151
—Marinus, 248, 250
—Markov, 267, 270
—Mason, 217, 223
—Maunder, 17, 23
—Maupertuis, 131, 274, 275

—Maurolycus, 95, 138, 158, 163 —Rocca, 48

—Maury, 226, 230 —Romer, 225, 228, 229
—DMavis, 135 —Rosse, 183

—McClure, 194 —Rost, 51, 60, 303

—NMee, 61, 66, 72 —Rothmann, 172, 173, 178, 179

—Menelaus, 214
—Mercator, 78, 79, 82, 83
—Mercurius, 239, 242, 253, 255
—Messala, 239, 242, 247, 253
—Messier, 194, 235
—Meton, 280, 284, 290
—Milichius, 133

—Miiller, 92, 95

—Milne, 262
—Monge, 189, 194
—Moretus, 305, 309
—DMoseley, 27, 103
—Murchison, 150, 202
—Mutus, 311, 314
—Nansen, 289, 317
—Naonobu, 199, 249
—Nasireddin, 92, 95
—Nasmyth, 36, 51, 52, 300
—Neander, 181, 182, 187
—Nearch, 314, 315, 319
—Neper, 254, 256, 257, 262
—Neumayer, 321
—Newcomb, 229, 231, 232, 247
—Newton, 302, 305
—Nicholson, 21, 22, 30
—Nicollet, 88, 94
—Nobile, 316
—Noggerath, 51, 57
—Oenopides, 267, 270
—OQersted, 230, 233, 247
—Oken, 248, 250
—Orontius, 86, 92

—Russell, 35, 44, 105, 107
—Sampson, 140, 144
—Santbech, 188, 189
—Saussure, 86, 92
—Scheiner, 60, 303, 306
—Schickard, 45, 52, 57
—Schiller, 51, 60, 61, 303
—Schluter, 32
—Schomberger, 309, 313
—Scott, 301, 308, 312, 316
—Shaler, 21, 29
—Shoemaker, 308
—Shuckburgh, 233, 239, 247, 253
—Sirsalis, 54
—South, 113, 218, 270, 271
—Steinheil, 176, 180, 186, 319
—Stevinus, 193
—Stiborius, 172, 178
—Stofler, 95, 158
—Strabo, 287, 290
—Struve, 35, 44, 105, 266
—Suess, 119, 125
—Sulpicius Gallus, 210
—Sundman, 26
—Tacchini, 256, 262
—Tannerus, 157, 311, 314
—Taruntius, 235, 246
—Tempel, 208, 213
—Thales, 286, 287, 290
—Theaetetus, 154, 205
—Thebit, 94, 97
—Theophilus, 174, 179
—Pallas, 150, 202 —Timocharis, 143, 144, 147
—Peary, 269, 273, 277, 281, 285, 289, —Tisserand, 231, 237, 246
317 —Torricelli, 179
—Petavius, 197, 248 —Triesnecker, 202
—Petermann, 288, 290 —Tycho, 86
—Pettit, 21 —Vasco da Gama, 26, 34

Craters (continued)
—Vega, 192, 196, 248, 319
—Vendelinus, 198, 249
—Verne, 135

—Vieta, 53, 54, 58, 59
—Vitello, 67, 68, 73, 74
—Vlacq, 176, 314, 315
—von Braun, 104, 106, 146, 206
—Voskresenskiy, 27, 103, 104, 146
—W. Bond, 280
—Wallace, 146
—Wallach, 224, 228
—Wargentin, 36, 45, 300
—Weigel, 51, 303
—Weinek, 181, 182
—Werner, 96, 97, 159, 160
—Wexler, 321

—Wildt, 252, 254
—Wilhelm, 72, 77
—Wilkins, 167, 168
—Wolf, 88

—Wright, 21, 22
—TYakovkin, 19, 296
—Young, 186, 192
—Zagut, 167,172, 173
—Zahringer, 231
—Zollner, 170, 175
—Zucchius, 300, 303

Dorsum, Dorsa (mare ridge, ridges)

—Dorsa Aldrovandi, 222

—Dorsa Andrusov, 199

—Dorsa Argand, 126

—Dorsa Barlow, 224

—Dorsa Burnet, 111, 116, 117

—Dorsa Cato, 194

—Dorsa Dana, 256

—Dorsa Ewing, 69, 75, 76

—Dorsa Geikie, 199

—Dorsa Harker, 246

—Dorsa Lister, 215, 221

—Dorsa Mawson, 199

—Dorsa Rubey, 70

—Dorsa Smirnov, 216, 221, 222

—Dorsa Stille, 139

—Dorsa Tetyaev, 246, 252

—Dorsa Whiston, 111, 116, 117,
222

—Dorsum Arduino, 128

—Dorsum Azara, 215, 216

—Dorsum Bucher, 126

—Dorsum Buckland, 210, 214, 215

—Dorsum Cayeaux, 194

—Dorsum Cushman, 194

—Dorsum Gast, 210

—Dorsum Grabau, 143, 144

—Dorsum Guettard, 89, 90

—Dorsum Heim, 129, 135

—Dorsum Higazy, 143, 144

—Dorsum Nichol, 220, 221

—Dorsum Niggli, 116, 117

—Dorsum Oppel, 246

—Dorsum Owen, 210

—Dorsum Scilla, 111

—Dorsum Termier, 246

—Dorsum Von Cotta, 210, 211

—Dorsum Zirkel, 134, 135, 139,
140

Mare (sea), 8

—Anguis, 240, 246, 252, 253
—Australe, 191, 195, 259-261, 322
—~Cognitum, 84, 85

—Crisium, 237, 240, 246, 249, 252

Mare (continued)

—Fecunditatis, 190, 194, 198, 199,
231, 235, 240, 249

—Frigoris, 124, 131, 227, 230, 271,
274, 275, 278, 286

—Humboldtianum, 243, 290

—Humorum, 62, 63, 73, 74

—Imbrium, 130, 131, 133, 136, 139,
140, 143-145, 147, 148, 151, 266

—Insularum, 85, 90, 132, 137

—NMarginis, 254, 257, 262

—Nectaris, 179, 183

—Nubium, 78, 79, 83, 87- 89, 93, 94

—Orientale, 17, 23, 103

—Serenitatis, 210, 211, 214-216,
222,224

—Smythii, 251, 256, 262

—Spumans, 249

—Tranquillitatis, 175, 179, 220, 224,
228,231

—Undarum, 249, 251

—Vaporum, 151, 209

Mons, Montes (mountain,
mountains)

—Mons Ampere, 152

—NMons Argaeus, 224

—Mons Bradley, 152, 204

—Mons Delisle, 128

—Mons Esam, 228

—Mons Gruithuisen Delta, 123, 126

—Mons Gruithuisen Gamma, 123,
126

—Mons Hadley, 204, 205

—Mons Hadley Delta, 204

—Mons Hansteen, 64

—Mons Herodotus, 116, 117

—Mons Huygens, 152

—Mons La Hire, 134, 135, 139

—Mons Maraldi, 228

—Mons Moro, 84

—Mons Penck, 175

—Mons Pico, 145

—Mons Piton, 148, 154

—Mons Rumbker, 109, 112

—Mons Usov, 246

—Mons Vinogradov, 128, 134

—Mons Vitruvius, 224

—Mons Wolff, 151

—Mont Blanc, 148, 154

—Montes Agricola, 111, 116, 117

—Montes Alpes, 142, 148, 149, 154,
279

—Montes Apenninus, 151, 152, 204,
205

—Montes Archimedes, 152

—DMontes Carpatus, 133, 138, 143

—DMontes Caucasus, 154, 205

—Montes Cordillera, 18, 21, 24, 29,
30, 31, 32

—Montes Haemus, 209

—Montes Harbinger, 122, 126

—Montes Jura, 123, 124, 127

—DMontes Pyrenaeus, 183, 189

—Montes Recti, 131, 142, 150

—Montes Riphaeus, 79, 85

—Montes Rook, 18, 21, 22, 23, 24,
30, 31

—Montes Secchi, 231

—Montes Spitzbergen, 147

—Montes Taurus, 228, 229, 231

—Montes Teneriffe, 142, 145, 150,
275,278

Oceanus Procellarum, 59, 65, 70, 76,
79, 100-122, 125, 128, 266, 267



Palus (swamp)

—Epidemiarum, 73, 74, 78, 79, 82
—Putredinis, 152, 153, 204, 205

Promontorium (promontory)
—Agassiz, 148, 154
—Archerusia, 220

—Deville, 148, 154
—Fresnel, 204, 205
—Heraclides, 127, 130
—Kelvin, 73, 74

—Laplace, 130, 136
—Taenarium, 94

Rima, Rimae (rille, rilles)
—Rima Agatharchides, 79
—Rima Agricola, 117
—Rima Ariadaeus, 208, 213
—Rima Billy, 64

—Rima Birt, 94

—Rima Bradley, 152, 153, 204
—Rima Brayley, 125, 128
—Rima Calippus, 212
—Rima Cardanus, 43
—Rima Carmen, 224
—Rima Cauchy, 228

—Rima Cleomedes, 240, 246
—Rima Cleopatra, 117
—Rima Conon, 204

—Rima Dawes, 224

—Rima Diophantus, 128, 129
—Rima Draper, 133

—Rima Euler, 134

—Rima Flammarion, 99, 150
—Rima Furnerius, 196, 248
—Rima G. Bond, 225, 229
—Rima Galilaei, 115
—Rima Gartner, 286
—Rima Gay-Lussac, 138

Rima, Rimae (continued)
—Rima Hadley, 153, 204, 205
—Rima Hansteen, 59, 64
—Rima Hesiodus, 82, 83, 87
—Rima Hyginus, 203, 208, 209
—Rima Jansen, 224
—Rima Krieger, 122
—Rima Mairan, 118, 123
—Rima Marius, 120
—Rima Milichius, 128, 132
—Rima Oppolzer, 162, 202
—Rima Reaumur, 162, 202
—Rima Rudolf, 224
—Rima Schroter, 99, 150
—Rima Sharp, 112, 113, 118, 218
—Rima Suess, 120, 125
—Rima T. Mayer, 133
—Rima Vladimir, 152
—Rima Yangel’, 203
—Rimae Alphonsus, 98
—Rimae Apollonius, 240
—Rimae Archimedes, 152
—Rimae Aristarchus, 116, 117, 121,
122
—Rimae Arzachel, 98
—Rimae Atlas, 227, 230
—Rimae Bode, 150, 151
—Rimae Boscovich, 209
—Rimae Burg, 212, 217, 223
—Rimae Chacornac, 225
—Rimae Daniell, 217, 223
—Rimae Darwin, 47, 48, 54
—Rimae de Gasparis, 58, 59, 63
—Rimae Doppelmayer, 62, 63, 67, 68
—Rimae Fresnel, 153, 205
—Rimae Gassendi, 69, 75
—Rimae Gerard, 104, 146
—Rimae Goclenius, 189, 190
—Rimae Grimaldi, 54

Rima, Rimae (continued)
—Rimae Gutenberg, 184, 190
—Rimae Hase, 248

—Rimae Herigonius, 75
—Rimae Hevelius, 49

—Rimae Hippalus, 73, 74, 78, 79
—Rimae Hypatia, 175, 219
—Rimae Janssen, 171, 177
—Rimae Kopff, 23

—Rimae Liebig, 63

—Rimae Littrow, 224

—Rimae Maclear, 214, 220
—Rimae Maestlin, 128

—Rimae Maupertuis, 131, 275
—Rimae Menelaus, 214
—Rimae Mersenius, 63, 64, 68, 69
—Rimae Opelt, 89

—Rimae Palmier, 62

—Rimae Palmieri, 63

—Rimae Parry, 90

—Rimae Petavius, 197, 248
—Rimae Pitatus, 87, 88, 93, 94
—Rimae Plato, 142, 147, 149, 279
—Rimae Plinius, 220

—Rimae Posidonius, 222, 225
—Rimae Prinz, 121, 122, 126
—Rimae Ramsden, 73, 74, 78
—Rimae Repsold, 104, 146
—Rimae Riccioli, 41, 42, 49
—Rimae Ritter, 213, 219
—Rimae Romer, 224, 225, 228, 229
—Rimae Secchi, 231

—Rimae Sirsalis, 47, 54, 59
—Rimae Sosigenes, 213, 214, 219, 220
—Rimae Sulpicius Gallus, 210
—Rimae Taruntius, 235
—Rimae Theaetetus, 153, 205
—Rimae Triesnecker, 202, 208
—Rimae Vasco da Gama, 34

Rima, Rimae (continued)
—Rimae Zupus, 59
Rupes (scarp)

—Altai, 172, 173, 178, 179
—Boris, 129

—Cauchy, 228

—XKelvin, 73, 74
—Liebig, 62, 63
—Mercator, 78, 79, 82, 83
—Recta, 94

—Toscanelli, 121, 122

Sinus (bay)

—Aestuum, 151

—Amoris, 228, 231
—Asperitatis, 175, 179, 219
—Concordiae, 231

—Fidei, 203

—Honoris, 214

—Iridum, 123, 124, 127, 130
—Lunicus, 147

—Medii, 99, 150, 162
—Roris, 112, 113, 218, 270, 271
—Successus, 240, 249

Vallis (valley)

— Alpes, 149, 154, 279, 282
—Baade, 20, 28, 296

—Bohr, 26

—Bouvard, 20, 21, 28, 29
—Capella, 184

—Inghirami, 28, 37
—Palitzch, 248

—Rheita, 180, 185, 186, 192, 319
—Schrodinger, 322
—Schroteri, 116, 117, 121, 122
—Snellius, 188, 193, 194
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