
3ASA TECHNICAL 
MEMORANDUM 

Edited by 

Rddcfcdcy 

slah Clam Glifomia 95053 
university of s.nta aam 

pld 

PCtCr schulk 
SpscxScicnceDirision 
AwsRcstuchcmttr 
Moffett Feu. California 94035 

NASATMX-62359 

July 1974 



FOREWORD 

This "primer" is a collection of papers and refrrpnce material that was assembled for a short 
course in Lunar Geology conducted in April, 1974 by the University of Santa Clara at Ames 
Research Center, NASA, and sponsored thvugh a gr,.it from NASA Headquarters. The objective of 
the short course was to provide a foundation rn lunar geology for earthxience community college 
instructors 

U t e r  the course, our colleagues encouraged us to put the material into a form that would be 
more wide!y available, hence, the present document. As was the case for the notebook from which 
this Ewument was takea, our objective is to provide short summaries, selected illustrations, and 
pertinent reprinted articles dealing with primary topics in lunar geology so that the reader can more 
easily become familiar with the subject. 

Some of the material that was in the original notebook could not be included here (maps, 
pamphlets, etc.). In order to  make this reference complete, we suggest that the additional material 
be obtained, using the torms in the back. 

We hope that you find the material useful and we would sincerely appreciate your comments 
and suggestions for its improvement. 

=EDIIVG PAGE SLAM NOT FILMED 
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INTRODWTION 

In 1973, NASA initiated a new effort entitled “Lunar Data Analysis and Synthesis Program.” 
The goal of this program is to  derive the maximum ienefit from the vast quantities of lunar data 
that have been collected during the preceding 15 years. Recognizing that education and information 
exchange is an integral part of any scientific endeavor, the Synthesis Prognm encourages efforts to  
transfer data from the lunar scientist to  professionals who are not directly connected with the lunar 
program. Because community colleges are an important part of the educational system in most 
states, and California in particular, we believe that this segment of the geological community should 
be the first t o  participate in lunar geology programs 

Our inter.r is to  provide intensive instruction in the basic concepts of lunar and planetary 
geology. We ar particulaily fortunate here in the Bay Area to  conduct this course because we can 
draw on the expertise of NASA-Ames Research Center and the Astrogeology Branch of the U. S. 
Geological Survey. Many of the speakers on the program laid the roundations for planetology in the 
early years of modem lunar study. Although there will be a great deal of information presented, we 
have tried to  organize the schedule to  permit adequate time for discussions with each speaker. 

O u r  hope is that you will be stimulated and motivated t o  the point that you will take positive 
means for incorporating planetology into your own Earth-Science curriculum. From the applica- 
tions that you submitted, we know that you are motivated in that direction. Many of you already 
teach planetology in one form or another. Our task is t o  put the information in your hands in a way 
that it can be most easily assimilated, Le., through presentations, lab exercises, and this notebook. 

You will fmd that most of lunar and planetary geology is simply the application of basic 
geological concepts to  the solution of the geology of other planets. The most severe constraint, of 
course, is the limit on field checking! More generally, a planetologist is simply an Eart’l scientist 
who draws together the fields of physics, chemistry, geology, astronomy, and meteorology in ordcr 
to  understand other planets. Thus, in terms of instruction, you simply take “field trips” to planets 
and re-ask familiar questions. It should be remembered that the various space missions have not 
provided answers to all problems in planetology, although the questions asked now are more 
detailed, more specific, and more sophisticated. 

As teachers with different specialized interests, we sometimes rely on only a few articles, or 
review papers in order to understand new concepts, some of which may seem like gospel but are 
actually professional opinion. Survey topics such as planetology are particularly vulnerable to  such 
over-simplification or dogmatism. As a result, the process of scientific inquiry, particularly ir, the 
classroom, may be lost. Yet, planetology is a relatively new field, and many of the fundamental 
questions being asked are still understandable to  the student. Consequently, a planetology course 
can be a potentially valuable means to explore through student participation the interplay of 
opinion, fact, and scientific inquiry. 

We want this notebook to be a source of information that will grow with your interests. Its 
organization follows the lecture sequence. Each section consists of several parts: 1 )  a synopsis of the 
speakers’ presentation, 2) supplemen tal illustrations, and 3) supplemental references (review 
articles, where possible). In the pockets are additional references and resource material. We 
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recognize the danger of using loose leaf notebooks (too often the notebook is “cannibalized” for 
other uses), but we believe that you will want to expand it by adding references and material as 
your interests in the field develop. 

Although it would have been easy to double or triple the number of participants, we want to 
Keep a “workshop” atmosphere. Please ask questions and enter the discussions. We are particularly 
interested in your comments and suggestions for improving the short course, and we would like very 
much to hear from you after you return home. 

Ronald Greeley 
University of Santa Clara 

and 
Peter Schultz 

Space Science Division 
NASA-Ames Research Center 
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N75 18731 

SOURCES OF LUNAR GEOLOGICAL DATA 

Ronald Greelcy 
University of Santa Clara, Santa C l c ,  Calif. 95053 

and 
Ames Research Center, NASA, Moffett Field, Calif. 94035 

I. INTRODUCTION 

Geologic data for the Moon arc derived from three gcneral sources: (1) Earth-based observa- 
tions, (2) remotesensing by unmanned spacecraft, and (3) collection of data by manned lunar 
missions. The types of data include photographs, infrared and other “invisible spectnun” data, 
geophysical data from seismometers, etc., rock samples, and visual observations. 

11. EARTH-BASED DATA 

Prior to the introduction of lunar exploration in the mid 1960s, lunar geologic data consisted 
almost entirely of photographs and telescopic observations. Many rather detailed investigations were 
completed during this period, including geologic studies, resulting in the publication of several 
classic references [Fielder ( 196 1, 1 965), Baldwin ( 1963) and KO@( 1966) and others] - Most of the 
studies concerned the structure and origin of major lunar surface features, with an emphasis on 
craters. It is a tribute to these workers that many of their early ideas are still generally accepted, 
although the ordering of importaxe for some has changed. 

In the early sixties, an ambitious photographic and cartogrdphic program was initiated by the 
Defense Department that resulted in the compilation of an excellent lunar atlas (Kuiper 1960), and 
the LAC (Lunar Aeronautical Chart) series of 1 : 1,000,000 scale relief maps. These maps provided 
the base for the U. S. Geological Survey lunar geologic maps, compiled from observatory photo- 
graphs and telescopic observations. 

In addition ta  photographic and {isual observations, Earth-based geologic data include infrared 
measurements of lunar thermal prsperties, radar data on surface properties, polarization, spectral 
analyses, surface roughhnes derived from radar scattering, and photometric data on the reflective 
properties of the lunar Eurface. 

When the decision was made to  send Man to the Moon, it became obvious that more detailed 
information was required than could be obtained from Earth-based sources. Thus, a series of 
unmanned lunar probes was initiated, including Ranger, Surveyor, and Lunur Orbiter missions. 
Concurrently, unmanned Soviet spacecraft of the Luna series provided additional data, including 
the f i t  views of the lunar farside. 
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111. UNMANNED LUNAR MISSIONS 

A. Ranger Spacecmfr 

On July 3 1, 1964, Ranger VI1 provided the first close-up images of the Moon by success- 
fully “ h d  landing” on the Moon in Oceanus Procellarum. The next year Rangers VI11 and IX were 
successfully launched, “hard landing” in southwestern Mare Tranquillitatis and on the floor of the 
crater Alphonais, respectively. 

Ranger spacecrafts were aimed directly at the Moon and carried batteries of television camem 
to image the lunar surface at close range before crash landing. Lunar features as small as one meter 
could be clearly seen. One of the most obvious new geologic facts obtained by Ranger was that 
crateis of all sizes (down to the limit of camera resolution! are the dominant lunar surface feature. 
On the assumption (no-x strongly supported by different lines of research) that most craters are of 
impact origin, the lunar surface was interpreted to be fragmental (“impact gardened”) to  a depth of 
at least several meters. Geologic maps showing volcanic features were also made from Ranger 
imagery. 

B. Surveyor Spacecraft 

Unlike Ranger, the unmanned Surveyor spacecraft was designed to  soft-land on the lunar 
surface. All Surveyors carried television cameras to take stereoscopic images of small-scale lunar 
features, and some Surveyors had the capability to  dig into the lunar soil to determine the bearing- 
strength of the surface, to make simplified chemicd analyses of the soil, and t o  determine lunar 
surface temperatures. 

From June 1966 to January 1968, five (of seven launched) Surveyors soft-landed on the 
Moon. each operating for a period of 1 to  8 lunar days. Four landed in mare areas, and the last, 
Surveyor VIZ, landed in the extremely rugged southern highlands on the rim of crater Tycho. At all 
landing sites, impact craters were observed ciown to the limit of camera resolution (< cm). One of 
the most significant geological results of Surveyor was the determination that lunar maria are 
composed of basaltic rocks. 

C.  Lunar Orbiter 

Lunar Orbiter missions consisted of five unmanned spacecraft placed in orbit around the 
Moon. Each had the primary objective of obtaining high-resolutioq photographs. The first three 
missions were in equatorial orbit and photographed mostly small areas of the mare which were 
potential Apollo landing sites. Lunar Orbiter IY was placed in polar orbit and obtained continuous 
photography for nearly all of the lunar surface, mostly under constant lighting conditions. Lunar 
Orbite; V was similarly placed in a polar orbit and Photographed selected features of geologic 
interest. 

The photobaphic system of Lunar Orbiter was a unique combination of two cameras (one 
wide angle, the other telephoto), a processing system that developed Kodak Bimat film on board 
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the spacecraft (Lunar Orbiter has been called a “Flying Drugstore”), an electronic system that 
scanned the processed film to convert the image to  an electronic signal, and a transmitter to return 
the signal to Earth. The signals were picked up at one of three stations: Goldstone, California; 
Madrid, Spain; or Woomera, Australia; and placed on tape. At NASA-Langley Research Center, the 
tapes were played to convert the signals back to images and then placed on strips of 35 mm film. It 
is easy to recognize Lunar Orbiter pictures by the strips which make up the image. 

Lunar Orbiter provided a tremendous wealth of geologic data that was essential to  the success- 
ful manned landing and which continues to be a source for geologic studies. 

IV. MANNED MISSIONS 

A. Apollo 8 and 10 

Apollo missions ushered in a new era of lunar data collection. Apollo 8 (1968, f m t  
manned mission to the Moon) and Apollo I O  (1969) were non-landing missions to the Moon, with 
the primary function of conducting spacecraft engineering tests prior to  manned landings. In addi- 
tion, Apollos 8 and IO camed cameras to derive critical information on: 

1) “Approach” topography and landmarks for the early Apollo landings. 

2) The scientific merit and the roughness of areas for possible follow-on Apollo landings. 

3) The broad structure and characteri*.cics of the lunar surface. 

Apollos 8 and I O  obtaiied hundreds of Hasselblad frames (70 mm) in color and black and white, 
and hundreds of feet of motion picture film. Unlike the unmanned lunar missions which returned 
imagery via electronic signals, Apollo missions returned hard film -.hat permitted detailed analyses 
blot otherwise possible, such as refined topographic derivations and detection of geologic color 
units. 

In addition, the observations of Apollo astronauts trained in geology provided data on many 
structures and lunar surface characteristics that were too subtle to be detected or recorded by film. 

B. Apollo 11, 12, 14 

The summer of 1969 marked one of Man’s greatest achievements with his landing on the 
lunar surface. And for the first time, lunar fieldwork was possible. The primary objectives of 
Apollos 11, 12, 14 (Apollo 13 was aborted prior to landing because of spacecraft failure) were 
engineering feats; however, astrnqaut observations, sample collections, and various instruments 
provided vast quantities of lunar data, much ofwhicharestill being analyze4 and reduced. In 
addition, each mission became increasingly complex and returned greatqr quantities of samples and 
data than each preceding mission. 
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Although most of the attention seems to  go to  the Apcl!o landings it must be remembered 
that the Apollo missions were twepart: lander and orbiter. The service-command module and its 
pilot remained in lunar orbit during the landirg phase and conducted a series of important missions. 
During Apollos 11. 12. and 14, these missions included obtaining additional Hasselblad photog- 
raphy and motion pictures. A p l l o  14 carried a sophisticated camera designed to  obtain 
photogrammetricquality photography of the lunar surface. Unfortunately, it malfunctioned e x l y  
in the mission and obtained only a frac ion of the imagery originally planned. 

C. Apollo 15. 16, 17  

The last three Apollo missions, termed “J” missions, carried extensive and complex 
instruments for both the lander and orbital phases. The addition of the Lunar Rover gave the 
astronauts mobility and permitted them to cover a much larger field area than was previously 
possible. Spacecraft components were thoroughly proven by Apollos 1 1 ,  12, and 14, and much 
more attention was given to  lunar scientific objectives during the “J” missions. 

In addition to  hand-held Hasselblad rhotograph!., “J” mission service modules obtained high 
quality photography with a mapping camera systL I and a panoramic camera system. The mapping, 
or metric camera (76 mm, or 3-inch lens) combined 20-m resolution terrain photography on 5-inch 
film with stellar camera imagery which photographed the star field in order to  precisely flx the 
lunar scene. With a 74’ square field of view, each metric frame covers about 170 km X 170 km 
from the nominal 1 1 1.5 km spacecraft altitude. 

The panoramic cameras had 610 mm (24 inch) lenses producing either monoscopic or stereo- 
scopic photographs of the lunar surface at a maximum ground resolution of 2 m. Each frame 
covered an 1 1” field of view along track and 108” cross track, or an area about 28 km X 334 km at 
nominal spacecraft altitude. The lunar surface was photographed under a wide variety of lighting 
conditions by both metric and panoramic cameras. Laser altimetry provided topographic profiles of 
the lunar surface which could be directly correlated with the photography. 

Other instruments that gathered geological data from the orbiting command module included 
the Gamma-Ray Spectrometer, the X-ray fluorescence spectrometer, the alpha-particle spec- 
trometer, and mass spectrometer, all to obtain chemical and geochemical data for the lunar surfart. 
On Apollo 16 ,  a bistatic radar instrument determined the electromagrxtic characteri ‘ics and 
regolith properties of the lunar surface by directing various electromagnetic waves (radio, etc.) from 
orbit to the lunar surface where they were reflected back to  Earth and analyzed. 

Among other experiments, Apollo I 7 camed a Lunar Sounder (radar device capable of provid- 
ing data on subsurface characteristics, e.g., layers of rock) and an Infrared Scanning Radiometer 
which measured thermd characteristics of the lunar surface. 

The various types of instruments and experiments conducted during Apollo missions are 
described in table 1. 



TABLE I. 
-..--- 

Apollo orbital science experiments 

Service mcdule experiments 

S-160 Gamma-ray Spectrometer 
S-161 X-ray Spectrometer 
$162 Alpha-particle Spectrometer 
S164 S-band Transpmder (CSMILM) 
$165 Mass spectrometer 
S169  Far W Spectrometer 
$170 Bistatic Radar 
S-17 1 IR Scanning Radiometer 
S-209 Lunar Sounder 

Subsatellite : 

SI 64 S-band Transponder 
S-1 73 Particle Measurement 
SI74 Magnetometer 

SM photographic tasks: 

24 In. Panoramic Camera 
3 in. Mapping Camera 
Laser Altimeter 

Command module experiments 

S-158 Multispectral Photography 
$176 Apollo Window Meteoroid 
S177 W Photography of Earth and Moot 
$178 Gegenschein from Lunar Orbit 

11 - 
1 
12 ! 14 - 

X 

X 
- 

X 

X 

X 
X 
X 
- 

L_ 

15 

X 
X 
X 
X 
X 

X 

X 
X 
X 

X 
X 
X 

X 
x 
X 
- 

- 
16 

X 
X 
X 
X 
X 

X 

X 
X 
X 

X. 
X 
X 

X 

- 

17 

X 

X 

X 
X 

X 
)r 

X 

X 

7 



TABLE 1. - Concluded 

SO33 Lunar Active Seismology 
SO34 Lunar Tri-axis Magnetometer 
SO35 Solar Wirld Spectrometer 
SO36 Suprathermal Ion Detector 
S-037 Lunar Heat Flow 
SC 38 Charged Particle Lunar Environment 
SO5P Cold Ca?hode Gauge 
S202 Lunar Ejecta and Meteorites 
2-203 Lunar Seismic Profiling 
S-205 L n a r  Atmospheric Composition 
$207 Lunar Surface Gravimeter 
M-5 15 Lunar Dust Detector X 

X 

X 

X 

Other experiments 

X 

X 
X 
X 

X 
X 

X 

SO59 Lunar Geology Investigation 
s-078 Laser Ran@ing Retro-reflector 
S-080 Solar Wind Composition 
S-15 1 Cosmic Ray Detector (Helmet) 
SI 52 Cosmic Ray Detector (Sheets) 
SI 84 Lunar Surface Close-up Camera 
S-198 Portable Magnetometer 
$1 09 Lur qr Gravity Traverse 
S2CC Sod iechanics 
$201 Far W CamcralSpectroscope 
S?04 Surface Electrical Properties 

X 

X 

X 
X 
X 
X 

X 

- 

lpolla 

14 

X 
X 

X 

X 
X 

nissions -- 
IS 

X 

x 
X 
X 
X 

X 

X 

X 
x 
X 

X 

16 
_I_ 

X 
X 
X 

X 

X 

X 

X 

X 

X 
x 

-__ 
1 7  - 

X 

X 
X 
X 
X 

X 

X 
X 

X 

8 



’I. APOLLO SURFACE EXPERIMENTS 

With increasing complexity, eoch Apollo landing Fnt up an array of experiments on the lunar 
surface. Major instruments of geological interest are described below, numbers in parenthesis show 
Apollo missions carrying that particular instrument. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

L u w  5wfuce Magnetometer ( 1 2 ,  15, 16): Designed to measure the Moon’s magnetic field, 
which was found to  be about l/lOOO as strong as Earth’s magnetic field. 

Sob Wind Spectrometer (1 2, 15): To measure the velocity, direction, and tmperature of the 
‘‘solar wind” (charged particles) streaming from the Sun. 

Supmfherrnal Ion Detecfor (1 2 .  14, 15): Determined the rate of ion pcoduction by the Moon’s 
tenuous atmosphere. 

Cold Cuthode Ion Detector ( 1 2 ,  14, 15): Measured the changing density of the Moon’s 
atmosphere. 

Seismic Experiments 

A. Passive Seismometry (1  1, 12, 13, 14, 15, 16): recorded meteoritic (and spacecraft) 
impacts and moonquakes. 

Active Seismometry (14, 16): recorded artificial seismic events produced by grenade-like 
charges. 

B. 

Heat-Flow Experiment (15, 16, A7): Probes placed in short bore holes measured outward 
heat-flow from the lunar 3terior. Heat flow was found to  be quite high on 15 and 17 
(instrument was inoperative on 16). 

Lunar Surface Gmvimeter (17): Determined the Moon’s gravity field. 

Lunar €jectu on Meteorites Experiment ( 1  7):  Drtsrmined the flux of meteoric i;..zt:riJ dnd 
the speed, direction, and m a s  of incoming particles. 

Other experiments, many of which provided geological data, are shown in the accompanying 
table. 

VI. 430LL0 LUNAR GEOLOGY INVESTIGATIONS 

The geolom investigation w2s an integral part of all six Apollo missions. Its fundamental 
objective was to provide detailed geologic data in the vicinity of each landing site and to provide a 
“ground truth station” for the interpretation of the orbital data and of Earth-based data. 
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Rior to each mission, a team of geologists carefully analyzed all available data for :he prospec- 
tive landing site and prepared preliminary geclcjgic reports. Concurrently, the astronauts received 
geological training, especially oriented for the prospective site. 

Primary data for the lunar geology investigatian came from Hasselblad photographs, astronaut 
observati:ns, and returned lunar samples. Besides providing basic data, surface photographs docu- 
mented the setting for the returned samples and were helpful during post-rnission astronaut 
debriefmgs 

Sampling programs were designed to gathcr representative suites of lunar material, including 
soils, in sifu rock, material from particular features (ea., craters), drive-tube COKS from the subsur- 
face, etc. 

During mission operations, the geology team monitored the activities of the astronauts in order 
to make suggestions and “real time” decisions 

After each mission, the task of reducing the tremendous quantity of data by the geology team 
had to  reach at least a preliminary stage before the next missicn. Consequently, much important 
data had to be left for later analysis and remain today as a vast potential source of geologic 
interpretation. Recognizing that coUection of data is only the first half of any scientific endeavor, in 
1973, NASA established the “Lunar Data Analysis and Synthesis” program to provide support to 
scientists so that maximum information can be derived from lunar data. 
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FORMATlON OF THE SOLAR SYSTEM 

David Black 
Ames Research Center, NASA, Moffett Field, Calif. 94035 

I. INTRODUCrION 

Although the primary thrust of this lecture series is directed at the subject of lunar geology, 
that is the physical and chemical pro:-ses that have acted to alter the Moon from its original t o  its 
present state, it must be remembered that the Moon is a member of that collection of objects we 
call the Solar System. As such, an understanding of its geological history is af significance in 
understanding at least part of the story of the formation and evolution of the Solar System. 

As subsequent lectures in this series deal with various aspects of lunar geology in detail, we 
shall be concerned here with a general examination of how the sun and planets may have formed, a 
brief ccnsideration of the three general hypotheses for the origin of the Moon and conclude with 
one man’s view of a likely overall scenaio within which to  discuss lunar geology. 

11. FORMATION OF THE SL’PU AND THE PRIMITIVE SOLAR NEBULA 

A. Observational Evidence 

Two important and apparently general characteristics of star formation can be deter- 
mined from present observational data. The first of these is that young stars TU’ . h o s t  always 
found in close proximity to fairly dense clouds of gas and dust. How d o  we know tlA-c the stars are 
young? The stars in question are 0 and B stars, very t i g h t  and much more massive than ocr sun. It 
is well known that the more massive a star the faster it uses up its nuclear fuel and hence the fister 
it evolves. 0 and B stars “live” for I @  years, which is a :hart ;ime astrophysically speaking. Thus 
the association of young stars and gas clouds is well estb.jlished. This close association between 
young stars and dusty gas clouds strongly suggests that the stars formed from such clouds. The 
second piece of otservational datum is that stars tend to occur in groups or clusters ranging from a 
few tens of stars to  a few hundred. There are, of course, stars which are not presently associated 
with a group, but these are generally older stars which were part of a group that has gradually 
dispersed. These observations give rise to the general feeling that star rormation initiates in gas and 
dust clouds, and that these clouds are fairly massive (perhaps as large as 1000 times the mass of the 
sun). 

The conceptual framework for star formation is roughly the following. A massive gas gloud 
(interstellar cloud) becomes unstable t o  gravitational collapse; that is, the self gravity of the cloud is 
greater than its internal pressure. As the cloud collapses and increases its density, there will be 
fluctuations in density throughout the cloud. Many of these will simply be smoothed out, but some 
will continue to grow and attract neighboring material. These growing fluctuations, generally called 
fragments, are the starting points for the formation of stars. This picture is qualitatively consistent 
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with die obsemations, but too little is known at present of the detailed physics of the process to 
allow qiiun?itatii*e work. 

P Collapse of a I Ai, Fmgmen t 

We will assume that the outline indicated above is correct, and use as the starting point of 
Obi fiscussion a IM, “fragment” which is collapsing under the influence of its own gravity. In 
gene;ld, calculations have assumed that such a fragment may be treated in isolation, ignoring 
ps.il;!e interactions with neighboring fngments in the cloud. It should be added. parenthelically 
tha; FIormand and Woolfson (1971) have recently suggested that such interactiom are instrumental 
in fonning the solar nebula. This revised version of a “catastrophic” theory for the formation of the 
SolitF ; ebula. while interesting, has not provided any quantitative results and so will be ignored for 
our p rposes. 

’, he first detailed attempts at computing the collapse behavior of a IM, fragment were done 
by I-iayashi (1965) and co-workers in the early and mid 1960’s. They assumed that the cloud was 
not rotating and ignored magr.etic fields. Their work indicated that at  some time early in its history 
:he sari was perhaps 1000 times as luminous as it is now. This high luminosity phase is generally 
referred to  as the “Hayashi Phase.” If such a phase occurred, temperatures in the solar nebula would 
have been about 5 tinies higher than they are presently (i-e., -2000” K at 1 A.U. as compared to  
-400” K at 1 A.U. presently). Thus, any dust grains present in the nebula wodd  be vaporized. 

Subsequently, Larson ( 1  969) has reexamined the problem and finds that Hayashi’s choice of 
inilia1 conditions for his calculations greatly affected his results. Using more realistic initial condi- 
tia.is: Larson found that the sun would nor have gone through a high luminosity phase, and 
ten peratures in the primitive solar nebula would have been only 2 to  3 times higher than the 
prepent v:llues. Thus, cne would expect some of the primitive dust grains to have survived (Le.: not 
vaporized, the tbm . i u ~  of the Solar System. We shall return to  this point later in a discussion of 
planet 191 nation. As d5.I Hayashi, Larson did not include rotation in the dynamics of the collapse. 
Howeve;, stars do rotate and the planets fortunately are rotating around the sun, so a realistic 
calculation must include the d j  namical consequences of rotation. 

Laran (1972 has attempted to  calculate the dynamical evolution of the collapse of a rotating 
fragment. He was limited by available computer power to  a rather coarse numerical representation 
of the cvlla xe. More rec-ntl) , Black and Bodenheimer ( I  974) have studied the problem in greater 
detail. One rather surA ..sing result is that with the values of angular momentum thought to  be 
characteristi: of i~ .P~s te l la r  clouds, the fragment does not form a star! Instead, it forms a ring or 
toroidd config allon. The subsequent fate of this material is poorly undentood, but it seems 
reasonable that such a configuration would be highly unstable to  perturbations, and would break up 
into disc.-re blobs rotating around the common center of mass. This behavior is qualitatively 
consistc-.it with binary or multiple star systems if these blobs eventually form stars. As most stars (at 
least ’IU percent) are in multiple star systems, this result is not immediately at  variance with 
o! . iatior. Lamn has nrgded that single stars, such as the sun, are formed originally as part of a 
multiple sti.r system a*.d then ejected from such a systcrir. However, if this were a correct descrip- 
tion for thc origin of the sun. it is very difficult tu see how a planetary system could survive the 
ejection prccru. A more fruitful approach would seem to  be in assuming that certain cloud frag- 
ments h a c  less angular momentum than others and that these fragments are the ones that form 
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single stars (and planetary systems?). Ev :n then, there are several interesting and difticult problems, 
which are subjects of current research. It may safely be said that we are a long way from an 
adequate theoretical understanding of how single, rotating stars and t k i r  nebulae are formed. 

In spite of l’-.ese difficulties, certain general features have emerged which afford a relatively 
crude estimate of some of the general characteristics of the primitive solar nebula. As is well known, 
the terrestrial planets are strongly depleted in volatile elements, most noticeably hydrogen and 
helium, when compared to  the outer planets. If we argue that these planets formed from a mixture 
which o r i p d l y  had their elements in “solar” abundanrx ratios, we can estimate a minimum m a s  
for the primitive solar nebula. Such an estimate appears in table I. It must be kept in mind that this 
is a lower limit to  the mass because of  the implicit assumption of 100 percent efficiency in accre- 
tion of the nonvolatile elements (table I from “Earth, Moon and Planets,” Whipple). 

TABLE I. 

Bodies 
Present original 

(Earth = 1) (Sun= 1) 
m a s  Factor minimum mass 

Terrestrial 2 400 0.002 
Jupiter 318 11 .01! 
Saturn 95  36 -010 
Uranus and Neptune 32 80 .008 
Comets 1 8,000? .024? 

Total minimum original mass 0.055? 

It would seem reasonable then that the solar nebula was around a few tenths of the mass of the sun. 

In addition to the m a s  estimate discussed above, we also have theoretical and experimental 
evidence that some interstellar dust grains present in the solar fragment survived the formation of 
the Solar System. Theoretical evidence suggests that the temperature around a lM, star wwld  only 
vaporize dust for distances of -0.5 A.U. and closer, not in the region of the Earth or asteroids. 
Experimentally, Black ( 1972) measured neon isotopic compositions in carbonaceous meteorites and 
observed a composition which he tentatively identified as being extra-solar. Subsequently, Clayton 
and ceworkers have measured oxygen isotopic ratios in carbonaceous meteorites which differ from 
any others ever measured, ana which Clayton etaf .  (1973) are attributing to a distinct nuclear 
composition in unvaporized dust grains. In summary, the available data and theory suggest that the 
primiti .e nebula was reasonably cool and that most of the highly refractory elements were never in 
the gas phase. 

Finally, we do have some experimental information concerning time scales in the early Solar 
System. As the techniques involved are of general interest and are relevant to selenology, we shall 
discuss these in more detail later. 
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111. FORMATION OF SOLID BODIES IN THE SOLAR SYSTEM 

The question of how solid bodies (planets, comets, asteroids, etc.) formed in the early Solar 
System is as hotly debated as the question of how stars form. We will attempt t o  indicate the major 
schools of thought and inherent difficulties. 

A. Condensation Models 

The type of planetary fomdtion model considered here is one where a fairly massive 
(- mass If Jupiter) region of the sciar nebula isolates itself gravitationally in a manner similar to the 
fragments in interstellar clouds Such models are similar to the “proto planet” hypothesis of Kuiper. 
It is suggested that dust in these protoplanets will settle and form a rocky core, and that terrestrial 
planets formed from protoplanets which lost their gaseous atmospheres due to  tidal effects from the 
sun. Several difficulties exist with such models, but two are of interest. It is difficult to have the 
fragmentation occur for such small masses. The temperatures in the primitive solar nebula would 
have had to be very cool indeed, a few tens of degrees Kelvin. Also, and more importantly, the 
formation period of the Earth, Moon, etc. would have been one of few impacts by external objects. 
This is not consistent with even casual observation. 

B. Accretion Models 

Most workers now feel that planets are formed by the process of accretion. Dust grains in 
the nebula collide and stick, forming a single massive particle. As this process continues, one expects 
a distribution in mass, with most of the particles being small, and progressively less particles with 
increasing mass. Eventually, one or two of the “particles” will be large enough to  gravitationally 
capture objects, and not have to  rely on direct impacts. This situation is unstable in the sense that 
bigger objects grow faster than small ones, so soon there are just a few major sized bodies sur- 
rounded by a hierarchy df bodies of various sizes. Most of the mass is contained in the few large 
bodies. One problem with accretion is that it is fairly slow, and one must rely on phenomena which 
shall not be discussed here to speed things up. Such models do provide ideal conditions for intense 
surface bombardment activity for the planets, a point in their favor. 

IV. SOME COMMENTS ON DATING SCHEMES AND WHAT THEY MEASURE 

As we remarked above, there are data which permit us to  place some constraints on time scales 
for various processes. We will not consider here the dating of materials by measuring spallation 
products (cosmic ray ages), but concern ourselves with time intervals inferred from radioactive 
decay schemes. 

Radioactive dating falls into two categories, each telling us something different about the 
samples studied. These two categories are (1) those where the parent nuclide is extinct in the solar 
system (‘291, 244Pu) and (2) those where the parent nuclide is extant in the Solar System (40K, 
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A. Extinct Radioactivities 

The two most prominent dating schemes here are ( 1) the decay of l 2  I to Xe bv beta 
emission, and (2)spontaneous fission of 244Pu to  136,134,1329131Xe. Both 1291 and 244Pu are 
thought to be synthesized in supernovae. and once formed decay with half-lives of 17 myr and 
82 myr, respectively. 

Both decay schemes have isotopes of the rare gas xenon as daughter products. Measurements 
of the concentrations of these daughter products tell how much of the parent nuclides was present 
at the time the samples quantitatively retained the rare gas. Inferred ratios of I I/' 'I at the time 
meteorites were cool enough to  retain 12'Xe are -l(r4. Knowing the hidF-life, and assuming an 
nitial produced ratio in supernovae, one can calculate the time interval from the last addition of 

nucleosynthetic material into the Solar System until these meteorites cooled sufficiently to retain 
Xe. This time interval is about 10' yrs. Similar values are found from the 244Pu-Xe dating 
scheme. There are ambiguities in how this number is to be interpreted. If the * I was added when 
the interstellar cloud collapsed, it means that meteorites did not form until long after the collapse 
was finished, because the collapse takes only about IO6 years. On the other hand, the 1291 may 
have been added when the cloud moved through one spiral ann in our galaxy, and the collapse of 
the cloud did not occur until the cloud ran into the next spiral arm. The time for trant:t between 
arms is -IO8 yrs, so one cannot say anything about whether meteorites formed quickly or slowly. 

Additional work with I dating has shown that the small spread in ' I/' I ratios at the 
time the meteorites were cool enough to  retain xenon implies that the various meteorites all cooled 
to the same temperature within about 1 O6 -IO7 years of one another. 

In summary, extinct radioactivities tell us about time intervals from nucleosynthesis until 
meteorite (lunar?) formation. They d o  not say anything about how long ago meteorite formation 
occurred. 

B. Extant Radioactivities 

This group nicely complements the previous one in that it provides information on the 
time interval betweil the present and a point in time when the samples were chemically equili- 
brated. The primary dating schemes in use here are K-Ar, Pb-Pb and Rb-Sr. Potassium40 decays to 
form the rare gas isotope 40Ar. Dates determined with this technique indicate the time in the pa&. 
when the samples cooled sufficiently to  begin retaining argon. Uranium 238 and 235 decay by 
emission of a-particles to form and 'O'Pb, respectively. Again. this technique indicates the 
time when chemical equilibrium was established between U and Pb. 

A particularly powerful scheme is that utilizing the decay of 8 7 R b  to 87Sr. Recent develop- 
ments in high precision mass spectroscopy and the lack of pronounced terrestrial contamination 
problems, have made Rb-Sr dating a powerful probe of events in the history of solar system objects. 

Rb-Sr measurements shed light on two important aspects of lunar geology, namely (1) crystal- 
lization ages of rocks (chemical equilibrium of Rb and Sr) and (2) geochemical differentiaticn. A 
discussion of this technique is not proper for this brief outline, but I will try to indicate how the 
information is obtained. 
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Laboratory measurements give the present ' Rb,'8 ' Sr and ' Sr/8 Sr ratios in the samples. If 
samples defme a straight line when these two ratios are plotted, one learns two things. First, the 
intercept of the line, such lines are called isochrons, with the ' Sd8 ' Sr axis (i.e., Rbf Sr = 0 )  
defines the initial 'Srf6Sr ratio for these samples. Second, the slope of the isochron is given by 
eXT-l, where T is the agc to be determined, X is the decay parameter for ' Rb, and Sd8 Sr is 
the ordinate (fig. 1). Knowing the slope and X, one can easily determine T. In some samples, one 
finds that different minerals define separate isochrons. For example, in figure 2, rock fragments 
define an isochron with T = 4.52X lo9 yr, while certain fragments of this rock define isochrons of 
4.0X IO9 yrs; that is, they crystallized half a billion years later than the whole rock. Also, the initial 

Sr/' Sr ratios in the fragments are Figher than the whole rock value, and more importantly, they 
are higher than what one would expect if the whole rock Rb/Sr ratio was characteristic of the 
material from which the fragments formed. Thus, the fragments formed from raterial enriched in 
Rb beyond the source material for the bulk of the rock. Thus, there was geOs!ieIkliCid differentiation 
involved. 
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F i r e  1.- Cenemlized Rb-Sr evolutionmy dillgnun. F i r e  2.- Hypothetical Rb-Sr data show the rypes 
Sample is characterized by a uniform ' 7Sr$ 6Sr ratio of information one can obtain from samples. It is 
at time T =  0. As the 87Rb decays to 8'Sr, it does supposed that the %hole rock"kochron was gen- 
so in direct proportion to the amount of  8'Rb pres- erated fiom the T = O  system. The initial 
ent. At time T =  TI, the composition has evolved 8'Sr$6,\r ratio for the 4.0 by fragment is higher 
into the upper "isochron. '' 7he age, TI, is related to than expected from 0.5 by evolution of the whole 
the slope of the line as indicated by the equation. rock reservoir (dashed line), implyins that the fmg- 

ment came from a geochemically differevt reser- 
voir than the whole rock sample. 
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This is not intended to  be a comprehensive discussion, and hopefully these points will be more 
explicitly explained in the verbal presentation. 

V. HYPOTHESIS FOR THE ORlGlN OF THE MOON 

Perhaps the most enigmatic properties nf the Moon (aside from its very existence!) are the 
differences in mean density and chemistry between the Moon and the Earth. Any viable hypothesis 
as to the origin of the Moon must account for these problems. Most hypotheses fall into one of 
three general categories: (1) the Moon formed when the primitive Earth fissioned duc to rotation, 
(2) the Moon formed from a circum-terrestrial “nebula” by accretion and (3) the Moon formed at  
some different point in the Solar System and was captured by the Earth. 

A. Fission Hypotheses 

Most variants of this category argue that a hot, rapidly rotating young Earth underwent 
“fission” and separated into two pieces one of which was the Moon. The motivation behind such 
models is that if the fi i ion did not occur until ie Earth had its iron in a core, then the small 
fragment would contain primarily mantle material and would have a lower density than the Earth. 
The primary difficulties with such hypotheses are the large angular momentum required for the 
initid Earth and the orbital inclination of the Moon relative to the Earth’s equator. Also, it is not 
clear that the details of lunar chemistry can be made compatible with a fission origin. 

B. Circum-Terrestrial Accumulation 

Again, there are several variants to be found on this hypothesis. Basically, the concept 
involves a swarm of bodies orbiting the Earth which eventually accreted to form the Moon. It is 
certainly likely that such an environment existed around the primitive Earth, but it does not seem 
to adequately address the compositional differences between the Earth and the Moon. If the 
circum-terrestrial bodies formed neaI the Earth, one would expect them to have iron in terrestrial 
abundance. Also, integrations of lunar orbits back in time indicatz that it had an even higher orbital 
inclination in the past than it does now. This is hard to  understand if the Moon formed entirely 
from this circum-terrestrial material. 

C .  Chpture Hypotheses 

Two principal variants of this school exist. One relies on gravitational capture of the 
Moon by the Earth, that is energy dissipation through tidal interaction only, and the second relies 
on collisional capture. Capture hypotheses offer natural explanations for the orbital inclination of 
the Moon and for differences in chemistry and density. If the Moon formed in a region of the Solar 
System other than that from which the Earth formed, one expects a priori that the compositions 
would be differe-t. The major criticism of the capture hypothesis has been that it isvery improb- 
able. S1;cii arguments should be given minimal weght. 
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If gravitational capture is considered, it appears to be difficult to dissipate energy sufficiently 
rapidly to bring about capture. Recent work by Kaula and Hams have shown that if one has a ring 
of material in orbit around the Earth, and if the mass of the ring is only -1/600 that of the Moon, 
it could dissipate the energy of an incoming lunar mass object sufficiently to allow capture. 

VI. ONE MAN'S VIEW 

Here I wish to try and synthesize the preceding remarks into a working scenario within which 
subsequent discussions might be considered. 

'&?le available evidence strongly suggests thzt planets formed by accretion through a hierarchy 
of particle masses. The terminal stages for this process probably involved collisions between large 
bodies. The region of the Solar System which is known as the asteroid belt is one where for some 
reason this accretion process was not carried to completion and we see there a fossil example of the 
hierarchy in mass discussed above. The terminal phase of planetary formation was a hectic one in 
the sense that high velocity debris of varying sizes were moving from as far out as Jupiter into the 
region of the terrestrial planets. Most of the terrestrial planets were surrounded by swarms of 
smaller bodies during this terminal phase. 

The Moon, or the bulk of it, was formed in a region of the Solar System different than that in 
which the Earth formed, and was captured upon close passage to the Earth as a consequence of a 
collision with circum-terrestrial material. Once captured, its surface was bombarded by particles in 
terrestrial orbit, as well as particles like the Moon which came from cther regions of the Solar 
System. 

It is very difficult to speculate on whether the duration of this bombardment phase for the 
Moon monitors the time evolution of particles near the Earth or bombardkg particles within the 
Solar System generally. Additional evidence on the bombardment history of Mars and Mercury may 
well provide sufficient evidence to answer this question, and thereby shed light on an important 
time interval in the early history of the Solar System. 
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ORIGIN OF THE SOLAR SYSTEW 

REVIEW OF CONCEPTS AND THEORIES 

W.H. HcCrea 
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-- kbstract. A short  out l ine 3s given of some of the  main empirical  
faa tures  of the s o l a r  s y s t r r m .  Cataclysmic theor ies  of its origin 
.;re brie-  1.y mntioned. The general  concept of a s o l a r  nebula i e  
describe . A . c m l a t i o ~  theories  of the formation cf planets  from 
the  neLuLa are sketched with some c r i t i c a l  comments. A proto-planet 
theory of the or ig in  of planets  and satell i tes is then considexed. 

An attempt is made t o  place as much as possible of the work i n  a 
general  setting and t o  c a l l  a t ten t ion  t o  a number of physical  
mechanisms tha t  fea ture  i n  one way or rrlother i n  a number u f  theories.  

Introduction 

The dominant membe: of the Solar  S y s t e m  i s  the Sun. However, the in ten t ion  
here is t o  consider la rge ly  the or ig in  of the  o ther  members of the System and 
consider the or ig in  of the Sun only so far as i t  e luc ida tes ,  or is  elucidated by, 
that of the rest. 

Up t o  near ly  the year 1800 the study of the Solar  System (SS) w a s  almost the  
whole of astronomy. Since then the scope of astronomy has expanded prodigiously. 

Nevertheless, a t  the present t i m e  there  is R great  resurgence of i n t e r e s t  i n  the SS, 
par t ly  because of the operations of space vehicles ,  but f o r  many other  reasons as 
w e l l .  lbubt less  a t  the back of the mind of many is the  hope of discovering the 
or ig in  of l i f b .  For astronomers, however, there  seems t o  be a prevalent impress- 
ion t h a t  s ign i f icant  progress is now b e h g  made towards understanding t h e  o r i g i n  of 
the System itself. 

If such progress i s  indeed being or is about t o  be achieved, then i t  is 
because rece-t developments i n  so many sciences a re  being brought t o  bear upon the 
problem - dynamics , physics, astrophysics,  geophysics , cosmochemistry and 80 on. 

Fortunately, some of the contributions t e l l  us t h a t  c e r t a i n  fea tures  probably have 
l i t t l e  t o  do with the or ig in  of the System, so t h a t  every f r e s h  contrrbution does 
not necessar i ly  add t o  the complexity. Nevertheless, the subject has become so 

complicated t h a t  i t  would be absurd t o  t r y  t o  make R comprehensive survey within 
the scope 0. one sport  essay. 

I have bee& i i r*r ted t o  describe the V ~ P L O U S  "models". 1 s h l l  attempt t o  do 
t h i s  i n  a way that I hope w i l l  help us t o  see i n  what .. + .. le subsequent 
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particular contributions fit into the general pcttern of the subject. But I do not 
propose to catalogue such coctributions, and any I mentisr a n  to be taken only by 
way of illustration. 

Solar System : empirical 

The SS is composed of the Sun, nine planets, 32 known (natural) satellites and 
a ring-system, esteroids, meteoroids, comets, interplanetary dust and gas.  

The Sun is an average main-sequence star uhich appears to be normal in every 
respect. 

The nine planets may be classified (table 1 )  as: 

A. Six principal planets comprisng: the major planets, Jupiter and Saturn; the 
outer planets, Uranus and Neptune; the terrestrial planets, Venus and Earth. The 
planets in each pair are quite similar to each other. In passing from one pair to 
the next in the order stated, the mean mass decreases by an order of magnitude, and 
the mean density increases. 

B. Three lesser planets, Mercury, Mars, Pluto. These are again about an order of 
magnitude smaller in mass than the terrestrial planets, but they are similar in 
densj ty. 

Table 1 Planets and Satellites 

Principal planets Mass Mean density Regular Satellite: Miscellaneous 
Satellites 

JUPITER 

Major 
SATURN 

NEPTUNE 

Outer 

URANUS 

EARm 

Te m e  s t r ia 1 

VENUS 

(Earth mass) (g c71”) 

31 a 1 .4  

95 0 -  7 

1 7  1.7 

15 1 - 3  

1 5.5 

0. a2 5.2 

Lesser planets 

PLUTO 

MARS 

MERCURY 

0.11 

0.11 

0.06 

4.8 

3 .9  

5.5 

Main Minor Ring System 

7 

‘ 7  1 2 

4 1  - 

1 - - 1 

- - - 5  

1 - 
- - 
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The s a t e l l i t e s  may be c l a s s i f i e d  as: 
A. Regular s a t e l l i t e s  comprising 

(a) 
the la rges t  s a t e l l i t e  of Saturn (Ti tan) ,  and the large s a t e l l i t e  of Neptune (Triton).  
These have masses about an order of magnitude less than those of the lesser  planets.  

Their dens i t i e s  a re  s i m i l a r ,  but they f a l l  offsomewhat with dis tance from the 
parent planet.  

( 0 )  Minor s a t e l l L t t s  including the innermost s a t e l l i t e  of Jup i t e r ,  the seven inner  
s a t e l l i t e s  of Saturn (oxcluding Ti tan) ,  the f i v e  s a t e l l i t e s  of Uranus. 
appear to be comparable amongst themselves but t h e i r  masses a re  about two orders of 
magnitude smaller than thosa of the main s a t e l l i t e s .  Saturn's  rings appear t o  be 
associated with i t s  minor s a t e l l i t e s .  

B. Hiscellaneous s a t e l l i t e s  comprising the two t i n y  s a t e l l i t e s  of Mars and the  
ten  outermost s a t e l l i t e s  of Jup i t e r ,  Saturn and Neptune. It is evident that these 
small bodies a re  not i n  the categories  mentioned i n  A and tha t  they are r e l a t i v e l y  

Main s a t e l l i t e s  including the Moon, the four  Galilean s a t e l l i t e s  of Jt-piter, 

Tfiese a l l  

ins igni f  xcclnt. 

It may be noted tha t  the main s a t e l l i t e s  a r e  d i s t r i b u t e d  amongst a l l  the 
various s o r t s  of pr inc ipa l  p lane ts ,  while minor s a t e l l i t e s  a r e  associated only with 
planets  of r e l a t i v e l y  low densi ty  and short  rotation-period. Apart from the  m i n i -  
scule  s a t e l l i t e s  of Mars, the lesser  planets  a r e  devoid of s a t e l l i t e s ,  s o  f a r  as is 
ImOWn. 

It may be remarked tha t  the purely empirical  f ea tu re s  of the various s a t e l l i t e  

eyeterns make each of them in  many respects  unlike a miniaturized planetary system. 

As is well-known the SS possesses no known simple s t r i c t  regular i ty .  But it 
possesses many approximate r e g u l a r i t i e s  concerning the o r b i t s ,  t h e i r  near-circular- 
i t y ,  t h e i r  planes and t h e i r  spacings,  concernir.g the a x i a l  sp ins ,  and so on. There 
are a l so  fea tures  t o  do with the d i s t r i b u t i o n  of angular momentum. I n  pa r t i cu la r ,  
there  is one near-regular i ty  t h a t  may be the most important; i t  may be described as 
f O l l O W S .  

The present composition by mass of the Sun is approximately hydrogen 70$, 
helium 28$, heavier elemeute 2%. 
could have about t h i s  (standard) composition. Their mean mass i s  -10  g. If w e  
s tart  with such a mass of standard composition and remove some 90$ of the light 
elements we get  bodies l i k e  Uranus and Neptune, if we remove 99% of these elements, 
ut. get bodies l i ke  Earth and Venus. I n  t h i s  way we can assoc ia te  with the six 
pr inc ipa l  p lane ts ,  s i x  standazd planets  of mass 10 g or thereabouts made of stand- 
ard material .  

It is general ly  accepted t h a t  Jup i t e r  and Saturn 
30 

30 

A l l  the  other components of the SS (as te ro ids ,  e t c . )  contain r e l a t i v e l y  l i t t l e  
mass. Although they present many problems nf much i n t e r e s t  i n  t h e i r  own r i g h t ,  any 
s ignif icance they have i n  the immediate rontext is l i k e l y  t o  be i n  providing 

ce r t a in  t e s t s  of theories  of the or ig in  of planets  and s a t e l l i t e s .  

Theoretical  aims 

A successful theory of the or ig in  of the  SS would be expected t o  account for 
the existence and number of the p lane ts ,  t h e i r  t o t a l  mass and the m a s s  of the mogt  
massive p lane t ,  t h e i r  compositioir, t h e i r  ax ia l  ro t a t ions ,  and the spacing of t h e i r  
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orbi t s .  It would be expected t o  account f o r  the corresponding propert ies  of 
s a t e l l i t e s .  Also i t  should account f o r  any observed cor re la t ions  betwe-:- any of 
these fea tures .  

Such a theory should lead t o  inferences about the occurrence of other  similar 
systems i n  the cosmos, and probably about connections between them and the OCCUSI- 

ence of b i i  a ry  stars, multiple s t a r s ,  and so on. 

R a w  mater ia l  

Modern thinking about the or ig in  of the planets  began before much w a s  known 

about the composition of the rest of the astronomical universe. So cosmogonists 
could start only from e i t h e r  a purely speculative hypothesis of e "so lar  nebula", 
88 f o r  example Laplace d id ,  or from what appeared t o  be an obvious f a c t  of obser- 

vation t h a t  the only matter within reach was a l l  i n  the Sun i tsel f .  

Prefer r ing  f a c t ,  as they thought, t o  hypothesis,  f o r  about the first h a l f  of 
t h i s  century cosmogonists sought p e r s i s t e n t l y  t o  show how matter could have been 
extracted from the Sun t o  form the SS. 

Cataclysmic theor ies  

Because the Sun i t s e l f  is  a r a t h e r  pac i f ic  star, a cataclysm of some kind 
would be required t o  ex t rac t  matter f r o m  it .  So i t  appears t h a t  some dramatic 
intervent ion by a second star has t o  be invoked. As is well-known, dis;inguished 
astronomers have expended much ingenuity i n  inves t iga t ing  such p o s s i b i l i t i e s .  None 

of these older  attempts produced acceptable theories .  During the past  1 0  years ,  

however, Professor Michael Woolfson of York has returned t o  the general  concept but 
with c e r t a i n  novel as t rcnoni ra l  and computational f e a t u r e s  - and with results that 

are highly i n t e r e s t i n g  i n  themselves. May I be allowed t o  commend Woolfson's work 
a s  worthy of the most ser ious study? 

1 )  

Solar nebula 

Since the days when cataclysmic theories  began t o  be considered, astronomers 
have establ ished two simple fea tures  of the s t e l l a r  system t h a t  a r e  c r u c i a l  f o r  our 

problem. One is t h a t  i n  the Galaxy there  does e x i s t  much d i f fuse  mater ia l ,  and 
the other  i s  tha t  many s t a r s ,  inc:-Jdinc the Sun, mus , have been formed a f t e r  the 
Galaxy had reached i t s  present s t a t e ,  and formed presumabAy from t h i s  ob-erved 
material .  Thus w e  m-iy claim t o  know tha t  the Sun w a s  formed out of known mater ia l  
and t o  know tha t  the same mater ia l  would be the required raw material f o r  forming 
planets.  We are  almost driven t o  the conclusion t h a t  the planets  were formed out 
of the s o r t  of i n t c r s t e l l a r  material  tha t  astronomers observe every day and t h a t  
t h i s  happened a t  the same t i m e  as  when the S u n  was formed from the same mater ia l ,  
or not long thereaf te r .  

When the planets  were about t o  be formed, we thus i n f e r  t h a t  the  r a w  mater ia l  

was i n  some d i f fuse  s t a t e  and retained by the g r a v i t a t i o n a l  a t t r a c t i o n  of the Sun 

(already formed o r  s t i l l  being formed). 
aot ion of a s o l a r  nebula. 

I 
I n  a general  sense ae come back t o  Laplaces 

29 
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I n  f igure  1 I have t r i e d  t o  convey an i m p 1  s s ion  of the s o l a r  nebula tha t  

covers most of the fea tures  contercplated i n  currant  theories .  It is  a d i f fuse  

cloud of w t e r i a l  c i r c u l a t i w  i n  the Sun's grav i t a t iona l  f i e l d  and having l i n e a r  
extent  about t ha t  of the ex i s t ing  Solar System. The material  may be f a i r l y  evenly 
or very pa tch i ly  d is t r ibu ted .  The motion may be f a i r l y  regular  ro t a t ion ,  or 
ro t a t ion  with large vor t i ces ,  or highly chaot ic  and turbulent .  In  consequence of 
the ro t a t ion ,  the system must be f l a t t ened  i n  some way, and various possible pro- 
f i l e s  that have been discussed a re  sketched. 

The mater ia l  is taken t o  have standard composition. I t s  temperature is 
probably of the order  of 100°K. 

gas,  the hydrogen being soetly molccular. m.e heavier elements would be p a r t l y  i n  
the  form of gas, and pa r t iy  incorporated in?r dust-grains - metal g ra ins ,  graphi te  
grains, s i l i c a t e  gra ins  - forming a l toge ther  1 or 2 percent r f  the mater ia l  by mass. 

The hydrogen and helium would be i n  the form of 

Fi--e 1 Solar  nebula shoving various suggested prof i les .  
(The drawing indica tes  t ha t  the mater ia l  may be patchy and 
tha t  there  may be large-scale eddies. ) 

I give t h i s  descr ip t ion  of the s o l a r  nebula i n  t h i s  r a the r  nebulous form 

because i t  can then be made the cen t r a l  fea ture  i n  I attempt t o  give an overa l l  

view of present day a c t i v i t y  i n  the whole f i e l d .  Thus, considerat ion of the 

provenance of the s o l a r  nebula leads on t o  the study of the physics of the s o l a r  
nebula, and t h i s  i n  turn  leads i n t o  theories  of the formation of planets  and 

s a t e l l i t e s .  
Provenance of s , 3 1 i r r  nebula 

There a re  severa l  views aepending upon tho intimacy of the connection with the 

formation of the Sun i t s e l f .  

( a )  Sun assumed t o  be i n  i t s  f i n a l  s t a t e .  Here the mater ia l  i s  considered t o  be 
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captured from an i n t e r s t e l l a r  cloud e i t h e r  by the intervent ion of another s t a r  (so 

t h a t  w e  have some element of cataclysmic processes remaining), or simply by 
accret ion so t h a t  capture re2ul t s  from c o l l i s i o n s  between portions of the i n f a l l i n g  

material .  

momentum are for tu i tous  fea tures  depending upon the densi ty  of the cloud, t h e  
r e l a t i v e  speed of the Sun, and so on. The sp in  of the Sun need have no r e l a t i o n  

t o  t h e  r o t a t i o n  of the captured mater ia l .  

On t h i s  view the amount of captured mater ia l  and i ts  t o t a l  angular 

It seems c e r t a i n  t h a t  the Sun must from time t o  t i m e  p3ss through an i n t e r -  
Stellar cloud and a l s o  that the processes contemplated could ensue. 
hand, i t  seems hard t o  say more than t h i s ,  so that there a re  few p a r t i c u l a r  fea tures  
that are tes tab le  by theory or by observation. 

On 'the other  

(I cannot r e f r a i n  from offer ing c e r t a i n  c r i t i c a l  comments as I proceed, but I 
do not attempt here t o  present de ta i led  or systematic c r i t i c i sms) .  

(b) 
w a s  formed from the s o r t  of i n t e r s t e l L a r  mater ia l  considered, it m a k e s  f o r  economy 
of hypothesis t o  suppose t h a t  the s o l a r  nebula cons is t s  simply of material l e f t  
over i n  forming the Sun. If so we m i g h t  have a c lue as  t o  the dens i ty  t o  be 
expected, a l s o  we should on general  grounds expect such mater ia l  and the Sun i tself  
t o  have roughly the  same axis of spin.  Also the Sun may have gone through a 
*Hayashin phase while the s o l a r  nebula tias in pos i t ion ,  and t h i s  may have influenced 
i ts  physical s t a t e .  

Sun st i l l  being formed i n  i n t e r s t e l l a r  cloud. Because we infer t h a t  the Sun 

Again, we should think i t  most l i k e l y  t h a t  the Sun w a s  formed along with a few 
hundred other  stars composing a g a l a c t i c  c l u s t e r  (since dispersed).  Certain 
proper t ies ,  p a r t i c u l a r l y  the overa l l  s i z e  of the s o l a r  nebula may depend on t h i s  

circumstance. 

On such a p i c t  we, the s o l a r  nebula may never had had a clear-cut i d s n t i t y ;  it 
could have been exchanging mater ia l  with the r e s t  of the cloud a t  a l l  re levant  times. 

It may be t h a t  t h i s  approach has not yet served t o  predict  quant i ta t ive  

propert ies  of the s o l a r  nebula, but a t  the same t i m e  we can claim t h a t  the mere 

f a c t  of the Sun being formed out of d i f fuse  mater ia l  i s  a guarantee t h a t  such 
mater ia l  was a t  haid and several  r e s u l t i n g  circumstances a re  q u a l i t a t i v e l y  advan- 
tageous i n  other  respects.  
process as  having most l i k e l y  taken piace i n  the e a r l y  s tages  of the  h i s t o r y  of a 
s te l lar  c l u s t e r  so t h a t  even here there  are some common fea tures) .  

(c) 
something even more l i k e  the o r i g i n a l  Laplace s o l a r  nebula, They think of the  Sun 
being formed f i ? m  a d i s t i n c t  portion of the raw mater ia l  t h a t  cont rac ts  under i t s  
s e l f  gravi ta t ion.  With any l i k e l y  i n i t i a l  angular momentum, t h i s  could not con- 
t r a c t  t o  s o l a r  s i z e  without r o t a t i o n a l  break-up. But it is postulated t h a t  up t o  

a c e r t a i n  s tage there w i l l  bc magnetic l inking t o  the surrounding i n t e r s t e l l a r  

medium r e s u l t i n g  i n  magnetic braking of the increasing spin.  It i s  thought t h a t  
the l i n k  must become severed a t  some stage so t h a t  there  is  f u r t h e r  spin-up, with 
r e s u l t i n g  equator ia l  break-up. Then it is supposed t h a t  there  w i l l  be a magnetic 
link-up of the proto-Sun with the discaaded mater ia l  causing an outward t r a n s f e r  of 
angular momentum. On t h i s  p ic ture ,  the discarded mater ia l  is i n  f a c t  the  so la r  

(It should be mentioned t h a t  Woolfson thinks of h i s  

Solar nebula t rea ted  2s par t  of s o l a r  condensation. Some workers go back t o  



nebula. 
and more recent ly  by F. Hoyle?)to predict  more precise  proper t ies  for .the s o l a r  

nebula than any of the others.  However, I scarcely think i t  ha3 yet been estab- 

l i shed  t h a t  the postulated processes would inevi tab ly  occur, or that i f  they did 

they would operate with the extreme ef f ic iency  needed i n  order t o  achieve the 
required d i s t r i b u t i o n  of angular momentum. 

Some such sequence of processes has been claimed, o r i g i n a l l y  by D.ter H a a r  2 )  

Physics of so la r  nebula 

Much work is concentrated upon the study of the mechanics and physics of the 
s o l a r  nebula evident ly  on the implied b e l i e f  that i f  a theory explains how s u i t a b l e  

mater ia l  can be produced i n  a su i tab le  locat ion there i s  no doubt tha t  the planets  
w i l l  be fowed from it. 

There is now a dichotomy i n  the development. One type of theory regards the 

d i f f e r e n t i a t i o n  of material as occurring mainly i n  the s o l a r  nebula, from vhich 
planets  are then formed w i t h  t h e i r  permanent compositioii. Another type considers 
that first a number of similar condensations w e r e  formed i n  the raw material - 
proto-planets -and that  d i f f e r e n t i a t i o n  then occurred within these bodres, w h i c h  
proceeded t o  evolve i n  d i f f e r e n t  ways. The former type n a t u r a l l y  demands the more 
elaborate  study of the solar nebula. 

This study has severa l  aspects.  It has always t o  be recognized t h a t ,  i f  i t  is 
f u l f i l l i n g  i ts  e s s e n t i a l  r8le of producing the planetary system, the state of the 

s o l a r  nebula with which w e  are concerned is necessar i ly  t rans i tory .  

Hydrodynamics. The problem i s  tha t  of f l u i d  i n  the  v i c i n i t y  of a cent ra l  plane i n  
r o t a t i o n a l  motion about an axis perpendicular t o  the  plane,  under g r a v i t a t i o n a l .  
forces.  Most present day treatments seem t o  regard f l u i d  a s  turbulent - although 
d i f f e r e n t  reasons f o r  d3ing so are adduced - and i n  p a r t i c u l a r  turbulent pressure 
may be importult.  

Thermodynamics. The aim being t o  i n f e r  the dens i ty  and temperature d i s t r i b u t i o n ,  
the  thermodynamic behaviour is important. The mater ia l  i s  heated mainly by the 

s o l a r  rad ia t ion  and coaled mainly by L.e-emission, and so the opacity has t o  be 
studied. The temperature es’,imated f i n a l l y  is  usual ly  of the order of magnitude 
1 0 0 ° K  i n  the par t  near the Sun, f a l l i n g  t o  much lower values f u r t h e r  away, but 
estimates d i f f e r  very considerably. Densit ies a r e  t y p i c a l l y  of the order 
ro-’Og CG3. 

Chemistry. It seems tha t  the chemistry of mater ia l  i n  such conditions presents  
novel problems. On the whole - i f  m y  impression i s  cor rec t  - substances con- 
dense out i n  the form o f  metal G a i n s ,  si1ica.e gra ins  e t c . ,  much as  as t rophys ic i s t s  
estimated i n  the p a s t ,  but apparently the d e t a i l s  a r e  more complicated and tbe 
v a r i e t y  of materials  grea te r  than had been expected. I t  i s  highly reassuring tha t  

some workers a re  nowadays able t o  check some of the predict ions by laboratory t e s t s .  

The outcome of a l l  t h i s  i s  the predict ion of a r a t h e r  complex v a r i a t i o n  of 
m a i n  mater ia ls  through the system. 

Sedimentation. There a r e  various mechanical act ions on a gra in  tha t  are  not 
s i g n i f i c a n t  f o r  atoms gr molecules of the f l u i d .  Exidently the main e f f e c t  is for 
them t o  tend t o  f a l l  towards t t e  cent. 11 plane of the  system. Several  authors have 
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studied this  process. Some grains  w i l l  adhere i f  they encounter each other  and 
t h i s  property grea t ly  a f f e c t s  the outcome. 

ago concluded tha t  metal grains  would adhere, but n o t s i l i c a t e  grains. So a t  any 
s tage there  may be fu r the r  d i f f e r e n t i a t i o n  of the mater ia l  by sedimentation, i n  
addi t ion t o  the chemical d i f f e r e n t i a t i o n  already mentioned. 

Other e f f ec t s .  Some authors infer that there  i s  s ign i f i can t  l o s s  of  l i g h t  gases 
from the pa r t s  of the system remote from the Sun. 

I n  the context ,  E.0rowan4)several years  

Some i n f e r  the p o s s i b i l i t y  of motion which, viewed i n  a frame r o t a t i n g  with 
the  mean motion, gives the e f f e c t  of a pa t te rn  of grea t  eddies. They thinlr t h a t  
the i n t e r e s t i n g  deposi t ion of mater ia l  and condensations w i l l  occur i n  the i n t e r -  
s t i c e s  between these eddies. Thus there  would a r i s e  a s t i l l  f u r t h e r  order- of 
the mater ia ls .  Here I refer t o  the l i n e  of thought i n i t i a t e d  by K.F. von Weiz- 
sacker. 5 )  

Accumulation of p lane ts  

Hither to  a prevalent view according t o  t h i s  development of the subject  has 
been that, having apparently explained how the gra in  mater ia l  may come t o  be dis-  

t r i bu ted  i n  zones of d i f f e ren t  ccmpositions (and by v i r t u e  of the way i n  which t h i s  
mater ia l  has reached the c e n t r a l  plane i t  may by then cons is t  of s o l i d  p a r t i c l e s  of 
centimetre dimensions or more) it can be almost taken f o r  granted tha t  t h i s  mater ia l  
must then accumulate i n t o  a few la rge  bodies. These w i l l  have compositions de te r -  
mined by the zones i n  which they form. I n  the zone near which most gas remains 
some of i t ,  a l so ,  may be incorporated i n t o  these bodies. It is  claimed that the 
r e s u l t i n g  va r i a t ion  of composition matches t h a t  i n  the ac tuol  Solar System. 

L e t  us first of a l l  take a comprehensive view made possible  by the recent  
computer simulation car r ied  out by S.H. Dole. 6 )  

Dole takes a s o l a r  nebula having c e r t a i n  assumed p rope r t i e s ,  including the 
assumption tha t  the grains  move i n  Kepler o r b i t s  of  given f a i r l y  large eccent r ic i ty .  
I n  h i s  simulation, he i n j e c t s  a planetary tlnucleustn of a c e r t a i n  m a s s  and s i z e  and 
supposes i t  picks up every gra in  it meets. After  i t  has picked up everything it 
can, Dole i n j e c t s  another,  a t  random, and l e t s  i t  move under the same conditions 
together  with the assumption that i f  it encounters the f i r s t ,  i t  w i l l  coalesce with 

it. And so on. He has a l s o  the assumption that a f t e r  growing t o  a ce r t a in  s i z e ,  

any of his bodies may gather gas as  well  by g rav i t a t iona l  accret ion.  The whole 
process is supposed t o  go on u n t i l  a l l  the gra in  mater ia l  has been swept up. 

Dole has published typ ica l  s e t s  of r e s u l t s  of h i s  simulation experiments show- 
ing the  number, masses and spacing of h i s  p lane ts ,  compared w i t h  the ac tua l  SS. A t  

first s igh t  the outcome is so impressive t h a t  i t  looks a s  though the problem has 
been solved In a l l  e s sen t i a l s  and l i t t l e  remains t o  be done. However, I do not  

think t h i s  is how even Dole himself would view it. 

He s e l e c t s  four parameters of the ac tua l  SS t h a t  he seeks approximately t o  
reproduce. On my reckoning, h i s  system has 11 d! losable parameters t o  enable him 

to do it .  He should thus be able t o  reproduce the four  parameters in i n f i n i t e l y  
many ways. What h i s  work shows is some of the requirements that would be s u f f i c i -  
ent (though not ,  of  course, necessary) t o  produce a planetary system i n  t h i s  way.As 

33 



would be expected, i t  shows a l s o  t h a t  the r e s u l t s  a re  sens i t ive  t o  some of the 

assumptions and insens i t ive  t o  others.  

The assumptions cannot be discussed here i n  any de ta i l ,  but obviously one 3f 
the most important is the assumption t h a t  a t  a l l  intermediate stages bodies w i l l  

coalesce i f  they meet. 

The problems associated with some of the assumptions a re  brought out clearly 
I i n  the recent extensive inves t iga t ions  by Alfven and Arrhenius and by Saf ronw,  and 

from somewhat d i f f e r e n t  aspects  in tha t  by Cameron. I n  p a r t i c u l a r ,  they discuss  

this  problem of the  coalescence of bodies. This has led Alfvdn and Arrhenius t o  
the concept of " j e t  streams" produced by a process of grav i ta t iona l  focussing of 
o r b i t s  of i n e l a s t i c a l l y  in te rac t ing  par t ic les .  It has led  Safronov t o  a concept of 
"rings" of mater ia l  produced i n  a r a t h e r  s imi la r  manner. Once such a stream or ring 
has been formed, i t  is apparently possible t o  i n f e r  t h a t  p a r t i c l e s  composing i t  w i l l  
coalesce,  presumably as a r e s u l t  of some s l i g h t  per turbat ion of the motion. 

D i g r e s s i n g  f o r  a moment, Professor R.A. Lyt t le ton allows me t o  quote some work 
t h a t  w i l l  s h o r t l y  appear and t h a t  is an elaborat ion of some he published e a r l i e r  i n  

his book Mysteries of the Solar  System.'l) 
se t t le  very accurately i n t o  a plane before anything e l s e  happens. This gives a 

layer only a centimetre or so thick.  Lyt t le ton ca lcu la tes  t h a t  a body can grow by 
accumulation f r c m  such a layer  i n  a very short  t i m e .  

He infers t h a t  the grain mater ia l  w i l l  

This s e t t l i n g  i n t o  a plane i s  i tself  a process of " g r a v i t a t i o n a l  focussing" 
and i t  is beaut i fu l ly  i l l u s t r a t e d  i n  prac t ice  by Saturn's  rings. Whether i t  could 

operate throughout the nascent SS is perhaps more doubtful. One would expect some 
per turbat iou t h a t  would r e s u l t  i n  streams of some kind, r a t h e r  than a l a y e r ,  and 

t h i s  would be prec ise ly  the r e s u l t  got by the other  authors I have mentioned. So 
this brings one back t o  the  accumulation problem as s ta ted .  

by R.T. Ciuli') in the context of the Alfv4n-Arrhenius type of theory. 
claimed a t  the same time t o  account f o r  the s p i n  of the accumulating body and, 
inc identa l ly ,  t o  show t h a t  the angular ve loc i ty  would be always about the  same. It 
is  a l s o  claimed t h a t  such a theory leads f a i r l y  n a t u r a l l y  t o  the  formation of 
s a t e l l i t e s  as w e l l ,  although I am not aware of d e t a i l e d  s tudies .  

The d e t a i l s  of one way in which the accumulation might occur have been s tudied 
The work is 

Again I must r e f e r  a l s o  t o  Cameron's extensive work which, I understand, he 
w i l l  describe elsewhere i n  t h i s  report .  

Much ingenuity has thus gone i n t o  showing how bodies might accumulate i n  a 

solar nebula once c e r t a i n  s t a r t i n g  conditions a re  assumed t o  be real ized.  But the  
work on the physical s t a t e  of the s o l a r  nebula has not been shown necessar i ly  t o  
produce these conditions. One example i s  tha t  much of the work 01 t h s  accumulat- 
ion process evident ly  requires  the i n i t i a l  grains t o  move i n  o r b i t s  of improbably 

large e c c e n t r i c i t y .  Even i f  t h i s  requirement ,auld be m e t ,  it seems t h a t  it would 
n u l l i f y  the segregation of mater ia ls  in fer red  from other  assumptions. Moreover, 
very l i t t l e  of t h i s  work provides estimates of the times required t o  achieve t h e  

desired outcome. 
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Proto-planet theory 

L e t  us now go back t o  the s o l a r  nebula and picture  i t  simply as a r a t h e r  hap- 
hazard assembly of f o g  patches d r i f t i n g  about (under grav i ty)  i n  the  v i c i n i t y  of 
t h e  Sun. If grains  a r e  not a k e a d y  present simply as surviving i n t e r s t e l l a r  
grains, presumably they w i l l  form f a i r l y  quickly as already envisaged except t h a t ,  
I n  a dosordered system, more or l e s s  the same mixture of grains i s  t o  be expected 
throughout the sy'5em. In  the  disordered motion, patches of the material w i l l  form 
and break up. But w e  know t h a t ,  i f  i n  any chance aggregation a c e r t a i n  c r i t i c a l  
mass i s  exceeded, the body of mater ia l  i s  bound t o  cohere under its se l f -grav i ta t ion  
and not t o  disperse  again. 9 )  

L e t  u9 suppose t h a t  the llstandard planet" khat we i d e n t i f i e d  a t  the outse t  is 
such a mass. This is the only p a r t i c u l a r  assumption I need. 

Then we obtain a proto-planet with the proper t ies  shown i n  tab le  2. It is a 
very d i f f u s e  "fog patch," i ts  radius  being 10-20 t i m e s  that of the regular 
s a t e l l i t e  systems that we looked at. Any such body of m a t t e r  m u s t  of course have 
r e s d t a n t  angular momentum. A r a t h e r  d i f f e r e o t  approach gave the value shown, but  
i t  a c t u a l l y  could scarc3ly be much d i f f e r e n t  s ince f o r  a value severa l  t i m e s  bigger 
the  body would not hold together,  and f o r  a value severa l  times smaller i t  would 
have r id icu lous ly  small equator ia l  speed. In  any case we do not need t o  know t h e  
value nearer than t h i s .  

Table 2 Proto-planet 

In i t ia l  state : estimated t y p i c a l  values 

Mass 1 03Og 
Radiur, 1/3 1 0 ~ 3 ~ ~  
D e n s i t y  (mean) 2/3 x 10-8g cm'3 

Escape speed a t  surface 2 lan s-' 

Angular momentum 4 x 1046f5 CUI2 9-' 

Corresponding equator ia l  speed f o r  un i fo rm 
densi ty  1/3 km 8-l 

G a s :  hydrogen(molecu1ar) 70$ helium 28% 

heavier elements 1% 
Grains: metals,  g raphi te ,  s i l icates 1% 

Composition by m a s s  

( p o s s i b i l i t y  of some " ices")  
Temperature (k ine t ic )  of mater ia l  1 OO°K 

Supjmse such a proto-planet behaves as  an e f f e c t i v e l y  i so la ted  body once i t  
has been formed, rtro pi-ornsses are  bound t o  operate: 

a) 

b) 

It proceeds t o  contract  under it5 self-gravi ta t ion.  

Heavier mater ia l  f a l l e  towards the centre  through the l i g h t e r  material .  

A t  first (a) is very slow. Also (b) is slow if only the sedimentation of 
or ig ina l  grains  i s  contemplated. But i f  the adhesion of gra ins  is taken i n t o  
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account i t  is qui te  a rapid process. 
i t  appears t h a t  the first e f f e c t  would be the formation of a metal cor.e, leaving 

s i l i c a t e  gra ins  i n  suspension i n  the surrounding gas. 

they w i l l  produce a s i l i c a t e  mantle. I take it  tha t  "ice grains" ,  o r  ice-coated 
grains, m y  be formed as w e l l ,  and these may possibly qrsslst the  sedimentation oy a 

By v i r t u e  of the propert ies  noted by Orowan, 

If these proceed t o  set t le  

s o r t  of snow-fall. ' 0 )  

The remyining gases would be hydrogen (because there  is such an excess) and 
helium w i t h  o ther  noble gases because these cannot go i n t o  chemical compounds. Of 
course,  some gas would be trapped i n  the c e n t r a l  condensction without being combined. 

The formation of such a condensation re leases  grav i ta t iona l  energy but this by 
i tself  seems insuf f ic ien t  t o  dr ive  off  the gas. So i f  nothing else happens the 
whole body w i l l  now go on contract ing as  a whole giving a proto-major planet (st i l l  
possessing the condensation around the centre . )  

A n  ac tua l  proto-planet, however, would be under the  t i da l  ac t ion  of t h e  Sun 
9 and f o r  the dens i ty  I inferred the Roche l i m i t  would be a t 4 0  lon from the Sun or 

just outside Jupi te r ' s  orbi t .  This is somewhat excessive, but perhaps not much. 
It would mean t h a t  gases of the envelope w o u l d  be s t r ipped off by the t i d a l  effect 
of the Sun, and we should be l e f t  w i t h  a p r o t o - t e r r e s t r i a l  p l a e t .  

pendent evidence that the E a r t h ' s  atmosphere is not primordial. ) 

Rotational i n s t a b i l i t y .  Once again t r e a t i n g  the proto-planet as an independent 
body, we note t h a t  as it contracts  with conservation of angr2Lar momentum it w i l l  
n a t u r a l l y  sp in  faster and f a s t e r ,  and so may become r o t a t i o n a l l y  unstable. I n  the 
case of a proto-major-planet, the  first e f f e c t  would be what used t o  be c a l l e d  
equator ia l  break-up, with the l o s s  of material  i n  the e q u a t o r i a l  plane. In  the 
l i g h t  of recent invest igat ions by J.P. Ostr iker ,  the sequence of events may be sow- 
w h a t  more complicated than has h i t h e r t o  been infer red ,  but the ne t  result may be 
not much d i f f e r e n t .  This process muat continuc u n t i l  what is l e f t  of the contract-  
ing body becomes la rge ly  incompressible. It must then suffer f iss io-1 break-up. 

In the  case of a pro to- te r res t r ia l  p lane t ,  it is easy t o  ca lcu la te  t h a t  the  angular 
momentum remaining in the c e n t r a l  condensation w i l l  m a k e  it r o t a t i o n a l l y  unetable 

befcre i t  reaches i ts  f i n a l  density.  So i t  too must s u f f e r  f i s s i o n a l  break-up. 

(There is inde- 

Lyt t le ton i n  par t icu lar  has studied the consequences of such break-up. The 
o r i g i n a l  body breaks i n t o  twv main bodies t h a t  must have mass-ratio 2 8:l .  These 
cannot remain gravi ta t iona l ly  bound t o  each other ,  but both remain i n  the SS i f  

break-up occurs a t  the Earth's distance or  less .  I f  i t  occurs a t  Jupi te r ' s  dis tance 
or mcm, the larger of the two bodies remains i n  the SS, but the smaller escapes. 
If a "droplet" survives from the neck of f l u i d  between the separat ing p a r t s ,  i t  is 
l i k e l y  t o  go i n t o  o r b i t  about the la rger  body but not abou; the smaller. 

Also Lyt t le ton w a s  apparently the first t o  suggest tha t  Earth and Mars m i a t  
be two such main bodibs r e s u l t i n g  from a f i s s i o n a l  break-up, with the Moon as a 
"droplet",  while Venus and Mercury might be another such pair .  

A l l  dynamical features  are compatible with t h i s  idea.  Also physical featurea 
of densi ty  and composition give strong support ,  see t a b l e  3. Thus one of the most 

puzzling things about the SS, the assortment of compositions of the inner  planets ,  
would be accounted for without appeal t o  any d i f f e r e n t i a t i o n  within the s o l a r  
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nebula i tself .  For the tab le  shows t h a t  E a r t h  + Moon + Mars and Venus + Mercury 

would combine t o  give two bodies EMM, VM having about the same iron-nickel f r a c t i o n  

( 
t o t a l  volume). 
break-up of two pro to- te r res t r ia l  planets  of i d e n t i c a l  Loinposition. 

30 percent) , and the same mean densi ty  (e 5.27 g ~ m ' ~ ,  assuming no change of 
Thus a l l  these diverse  e x i s t i n g  bodies could have come from the 

Table T e r r e s t r i a l  Planets  : densi ty  and composition. (The values f o r  
the ir2n-nickel f r a c t i o n  are quoted f r o m  t ab le  9.5 of Kaula", the 
remaining f r a c t i o n  being treated as s i l i c a t e s .  P a r t i c u l a r  a t t e n t i o n  i s  

ca l led  t o  the r e s u l t s  underlined. ) 
Body b 8 S  

1026g 

EARTH 59.74 
MOON 0.73 
MARS 6.42 

VENUS 48.69 
MERCLRY 3.30 

EMM 66.89 

VM 51 e99 

Total  118.88 

Volume 
10 c m  
10.83 

0.22 

1.63 

26 3 

9.29 
0.60 

12.68 

9.89 

22.57 

Mean dens i ty  
g cm-3 

5-52 
3.25 
3.93 

5.24 
5.48 

5.27 

5.27 

Iron-nicke J 

f r a c t i o n  

0.31 5 
0.06 
0.19 

0.265 
0.65 

0.30 
0.24 

0.30 

Iron-ni c ke 1 
26 mass(l0 g) 

18.82 

e 04 
1.22 

12.90 
2.15 

20.08 

15.05 

35.13 

On t h i s  view, the  Moon is a Lyt t le ton d r o p l e t ,  and it  is s a t i s f a c t o r y  that w e  
have inferred t h a t  & the planets  possessing main q a t e l l i t e s  have suffereC f i s s i o n a l  

break-up. A l l  these s a t e l l i t e s  would thus have been formed by the  same mechanism, 
as i e  indicated by t h e i r  properties.  

I n  the  cases of Jupi ter  and Saturn,  w e  infer that the smaller p a r t s  escaped 
from the SS. The cases  of Uranus and Neptune would have been intermediate because 
they have l o s t  much of t h e i r  l i g h t  mater ia l ,  though not near ly  a l l  of it. I n  the  
case of Neptune, we i n f e r  that we have t o  do w i t h  the f i s s i o n  of a c e n t r a l  conden- 
sa t ion ;  Tr i ton  would be the droplet  corresponding t o  the Moon. In  t h i s  case,  the 
smaller main fission-body would have had t o  emerge through the  remaining gas ,  and so 

it may not  have been l o s t  t o  the SS. It is a t t r a c t i v e  t o  suppose t h a t  i t  i s  the 

planet Plut  0 .  

A8 t o  naquator ia l"  break-up, in the case of any proto-planet t h a t  re ta ined 
much light mater ia l ,  a good deal  of t h i s  must have been spread i n  the  e q u a t o r i a l  
plane, from a dis tance that might have been as great  a s  2 x 10 lan (a t  which ins ta -  

bility would s e t  in f o r  the tabulated value uf Ho) right i n  t o  near  the F i n a l  
planet i t s e l f .  The almost inescapable inference is t h n t  the minor s a t e l l i t e s  were 

made from t h i s  material by a process of accumulation - such as  t h a t  proposed i n  
other  theories  f o r  the formation of the planets  themselves, For here the conditions 

would be more favourable f o r  the process s ince the mater ia l  i s  more dense and i t  is  
a c t u a l l y  deposited i n  the plane where i t  is needed. Besides, only a process of low 

ef f ic iency  is  required. For i n  the case of Saturn,  f o r  instance,  the minor 
s a t e l l i t e s  add up t o  < Saturn's mass, while the mass of material  ava i lab le  t o  

6 
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make them i n  t h i s  way would be comparet?lo w i t h  Saturn's mass. Also 'e should, of 
coutse,  i n f e r  tha t  some of the same material  formed the rings of  Saturn. 

Comments. A l l  such infereaces together make i t  d i f f i c u l t  to escape the conviction 
t h a t  r o t a t i o n a l  break-up ha- playei a par t  several  times over i n  Giving the SS the 

form t h a t  we see. But the only 'mown way of bringing about r o t a t i o n a l  i n s t a b i l i t y  
i n  astronomy i s  by contraction of the body concerned. This means t-at i t  must be 
compressiole (i.e. d i f fuse)  t o  begin with. This argues i n  fav , .  of the proto- 
planet concept r a t h e r  than t h a t  ot  planets  b u i l t  d i r e c t l y  with about t h e i r  f i n a l  
d e n s i t i e s  . 

General viewpoint 

It seems t c  be possible t o  present a s e t  of e n e r a 1  ideas  about the or ig in  of 
stars and planets  tha t  - i f  i t  is val id  - provides a framework i n t o  which any 

more p a r t i c u l a r  theory must f i t .  

F i r s t  i t  must be recal led tha t  any coherent body of a a t t e r  having mass more 
than about 1 percent of a s o l a r  mass w i l l  i n  general  behave as a star, while any 
body of mass l e s s  than t h i s  w i l l  i n  general  behave as a planet .  This was discussed 

near ly  $0 years &go by H.N. Russell ,  Kothari and others.  

It i s  obviously the des t iny  o f  most of the mater ia l  i n  B galaxy t o  form stars, 
and i t  is widely accepted t h a t  s t a r s  a re  normally produced i n  large batches or 
c lus te rs .  Considbr then a large body of presumably d i f fuse  mater ia l  t n a t  is o n  the  
verge of forming s t a r s ,  The material  must fragment i n  some way, but the  agencies 
t h a t  determine the s i z e s  of the f r a e e n t s  a r z  not those t h a t  dt?teF!!!!ne vhi.ther those 
fragments w i l l  be successful i n  forming s t a r s .  So we can only conclude tha t  f rag-  

ments of a l l  kinds of s i z c  w i l l  occur, but ere we need t o  consider only those tfiat 

a re  a t  least large enough t o  hold together under t he i r  own gravi ta t ion .  A t  the 

other  extreme there may a t  first be some fragments so  large t h a t  they can form only 
very temporary stars but a f t e r  tha t  the mater ia l  must, ao t o  say,  try again u n t i l  
the largest fragments a r e  not too great  t o  form normal s t a r s .  There m u s t  s t i l l  be 
a wide rmge of s izes  of fragments moving about amongst one another. The larger 
one9 tend t o  sweep up the smaller ones. By hypothesis,  a t  t h e  s tage under consider- 
atie, . ,  almost none grows beyond the size of a normal star. But a l s o  by hypothesis 
we arc considering the case where a considerable number of nO~ni81 s t a r s  a r e  i n  f a c t  
being formed. Whatever the process of formation, dome fragments w i l l  acquire 
' ' s te l lar"  mass within each others grav i ta t iona l  grasp s o  t h a t  binary,  ar multipls 

systsms r e s u l t .  Such systems would be spec ia l ly  e f f e c t i v e  i n  sweeping up smaller 

fragments. I n  fact abcut the only way f o r  a small f r a m e n t  not t o  be incorporatod 
i n t o  a " s t e l l a r "  cocdensetion i z  f o r  !+ to go i n t o  o r b i t  around 6 condenaatjon of 
t h i s  sort that doe8 not become a member of a multiple s t e l l a r  system. From t h i s  
very general  point of view, tha t  would. be the s t a r t  of a planetary system. 

The prcta-planet theory than shows how a system s t a r t i n g  i n  t h i s  way could 
become elaborated,  by segregation of mater ia ls ,  r o t a t i o n a l  break-up and so on, 
i n t o  2 planetary system l i k e  the SS. 

This seems t o  be the most natural  approach t o  the problem, Nature has made 
galaxies , c l u s t e r s  of s t a r s  , multiple dystems, b i n a r i e s ,  s i n g l e  s t a r s  - a l l ,  
apparently,  i n  one grand sequence of piocesses. We know tha t  the next c l a s s  of 
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body %!A the sequence a re  planets ,  and i t  is  -,ly an accident of mass as  t o  whether 
a bcdy is h star or a planet .  The cut-off ir. t t e  sequence m k s t  o c c u r  a t  the l e a s t  

, i n i t i a l  mass tha t  can hold together by :'ts self-gravicat ion.  Since we know tha t  
p l m e t s  do e x i s t ,  it would be odd i f  h'*ture were t o  imposa the cut-off between stars 
and planets  and t o  set about inventing a new s e t  of processes spec ia l ly  i n  order t o  
produce p lane ts?  

I f  there  i s  one Wdeilying s e t  of processes a s  suggested by t h i s  l i n e  of 
thought, i t s  operation must s t i l l  be highly complex. There must be f ac tv r s  that  
l i m i t  the growth of each c l a s s  of body and these must be d i f f e ren t  in each case. 

Nevertheless,  i t  d e e m s  t o  be the most na tura l  l i n e  of though: t o  pursue through the 
uhole subject .  

Other topics  

My review is not the r ec i ; a l  of a bibliogrn9hy of the  --abject ,  so I hope no 
colleague feels neglected i f  I have not mtrn.ioned h i s  cb i t r ibu t ions  by name. A t  

the  same t i m e ,  I do regre t  the omissions caused by se l ec t ion  e f f e c t s ,  considerations 
of s?ace, or p la in  forgetfulness  and ignorance. 

So far I have sa id  nothing about Professor  H. Ureyls more pa r t i cu la r  ideas ,  
although everyone working i n  the f i e l d  laows tha t  h i s  ideas  i n  general  have been a 
contfnllal stimulus f o r  m a n 7  years .  I mjght r e f e r  e spec ia l ly  t r  those suggessing 
that planetary bodies may h3ve been b u i l t  up out of Moon-sized objects.  We ran 

appreciate  the a t t rac t iveness  of the concept; f c r tuna te ly  Professor  Urey is making 
a contr ibut ion about it here. 

When mentioning Moon-sized objec ts ,  one r e c a l l s  that the Earth-Moon system 
i tself  has been the object of much spec ia l ized  study i n  recent t jmes,  and such work 
w i l l  have t o  be taken i n t o  account i n  more general  s tud ie s  of the S'..  

Then there  i s  the Titius-Bode l a w  and r e l a t ed  c i t t e r s  - 'I: hav6 ecarcelv 
mentioned them. If  such a&.,arent r e g u l a r i t i e s  a r e  s ign i f i can t  t'-n, as  I lo:der-- 

s tand,  they could arise j n  one way or another a f t e r  the bodies concerned bad been 
formed a8 w e  see them now. If  so,  i t  seems l i k e l y  that they a r i s en  i n  such 

ways. For, had they anything t o  do with the formation of the bodies,  we should 
sure ly  expect them t o  be associated with other  cosmogonic proper t ies  such a s  
composition, mass, spin,.. . . .  No-on6 seems ever t o  have discerned any such 
associat ion.  

There are a l so  more pa r t i cu la r  dynamical problems concerning possible e f f e c t s  
of t i d a l  f r i c t i o n .  It seems, however, t ha t  the value of t i d a l  f r i c t i o n  may be 
determined by ra ther  supe r f i c i a l  fea tures  o f  any body concerned. Thus it  has 
probably changed in unknown ways over the past  h i s to ry  of the  body so tha t  we 
cannot use i t  t o  i n f e r  much about the past .  

Almost every theory of the formation of the SS must have some waste mater ia l  
l o f t  over a t  the f in i sh .  In  pa r t i cu la r ,  there  is almost c e r t a i n l y  a surplus  of 
l i g h t  gases t u  be disposed of.  In most theories  the temporary presence of such 
mater ie l  ac tua l ly  plays an e s s e n t i a l  par t  i n  rounding off o r b i t s  and, maybe, Ln 
counteracting t i d a l  f r i c t i o n .  B u t  these days any problem of waste-disposal has t o  
be t r e ,  bed ser ious ly ,  and tha t  appl ies  here. For the  m?ter:, i i n  question would 
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carry angular momentum comparable with that  of the planets  themselves, The problem 

seems t o  be t o  get r i d  of the angular momentum as well  as  the matter. The current 

view is  that both could probably be car r ied  away by the s o l a r  wind. 

There i s  another c l a s s  of problems t h a t  w i l l  doubtless receive spec ia l  
a t ten t ion  i n  the present symposium. These concern isotope-abundances i n  the SS. 
Once i t  is  known what nuclear processes have been possible i n  the system, i n  
addition t o  those i n  the Sun's i n t e r i o r ,  the measured abundances w i l l  impose 
exacting checks upcn theories of the formation of any of the bodies concerned i n  
these processes. 

There are  some more spec ia l  problems. One is  that of the  asteroids .  "his 

cannot be solved -til we how what the as te ro ids  ara .  It i s  t o  be hoped tha t  some 
space m+.ssion w i l l  give close-up pictures  and maybe even specimens of the material .  

Again, there is the problem of the o r i g i n  of comets. Evidently the reservoi r  
of comets i s  a t  the order of distance of nearby stars. This suggests t o  me that 
comets are somehow a l s o  le f t  over from the ;ormation of the Sun and t h e  SS as  part 
of the formation of a s t e l l a r  c lus te r .  

This then leads t o  the possible connection w i t h  the formation of binary stars. 
A very ge tora l  view of a planetary system is simply that, whkle a s t a r  is the 
pr incipal  par t  of a conden?ation i n  a body of i n t e r s t e l l a r  matter, the mater ia l  of 

e; ' :-sociated planetary system is a component of the condensation tha t  has too mlch 
aczg-lar momentum to a l l o w - i t  t o  f a l l  i n t o  the pr inc ipa l  part. But if two conden- 
sat ions of the matter happen t o  form (or grow) so t h a t  they f i n i s h  by being 

gravitacfo-rally bound to each other ,  then the Frincipal  p a r t s  w i l l  ipso  f a c t o  form 
a binary stellar system. I n  that case there  i s  no rgle  f o r  a planetary system; any 

material  bound i n  the system would i n  general  be swept up by one star or the  other. 
O n  t h i s  and other grounds, I should expect tha t  stars i n  binary (or multiple) 

systems would not be attended by planets.  

Physical processes 

Naturally,  there a re  many basic  processes that play some par t  i n  more than one 
theory of the SS. 

A capture Drocess might expln-n how t h e  Earth acquired i ts  Moon, ('r it might 
explain how some other planets acquired the most i n s i m i f i c a n t  of t h e i r  S a t e l l i t e s .  

Tidal aci ion has i n  the past been invoked t o  explain how m a t t e r  could be 
pulled out of the Sun, but w e  have seen t h a t  i t  could a l s o  explain how a gascous 
envelope was removed from a proto-earth by the Sun. 

Accretion may explain how the Sun qcquired the s o l a r  nebula, or how the great 
planets were constructed,  or him some surplus gas was swept up by the planets. 

Accumulation proctsses may account f o r  the planets  themselves, or merely for 
t h e i r  minor s a t e l l i t e s .  

Rotational i n s t a b i l i t y  may t e l l  us how a proto-eun discarded mattoz t h a t  then 
formdd a so la r  nebula, or i t  may t e l l  us how proto-planets broke up so as t o  
produce a l l  the ex is t ing  planets and s a t e l l i t e s .  
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Everyone now seems t o  agree tha t  p a i n s  a re  needed i n  order t o  produce planets .  
and a l l  theories  seem t o  rely upon the same basic  processes of condensation t o  
produce the grains  from the gas. 

Again, most theories  now invoke a l s o  processes of growth of gra ins ,  some i n  
order t o  account f o r  the concentration of gra in  mater ia l  i n  the  c e n t r a l  plane of 
the SS. some i n  ozder t o  explain the concentration of heavy mater ia l  i n  the c e n t r a l  
region of a proto-planet and at the Sam? t i m e  t o  account f o r  segregation of 
materials i n  t h i s  region, a i d  some t o  account f o r  the first stage o f  an accumu- 
l a t i o n  process of forming planets.  

Ebst theories  nowadays appeal a l s o  t o  turbulence i n  the s o l a r  nebula t o  play 
one r8le or another. 
And so I might continue. 

Several  theories  ass ign a key p a r t  t o  hydromagnetic processes. 

Surely t h i s  denotes progress. We may claim with some confidence t h a t  we are 
gradually coming t o  know what basic  physical  processes must have operated in order 
t o  produce the Solar  System, even though w e  may s t i l l  be a long way from under- 
standing how th+y cooperated to t h i s  end. 
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Sections d'Etudes Spatiales. SACLAY. 

A. SEVEN COMMONLY ASKED QUESTIONS I N  RELATION WITH THE ORIGIN OF THE SOLAR SYSTEH, AND THE 
ANSWERS GIVEN I N  TilE VARI'IUS WDELS. 

My aim i n  t h i s  report i s  t o  present the various models o f  the solar system which w i l l  be 
discussed and appraised throughout t h i s  Symposium. I bel ieve tha t  the best way t o  do tha t  i s  not 
t o  take i n  tu rn  each model and try t o  summarize it, but t o  consider how each model answers (o r  
attempt t o  answer) a n u h e r  o f  fundamental questions which any newcmr  i n  the f i e l d  - I  am a new- 
comer i n  the f ie ld -  i s  l i k e l y  t o  ask. These questions w i l l  be re la ted  t o  the various steps which, 
somehow, mark the way i n  the large road leading from the cloud o f  i n t e r s t e l l a r  matter t o  the f u l l y  
developed so la r  sys tm as we know i t  now. 

The most vexing uncertainty i n  the game relates t o  the probab i l i t y  o f  formation o f  "solar 
systems'' i n  the general colrrse o f  s t e l i a r  evolut ion. Are we l i v i n g  on an highly improbable system 
-or even exceedingly improbable system- o r  are such systems very c m m n  throughout the galaxy ? 
The answer t o  t h i s  question has important nethodological implications for the r e s t  o f  the study. 
I f  the solar system i s  a canmon occurence, then we must require the physical conditions needed f o r  
i t s  appearance t o  be f a i r l y  camon and we must,saehow,be able t o  associate them with astronomical 
observations o f  i n t e r s t e l l a r  clouds and young stars (as described by lEQUEUX i n  one o f  the  f o l l o -  
wing talks).  I f  the solar system i s  a k ind of a "freak" o r  "monster",then s t a t i s t i c a l  studies o f  
ga lac t ic  observations o f  clouds o r  young stars are of l i t t l e  help and the problem i s  much more 
d i f f i c u l t .  Clearly the f i r s t  approach i s  the most reasonable one a t  t h i s  p9ir.t (and has conse- 
quently been adopted by the modelists) but before we have actual observations o f  other solar systems 
the other p o s s i b i l i t y  cannot be d e f i n i t e l y  ru led  out. 

guestion NO1. 

DO THE SUN AND THE PLANETS COME FROM THE SAME CLOUD OF INTERSTELLAR MATTER ? 

This I s  one o f  the oldest debate i n  the game. A t  various times during the l a s t  three centu- 
r i e s  the p o s s i b i l i t y  tha t  the planets represent matter ejected from a passing star,  o r  qu i te  gene- 
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ra l l y .  captured by the sun has been discussed i n  various scenarios. The main d i f f i c u l t y  has 
always been the exceeding low probab i l i t y  o f  such encounter (which brings us back t o  the f i r s t  
point  ... ) and furthermore the near paral le l ism between the angular momentum vector o f  the sun and 
of the planets would be coincidental. 

O f  the f i v e  models discussed here. four assme tha t  the tun and the planets are 
issued From the same cloud : ALFVEN-ARRHENIUS (A + A) ( t h i s  volume) on the other hand. present 
a capture scenario of a novel k ind : the sun. already f o d ,  has captured. through i t s  magnetic 
f ield. a cloud o f  i n t e r s t e l l a r  matter. The para l le l ism between the magnetic moment and the rota- 
t i on  vector o f  the SUI) accounts f o r  i o t a t i o n  alignulnt o f  the planets. O n e  observational domain 
which c w l d  i n  p r inc ip le  be o f  relevance f o r  the subjecr i s  the chemicdl and iso top ic  composition 
o f  the sun and the planets. If, f o r  instance a d e f i n i t e  and systematic d i f ference i n  i so top ic  
composition of a certain chemical element could be shown t o  e x i s t  between the so lar  atmosphere. 
on the one hand. and the bulk o f  the planetary material on the other hand, and i f  t h i s  difference 
c w l d  not possibly be explained i n  term o f  chemical processes throughort the l i f e  of the so lar  
systesl. then ona a u l d  make a case for separate or ig in.  There i s  a t  leas t  one element for which 
such a difference does e x i s t  : i t  i s  neon. Later i n  the week the existence o f  a "planetary' and 
a .solar" component w i l l  be discussed. However. although we do not understand a t  t h i s  manent the  
o r ig in  o f  these two components. it would be rather premature t o  reach, from there. any conclusion 
regarding a separate o r i g i n  ... f a r  too many poss ib i l i t i es  e x i s t  which cannot ye t  be ruled out. 

Question N02. 

How WAS THE PLANETARY MATTER SEPARATED FROM T H  SOLAR M R T E R  ? (assuming tha t  
they come from the sane cloud). 

One thing tha t  seems d e f i n i t e l y  estrbl ished i s  tha t  the matter o f  the planets has 
not been ejected out o f  the sun by sane kind o f  t i d a l  e f fec t  from a nearby ce les t i a l  object. 
SPITZER (i939) , considering the qUeStiWs has argued qu i te  convincingly tha t  such an amount o f  
matter suddenly extracted from the sun. and consequently. freed from i t s  g rav i ta t iona l  pu l l .  w i l l  
suddenly explode i n  view of i t s  thermal energy and w i l l  not  be retained i n  o r b i t  around the cen- 
t r a l  star. 

The various modelists invoke the centr i fugal  force related t o  the i n i t i a l  angular 
amentun o f  the body t o  explain the physical separation (from the beginning) between the future 
sun and the "nebula". 

SCHATZMAN ( t h i s  volume),for instance,presents a p ic tu re  i n  which the outer layer of a 
f lat tened disk surrounding a central s ta r  rotates a t  the verge o f  ro ta t iona l  i n s t a b i l i t y  +.e. the 
centr i fugal  force i s  as lerge as the gravi tat ional  a t t rac- ive  force. This way. as the nebula con- 
tracts, i t  sheds matter a t  the periphery and t h i s  matter remaiis i n  Keplerian o r b i t  a t  the rad ia l  
distance a t  which i t  i s  shed. (OSTRIKER ( t h i s  volume) w i l l  discuss the hydrodynamics aspects o f  
t h i s  model ) . 

CAMERON ( t h i s  volume),on the other hand has i n  h i s  model a disk, more massive w i th  
much larger angular momentum. d is t r ibu ted  more u n i f o n l y  w i th  rad ia l  distance. 
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An important characteristic of this nebula is then  the absence of central condensation : 
the surface density of matter perpendicular to  the equatorial plane varies very smoothly w i t h  
radial distance. The sun,  as we know i t ,  was formed only later,through the dissipation of the 
disk (by the effect of circulation currents and the falling inward of a large fraction of the  
disk$ 

SAFRONOV (this volume) reckognizes a l l  the difficulties associated w i t h  the formation of 
the nebular disk and does not try to  solve them. He assunes, as an init ial  step, the existence of 
a protoplanetary cloud (nebu1a)surrounding the sun and possessing only rotational motion w i t h o u t  
radi a1 contracticn . 

Question R03. 

HOW BIG WAS IT ? 

A lower limit o t  the mass of the protoplanetary nebula can be obtained by adding to  the 
present total planetary mass ( = Me) an appropriate canplement of volatile elements (which 
have escaped from the inner and outer planets) i n  order to  recover a "solar" composition every- 
where : one obtains a value of = Mm. 

SAFRONOV argues that an upper limit can be set by the necessity of eventually evacuating 
the extra content of matter before the solar system takes its present shape and the consequent 
constraints imposed on the required mechanism. For instance, ejection of bodies by gravitational 
perturbations from nedrby planets would result i n  a redistribution of angular mentum tending 
to  bring the remaining bodies closer t o  the sun. (LEVIN (this volume) presents a new model In 
which t h i s  fact i s  a basic ingredient ; he postulates a 3 Mo nebula). 

also sets an upper limit from the possible development of gravitational instabilities i n  a very 
dense cloud : i f  planets had formed through gravitational instabilities (contraction of a cloud 
when its gravitational energy becanes larger than its kinetic energy) they could not have, later 
on, been able to dissipate a large fraction of their hydrogen and helium (this argument would 
apply mostly to  Uranus and Neptune,as we do not have definite indication that Jupiter or Saturn 
have "lost" any volatile). The possible importance o f  gravitational instability will be discussed 
again later. The appropriate upper limit would be = 0.14 Me. 

tely t h e  choice of SCHATZMAN. 

:argely prepocderant everywhere and the gravitational field i s  essentially i n  R-2 everyuhere i n  
the nebula. 

SAFRONOV set an upper limit of 0.5 t o  0.6 Me to the init ial  mass from this argunent. He 

In view o f  these aqunents SAFRONOV selects a value of = 0.05 Mo. This  is also approxima- 

One important consequence is that t h e  gravitational effect of the central s ta r  is then 

CAMERON makes important use of the fact that the T Tauri stars (believed to be young stars  
i n  their i n i t i a l  period of gravitational contraction) are known observationally to  eject large 
mounts of their mass under the form of "stellar wind". These winds bring away matter a t  the rate 

6 5 of P Me a year (or I 10 time?: the f l u x  of the present day solar wind) for periods o f  IO 
to  10 years. The total mass ejected may reach several tens of percent. 6 
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(It must be said, a t  t h i s  point, tha t  some doubt ex is ts  on the exact in te rpre ta t ion  o f  
these observations on T Tauri stars. It i s  not clear, f o r  instance, t ha t  the matter ejected i s  
brought a l l  the way out of the s t e l l a r  gravi tat ional  f i e l d ) .  

Consequently CAMERON s ta r t s  w i th  a massive nebula o f  2 Me ( including the mass o f  the 
fu tu re  sun), and counts on the wind t o  evacuate the extra mass, including gas and dust. Since the 
mechanism f o r  matter eject ion i s  not re la ted  t o  the existence o f  the outer planets, one o f  the 
upper l i m i t s  o f  SAFRONOV becomes inoperant. But SAFRONOV notices tha t  CAMERON does not consider pro- 
pe r l y  the second upper l i m i t  ( re lated t o  g rav i ta t iona l  i n s t a b i l i t y ) .  We sha l l  hear more about t h i s  
po in t  l a t e r  i n  the week. 

For A + A, the whole set-up i s  qu i te  d i f f e ren t  since the nebula i s  not a l l  there a t  the 
same time but the captured matter i s  added gradually. This way the mass o f  the nebula e t  any one 
time can i n  p r inc ip le  be much smaller. ( = l C - l l  t o  Me). 

Question N04. 

THREE BARRIERS TO JUMP OVER.. . 

A cloud o f  i n t e r s t e l l a r  matter w i l l  manage t o  ;solate i t s e l f  from the surrounding and 
contract i n t o  a s ta r  only if i t s  own grav i ta t iona l  f i e l d  becomes la rger  than the thermal pressure, 
the magnetic pressure and the "centrifJga1" pressure. 

The typ ica l  i n t e r s t e l l a r  cloud i s  rather disadvantaged i n  t h i s  respect : i t  has a ra ther  
low density and consequently a low r a t i o  o f  g rav i ta t iona l  t o  k i n e t i c  energy. Furthermore since i t  
partakes i n  the ro ta t iona l  motion o f  tne galaxy, i t  has a rather large angular momentum. And i t  

inhe r i t s  a magnetic moment resu l t i ng  from the general magnetic f i e l d  o f  the galaxy which, upon 
contraction, would eventual ly give a very large magnetic energy density. Somehow the cloud must go 
over several bar r ie rs  i f  i t  i s  t o  becane a star. I n  fact .  we should be r;:her pleased w i th  t h i s  
s i t ua t i on  ; i f  the road was easy, a l l  clouds should have becane stars long ago and we would not 

10 understand why a f t e r  10 years o f  ga lac t ic  l i f e  we are s t i l l  witnessing the b i r t h  o f  stars ! 

The Thennal Barrier. 

This I s  an o ld  problem treated f i r s t  by JEANS f o r  the i n f i n i t e  homogeneous case and by a 
number o f  other people f o r  more r e a l i s t i c  cases. The resu l ts  do not d i f f e r  very much and the 
JEANS'S length c r i t e r i o n  s t i l l  describe the s i tua t ion  wel l  enough for our i l l u s t r a t i v e  purpose. 

This c r i t e r i o n  says tha t  a cloud may collapse only i f  i t s  f ree  f a l l  t i m e  i s  shorter than 
the time i t  takes f o r  a sound-wave t o  propagate across i t s  volume, because then the thermal motion 
d3es not have the time t o  react and counteract the gravi tat ional  p u l l  ! 

free f a l l  ve loc i ty  i s  : 
I n  a cloud o f  mass M, radius R, density p and temperature T (Doth assumed uniform) the 

"ff2 - GM/R 

and the free f a l l  time : 

= 2 R/vf - 13400-'/~ s = 1015 NH'l12 S tff 
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6 7 

The speed o f  sound vs i?: given by P = pvs /y (P the pressure, y the r a t i o  o f  speci f ic  
between 10 and 10 years f o r  most clouds. 

heats), whence vs = l o4  T112 ya s - l  (o r  = 1 km/sec f o r  most clouds). The minimum dimension o f  the 
cloud i s  then : 

2 

19 1/2 R > vS tff = 10 T NH-1’2 an 

and the mass ( i n  u n i t  o f  solar mass Me : 

-1/2 !!/Me 10 T3l2 NH 

A rather s imi la r  re la t i on  i s  obtained i f  one requires tha t  the r a t i o  of the thermal ET 
o f  the cloud be smaller than i t s  g rav i ta t iona l  energy EG, f o r  instance through the  formal expres- 
s ion obtained from the v i r i a l  theorem. 

must be 3 10 Me f o r  a cloud t o  collapse. This i s  nice since we know tha t  most stars are born i n  
s t e l l a r  clusters, but opel!s the need f o r  a study o f  the fragmentation processes which must occur 
before stars are born i nd i v idua l l y  ( t h i s  problem was studied i n  pe r t i cu la r  by HOYLE i n  1948). 

Typical cloud temperature are T = 100 K and densi t ies NH = 10. Pence the i n i t i a l  mass 
3 

The t r igger ing  o f  such collapses car, probably be helped by random motions of the gas. 
The p o s s i b i l i t y  t ha t  these “random“ motions can occasional ly be’ helped by ipdiv idual  

events such as nearby explcsions o f  supernovae o r  l i g h t  pressure by close young stars has been 
d i  scussed a t  length. 

Recently a new a t t rac t i ve  mechanism has been proposed w i th in  the frame o f  the density 
wave theory o f  the sp i ra l  structure c f  the galaxy (FIELD. 1971). 

I n  t h i s  theory the gas and the stars are not i n d e f i n i t e l y  attached t o  one ga lac t ic  ann, 
but t rave l  from one arm t o  the other i n  a period o f  = 10 years. The motion i s  f as t  between the 
arms and slow i n  the interams leading t o  a concentration of matter ir! the arms and hence t o  the 
very existence o f  the arms which,by t h e i r  g rav i ta t iona l  f ie ld ,a re  responsible fo r  the s ta te  of 
motion described above. This i s  then a sel f -consistent theory which explains why the arms are 
steady features of the galaxies. 

sion resu l t ing  i n t o  an important increase c f  i t s  density. Since young stars are formed i n  sp i ra l  
arms, the temptation i s  great t o  assign t o  t h i s  compression a r o l e  i n  the overcoming of the ther-  
mal bar r ie r .  

8 

P.s a cloud o f  gas enters an arm, the decelerat ion o f  i t s  motion i s  accompanied a compres- 

The Magnetic F ie ld  Barrier. 

Contraction of a cloud w i th  an ixbedded magnetic f i e l d  w i l l  be impeded by the increaslng 
magnetic pressure (or stresses i n  tCe l i nes  o f  forces) i f  the matter i s  s u f f i c i e n t l y  ionized f o r  
tne l i nes  t o  be frozen-in. 

constant, hence the f i e l d  w i l l  grow up as R’** p2’3. The magnetic pressure (or energy density) i s  
2 3 then proport ional t o  B .Is R-4 and the magnetic force on the matter (per on ) goes up as : 

Indeed, upon contraction o f  a cloud o f  radius P the t o t a l  f l u x 9  = TI R2 B w i l l  remaln 

vB2 2 d(B2)/dr* R-5 
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3 2 5  On the other hand the grav i ta t iona l  force per an (FG 2 GMp/R2 = GM /R ) increases i n  
the same way as R decreases. The net e f f e c t  o f  the magnetic f i e l d  i s  then t o  counteract the  gravi-  
t a t i ona l  f i e l d  by an amount which does not change during the contraction. 

a uniform cloud the grav i ta t iona l  energy term i s  : 
The v i r i a l  theorem again provides us w i th  another way o f  obtaining the same resu l t .  For 

-3 cM2 
EG = - x -  

R 
@B2 

5 

while the magnetic energy term EB = JMdV = 5- = 

the r a t i o  EB/EG = 

y ie lds  a lower l i m i t  f o r  the condensing s t e l l a r  mass Mc i n  a given f i e l d  : 

B2dV 

8R 3n2R 
5482 

must be smaller than one f o r  any contraction t o  take place and t h i s  
9n2GH2 

f o r  B - 3 x 
prevent contraction along the l i nes  o f  forces, bu t  SPITZER has shown tha t  t h i s  contraction i s  
highly retarded by the slow 

f la t tened spheroid. 

forces. We sha l l  describe,in a short time,how,according t o  CAMERON,nature may ac tua l l y  do it. 

gauss, and NH = 10,a t yp i ca l  cloud value. One could argue tha t  the f i e l d  does not 

increase of the grav i ta t iona l  potent ia l .  
For an i n i t i a l l y  spherical d i s t r i b u t i o n  o f  matter the net e f fec t  i s  the formation of J 

A neat t r i c k  would consist i n  pumping a large amount o f  matter so le ly  along the l i nes  of 

The problem i s  then : how t o  fragment such a massive object i n t o  objects o f  solar masses. 
Consider an object  w i th  EB/EG > 1(M > 10 ) undergoing grav i ta t iona l  contraction. Since 

Hc does not change w i th  time ( B d  $ 1 3 )  i t  can only fragments i n t o  submits w i th  M > Mc 3 Me. 
The d i f f i c u l t y  probably l i e s  i n  the f a c t  t ha t  we have assumed perfect  freezing of the 

l i nes  o f  forces i n  the matter and hence s u f f i c i e n t  ion iza t ion  o f  the matter o f  the cloud. One may 

naively imagine that, qu i te  on the contrary, if,upon condensing,the cloud becomes opaque t o  a l l  
i on iz ing  radfat ion ( X  ray, U. V. cosmic rays),the ionized component may disappear completely, i n  
which case the magnetic f i e l d  w i l l  eventual ly exert no e f f e c t  a t  a l l .  

l l nes  of forces w i l l  s lowly s l i p  out of the cloud under the p u l l  of the magnetic pressure. 

him the ionized component o f  the gas, through the  neutral component. The ve loc i t y  o f  recession i s  
obtained by equating the magnetic force t o  the ra te  of momentum exchange between the neutral  and 
the ionized component : 

4 

I n  rea l  l i f e ,  the ion iza t ion  r a t e  w i l l  decrease gradually as the  cloud co t t rac ts  and the 

The recession o f  the l i nes  o f  forces i s  retarded by the f a c t  tha t  the f i e l d  carr ies with 
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SPITZER (1968). and MESTEL (1965) have analyzed t h i s  problem. Too l i t t l e  i s  known about the inten- 
s r t y  o f  the ion iz ing  agents i n  dark clouds t o  decide whether the f i e l d  w i l l  be evacuated f a s t  
enough e 

LECUEUX w i l l  t a l k  about observation o f  masnetic f i e l d s  i n  dense clouds. According t o  the 
present data, there i s  no c lear  ind ica t ion  tba t  the re la t i on  BW 02'3 i s  obeyed. Quite on the con- 
trary. i t  seems t h a t  hardly any B increase occurs fo r  N,, going from 10 t o  > IO3 an'3. The magne- 
t i c  f i e l d  may,after al1,be evacuated faster than we bel ieve ! 

l a r  magnetic f i e l d .  
3 

2 41 we should f i n d  Fo(t) = Bc R 10 g 
cm f o r  the present solar value and a surface f i e l d  o f  2 10 g, many orders of magnitude above the 
observed value. This again, points out t o  the need o f  evacuating a very large f rac t ion  o f  the i n i -  
t i a l  magnetic energy. 

made tha t  at,the moment o f  formation o f  the solar system,the dipole moment was larger than 10 g 
an . The whole process s ta r t s  with an i n i t i a l  cloud o f  typ ica l  i n t e r s t e l l a r  matter surrounding the 
sun and la rge ly  ionized ( a t  leas t  enough t o  impede the f a l l  o f  the matter on the sun). The density 
i s  somewhat greater than NH = lo5 cmm3 and the radius 

As time proceeds the  ion iza t ion  o f  the  gas decreases ( f o r  instance through a decrease of  
the cloud temperature). The elements w i th  the highest ion iza t ion  energy f i r s t  get  neutral ized and 
f a l l  toward the sun. As they get c loser t o  the sun they gain speed and become ionized again when 
t h e i r  k i n e t i c  energy i s  somehow comparable t o  t h e i r  ion iza t ion  potent ia l .  

Another incidence o f  the same problem is,of course,through the present value o f  the so- 

Assuming a d ipo la r  f i e l d  (w i th  dipole manent MD = BR ) and assuming f l u x  conservation, 
R ( t )  (where Bc and Rc are appropriate f o r  the i n i t i a l  cloud) 

3 6 

In the A + A model the high i n i t i a l  f l u x  i s  rather a benediction : the assumption i s  
38 

3 

17 10 an. 

The inward motion i s  thereby stopped; t h i s  way the atoms w i l l  be sorted a t  various d is -  

The strength o f  the f i e l d  needed t o  re ta in  the matter a t  the planetary distances gives a 
tances from the sun according t o  the value o f  t h e i r  ion iza t ion  potent ia l .  

lower l i m i t  t o  the product o f  % t1I2 > 1046g an3 $'I2 where t i s  the  time duration of the whole 
process. 

the value of lo3' quoted above. 

A + A's view by assuming that,at the moment o f  planet fonnation,the sun was much la rger  (.Y 10 13 an) 

How the sun could have remained a t  such a large radius f o r  10 years i s  not explained. 

overcome, again i n  the framework o f  the density wave theory o f  the sp i ra l  structure. 

Increased density pa ra l l e l  t o  the arm. and hence pa ra l l e l  t o  the magnetic l i nes  of forces (observa- 
t lonally known t o  fol low the arms). 

CAMERON combines t h i s  theory t o  the theory o f  interact ions between the ga lac t ic  cosmic 
rays and the ga lac t ic  magnetic f i e l d s  developped by PARKER (1966). 

One e f f e c t  o f  these i s  t e ra i t ions  i s  the development o f  magnetic i n s t a b i l i t i e s  by which, 
under the pressure of the cosmlc rays, tubes o f  magnetic f i e lds  previously contained i n  the plane 
of the galaxy (and fol lowing the arms) would cu r l  l i k e  wakes above and below the plane (but a l -  
ways i n  the same arm). This i s  represented p i c t o r i a l l y  along an unfolded ga lac t ic  arm : 

8 A + A choose a value t = 3 x 10 y (no j us t i f - i ca t i on  i s  given f o r  t h i s  choice) and obtain 

The very high surface f i e l d  obtained f o r  such a high dipole moment are el iminated i n  

8 

CAMERON has indicated a way by which the magnetic f i e l d  ba r r i e r  may be a t  leas t  p a r t l y  

Upon entering the a w  regions the  i n t e r s t e l l a r  gas gets compressed stid forms a r idge of  
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A number o f  arches are made t h i s  way, which channel the cosmic rays i n  low densi ty 
regions ( f a r  above the plane) from where they presumably escape from the galaxy. Qu i te  on the 
contrary, the i n t e r s t e l l a r  matter contained i n  the tube, a t t rac ted  by the grav i ta t iona l  f i e l d  
toward the plane, w i l l  s l i de  along the l i nes  of forces and accumulate i n  the plane. The c ruc ia l  
point  here i s  t h r t ,  since the'compression takes place i n  a d i rec t i on  pa ra l l e l  t o  the f i e l d ,  the 
f l u x  w i th in  a tube Is l e f t  almost unchanged m d  the magnetic pressure i s  hardly increased (a 
correct  discussion would show tha t  there i s  son.? e f fec t  on the f l u x  due t o  the general increase 
o f  the grav i ta t iona l  f i e l d  -see MESTEL ( t h i s  vo lwe)  fo r  a discussion o f  these so ca l led  magneto- 
g rav i ta t iona l  s ta te  o f  equi l ibr ium-). 

l a t e s t  stage, a phase o f  ambipolar d i f f us ion  t o  remove the unwantcd f i e l d .  He fol lows the dtscus- 
slon o f  SPITZER and concludes tha t  when NH = lo5 the ion density becomes l o w  enough fo r  the f i e l d  
t o  qu ie t l y  leave the stage. 

CAMERON expects t h i s  t o  be an important step i n  s ta r  formation but s t i l l  requires i n  a 

The Angular Momentum Barr ier .  

The a n g l a r  momentum o f  a t yp i ca l  i n t e r s t e l l a r  cloud can be estimated i n  the fol lowing 
way. I n  view of the (observed) d i f f e r e n t i a l  ro ta t i on  o f  the galaxy we may expect i t  t o  ro ta te  w i th  
an angular ve loc i ty  of = s-'. Furthermore, as pointed ou t  by LARSON (references i n  t h i s  vo- 
lume) , over and above t h i s  "ordered" component (al igncd w i th  the ga lac t ic  angular r o t a t i o i  vector) , 
the cloud w i l l  possess a "random" component which i s  l l k e l y  t o  be appreclably larger. I n  proof o f  
t h i s  statement LARSON mentions that, a f t e r  a l l ,  the mean angular ro ta t i on  vector o f  stars i n  clus- 
te rs  does not show preferent ia l  aligment alona the ga lac t ic  axis. 

Thus tbe mean angular momentum per u n i t  mass of a large homogeneous cloud o f  = 10 Me with 
This random component i s  bssign by CAMERON t o  turbulent aotions i r  contract inq rlouds. 

3 

N" lo3 i s  : 
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k /Mc  = u.4 Rc2 Qc 

a t  leas t  an2 s-l (corresponding t o  Qc = 5 ) .  

contraction. And as long as the cloud contracts homologously L/M also remains constant,and 0 in- 
creases w i th  R-2 (as 8 f o r  the magnetized cloud). Thus the equatorial ro ta t iona l  force (-Q2R 4'3) 
increases faster than,the grav i ta t iona l  force (R'2) and the contraction i n  the equatorial plane i s  
eventual ly stopped a t  a radius f o r  which the forces are equal. As i n  the case o f  the magnetic effect, 
contraction perpendicular t o  Q i s  a lso slowed down and does not r e a l l y  change the issue. 

Unless the cloud i s  somehow l i n k j  t o  the outside, L w i l i  remain constant during the  

Equivalently we may def ine a t o t a l  ro ta t i ona l  energy : 

2 4 2  ER = MI2 R2 = bKlc Rc /R 

wnich becomes comparable t o  the t o t a l  g rav i ta t iona l  energy a t  the l i m  

R1 = Qc2 Rc4/GM 0 1OI6 aa 

fo r  the  case discussed above. 
The cloud i s  expected t o  fragment i n t o  a number of stars o f  

t i ng  radius : 

solar masses. The i n i t i a l  
angular momentum o f  the cloud goes p a r t l y  i n  o r b i t a l  movement o f  the components around the center 
o f  the cloud and p a r t l y  i n  spin components. 

Since the  angular momentum per uni t  mass goes as : 

L/M = Q(M/p) tlt 

2 20 2 fragmentation from Mc = lo3 Me t o  Ms 2 1 Mo reduces L/M by = 10 and we reach a value o f  = 10 an 
s-l f o r  a typ ica l  spin value. 

For comparison w i th  r e a l i t y  we must consider two sets o f  objects : ear ly  types stars and 
l a t e  type stars. 

It i s  we l l  known tha t  stars e a r l i e r  than F usual ly ro ta te  a t  a f a i r  f rac t ion  of t h e i r  
maximum possible ve loc i t y  (vmax = 400 km 5-l). Observed (projected) values above 100 km s-l are 
general occurence, and values above 150 km sA1 are not infrequent. Assuming more o r  less r i g i d  
body ro ta t ion ,  the  corresponding L/M i s  = about one hundred times smaller than the i n i t i a l  
valdes a f t e r  fragmentation. 

Stars l a t e r  than F ro ta te  a t  much slower ra te  (a few km/sec) and have L/M = 10 
In t h i s  context i t  has been noted tha t  although the sun belongs t o  the second group (L = lo4' 9 
cm2 s-l, unless DICKE i s  r i g h t  !) the solar systeni, as a whole, r e a l l y  belongs t o  the f i r s t  group 
(L = 1051 g cm2 3-l). From there,the suggestion tha t  the sun has transferred most o f  i t s  i n l t i a l  
angular momentum t o  the planets was put forward and became an essential element of the theory of 
HOYLE. F. , (1960). 

16 2 -1 an s . 

However recent astronomical observations have casted some doubts on t h i s  issue. 
Through the work o f  CONTI, D A N Z I K R ,  WALLERSTFIN, (see +he review of WALLERSTEIN and 

CONTI),(l969), i t  has become apparent that  F and G stars a r r i ve  on the Main Sequence w l th  rather 
large ro ta t i on  ve loc i t y  and tha t  they are gradually slowed down i n  a period o f  3 x lo8 - lo9 years 
[obtained by comparing the ro ta t i on  curve o f  several young ga lac t ic  c lusters).  Furthemore the 
braking o f  the ro ta t i on  i s  accompanied by C a I I  emission l i nes  which are usual ly associated w i th  ncn- 
t h  rmal  electromagnetic a c t i v i t y  ( f o r  instance i n  solar f lares). 

Thls appears t o  give weight t o  the mechanism of angular momentum loss Ly s t e l l a r  wind and 
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f lares (as suggested by SCHATZMAN). 

the formation o f  the solar system would have lasted so long : i t  seems more l i k e l y  tha t  the angu- 
l a r  momentum l o s t  by the sun was not transferred t o  the plaliets. 

A l l  t h i s  suggest, i n  our context. tha t  while a th rory  o f  the formation of the solar sys- 
tem should explain the reductior! from L/M = lo2' t o  t o  2 x lo5') i t  
needs not necessari ly incorporate the second reduction from 10l8 + r ~  10l6 (2 x 1051 t o  2 x lo4') 
during which the planets are probably mere spectators (i.t any rate, the present planetary system 
has an L 1 3 x lo5' and i f  we add up the missing vo la t i l es  o f  Uranus and Neptune we should eas i l y  
reach lo5' -and there may be even a l o t  more i n  the d is tan t  parts of the solar system). 

o f  the ro ta t i ng  cloud w i th  i n t e r s t e l l a r  magnetic f ie ld .  I n  one var ia t i sn  o r  another, t h i s  theme 
comes back throughout most o f  the recent l i t ^e ra tu re .  For instance, HOYLE (1960) considers a nebu- 
l a  i n  i t s  very ear ly  stage which i s  connected t o  surrounding sn ters te l la r  clouds by the l i nes  o f  
forces of the  ga lac t ic  magnetic f ie ld .  As i t  s t a r t s  t o  col lapse, i t  turns faster,and the  l ines  c i  
forces. wound up by the motion, exert  a torqbe by which the angu;,r momentum i s  t ransferred t o  the 
clouds. 

This e f f e c t  could be o f  importance only *if the  collapse time could correspond t o  several 
revolut ion periods ! in  order f o r  the winding t o  become appreciable). Howrver i n  the  f i r s t  stages 
o f  collapses nei ther the pressure nor the centr i fugal  force can prevent the cloud form f a l l i n g - i n  
wi th approximate f ree  f a l l  veloci ty.  Since the f ree  f a l l  time is always qu i te  close to  the revolu- 
t i o n  period. very l i t t l e  tw is t i ng  should take place a t  t ha t  time. 

process t o  a ro ta t i ng  cloud and has shown tha t  the time f o r  evacuation o f  the angular momentum 
must indeed be much larger than the free f a l l  time. 

ra t ion  o f  the  process. This could happ- by the v i r t ue  o f  the centr i fugal  force i t s e l f  : the pro- 
cess could s t a r t  a f t e r  the cloud has reached the equi l ibr ium radius between grav i ta t iona l  and 
ro ta t iona l  energy. A second phase o f  angular momentum transfer i s  assumed t o  occur, i n  the model 
of HOYLE. when the nebula has contracted t o  i t s  l i m i t i n g  ro ta t i ona l  radius ( a t  Mercury's o r b i t  i n  
t h i s  context). The outer part  o f  the disk i s  coupled t o  the central  condensation (protosun) by 
magnetic l ines  o f  forces. Through d i f f e r e n t i a l  rotat ion,  t h i s  coupling t ransfers angular momentum 
t o  the ( p a r t i a l l y  ionized) disk and exerts a force (wi th rad ia l  component) on the gas. A r i n g  o f  
matter i s  detached from the nebula and pushed away throughout the inner solar system. This matter, 
after cooling, condenses i n t o  the planets. This scheme has been ser iously c r i t i c i z e d  i n  par t i cu la r  
by WHIPPLE (1964) and SAFRONOV (1960). The objection has t o  do w i th  what happens when one adds an 
Outward force t o  a nebula g rav i t ing  around a central  s ta r  : the net e f fec t  i s  an equivalent "weak- 
enlng" o f  the a t t rac t i ve  force and hence a decrease of the orb'tal ve loc i ty  helow the Keplerian 
value. 

the rad ia l  force and hence would ro ta te  faster than the gas. The gas drag on these pa r t i c l ss  would 
decelerate then and move them forward, not away from the sun. 

Component o f  the angular aomentum which shows some s imi lar i ty  w i th  the previous paragraph. 

wi th NH = lo3 t o  10 the temperature w i l l  he 'ow engouh f o r  hydrogen t o  condense c:: ?rains 

For a number o f  reasons t o  be discussed during the week i t  appears h igh ly  improbable tha t  

= 10l8 (L = 2 x 

One obvicvs qua l i t a t i ve  explanation f o r  the ang. momentum loss i s  through the  in te rac t ion  

In conjonction w i th  s t e l l i r  formation SPITZER has considered the appl icat ion of t h i s  

One must then require tha t  the clovd be somehow s tab i l i zed  against collapse f o r  the du- 

Par t i c les  o rb i t i ng  w i th  the gas would not ( i f  they have no e lec t rmagnet ic  moments) fee l  

PRENTICE and TER HAAR (1971) have presented a model o f  the evacuation o f  the " i n te rs te l l a r "  

Following the model o f  REDDISH and WICKRAMASiHGtIE (1969) they assume that,  i n  clouds 
4 
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(T f 3  K). Hence we have now a nebula w i th  a f rac t iona l  mass o f  = 70% (the i q t e r s t e l l d r  hydrogen 
hiass f rac t ion)  under the form o f  sol ids. 

The most important gas component i s  helium, p a r t l y  neutral  and pa r t ' l j  ionized. The i o n i -  
zed f rac t i on  i s  t i e d  out t o  the magnetic f i e l d  and rotatas w i th  it. The neutral  f rac t i on  I s  dragged 
by the ionized component and by the grains, and the grains are dragged p r inc ipa l l y  by the neutral  
gas. The net e f fec t  o f  the drag i s  t ha t  the grains sp i ra l  inward,thereby causing a red i s t r i bu t i on  
o f  the angular momentum density throughout the nebula. Since the Srains e x e n t i a l l y  f a l l  "spoke- 
l i k e "  they re ta in  t h e i r  angular v e l o r i t y  as they approach the center and hence loose some angular 
momentum, which i s  then transmitted, v i a  the neutral  component, the ionized component and the  
magnetic f i e l d ,  t o  the 'outside". 

one hundred. 

enough temperature f o r  the hydrogen t o  condense on the grains. Observations o f  clouds w i th  
N~ = l o 4  --3 hardly confirm t h i s  assumption. I t i s  c lear tha t  -1 thorough discussion o f  the requi- 
red i n t e r s t e l l a r  conditions i n  comparism w i th  the observations would be needed f o r  the model t o  
gain plausibi  11 ty. 

stages. A log ica l  trend o f  t h i s  model would be f o r  the central  s ta r  ( the sun) t o  contain most o f  
the hydrogeil whi le the helium would be l e f t  out. Then the s i m i l a r i t y  between Ye/H r a t i o  i n  stars 
and i n  i n t c r s t e l l a r  space would not be accoucted f o r  unless special care i s  taken t o  invent a l a t e r  
step i n  which the re-mixing somehow occurs. 

Another way of explaining the reduction o f  L/M from the i n t e r s t e l l a r  value ( D 10 ) 
has been presented by Mc CBEA. 

4 He points out that ,  i n  the fragmentition process from a cloud o f  8 10 Me t o  solar masses, 
the i n i t i a l  angular momentum w i l l  go p a r t l y  i n  r e l a t i v e  motions of fragments !nd p a r t l y  i n  spin 
motions. O f f  hands, one would expect tha t  the i n i t i a l  angular momentun would be shared mort' or  less 
equally between these two types o f  motions. Mc CREA assumes tha t  the run c r ig ina tes  from those 
fragments which happen t o  have a low spin ro ta t iona l  energy. This, o f  course, places h i s  theory I n  
the :.calm o f  the "improbable" one, as discussed befote. 

discussion. My own fee l ing  i s  tha t  one i s  be t te r  off i f  he does not have t o  appeal t o  a fo r tu i tous  
set o f  events. 

LANDAU,conslders the fragmentation o f  an i n i t i a l  cloud which resu l ts  i n  a cloud o f  two solar mas- 
ses w i th  an angular momentum L = 2.5 x 10 )(no special assumptions are made i n  the 
p a r t i t i o n  between o r b i t a l  and spin angular momentum o f  the fragments). 

These fragments, then, collapse i n t o  a disk o f  lo1' cm, i n  which the surface density has 
been reddstr ibuted i n  such a way as t o  conserve the angular momentum o f  each mass element (no loss 
o f  angular momentum). I n  view o f  the large value o f  L the disk presents no central condensation : 
i t s  surface density decreases roughly as R - l  as f a r  as I O l 4  an. 

planets). 

7 This way, !n a period o f  10 years, one may decrease the o r ig ina l  L b j  a fac to r  o f  about 

The most c ruc ia l  point  i n  t h i s  model i;. o f  course, the assumption o f  a medium o f  low 

Furthermore the separation o f  hydrogen and helium could ra i se  some d i f f i c u l t i e s  i n  l a t e r  

20 

The a-, eciat ion o f  such a model has a cer ta in  aesthetic aspect which escapes a r igorous 

CAMERON, basing h i s  speculations on the theory of turbulence developed i n  pa r t i cu la r  by 

20 (L/M 

These cond i t i  7s prevai l  throughout the l i f e  of the s r l a r  nebula (and formation o f  the 

The mechanism o f  red i s t r i bu t i on  o f  angular momentum takes place during the l i f e  o f  the 
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nebula i t s e l f  and le:($ t o  i t s  diszipat ion.  It i s  associated w i th  c i r cu la t l on  currents induced by 
the dynamic structure of the nebula i t s e l f  and -,onsequent p r o f i l e  of the ro ta t i on  ve loc i t ies  
a- a funct ion o f  height above midplane. CAMERON . Aues tha t  these currents w i l l  lead to  a trans- 

port  o f  anqJlar momentum away from the sun. 
The exact f a t e  o f  the i n i t i a l  1054g cm2 s - l  i s  not discussed r n  de ta i l  but one can pre- 

sume tha t  most o f  i t  i s  carr ied away past the r e g i a  o f  the planets, i n  the protocometary cloud 
(which he associates w i th  s a t e l l i t e  clouds ro ta t ing  around the protosolar cloud) or even fa r ther  
under the forr i  of a T-Tauri- l ike s t e i l a r  wind. 

In the model o f  A t A ?he i n i t i a l  ro ta t i on  o f  the cloud i s  not  considered. Qu i te  on t e 
contrary the matter f a l l i n g  on the sun (as f a r  as I can set, tnc motion i s  radial ;  5 ro ta t i ona l l y  
x c e ;  :ated by the ro ta t i ng  magnetic f i e l d  o f  the so la r  dipole a t  the moment tha t  i t  becomes ion i -  
zed (by conversion o f  i t s  k fne t ic  energy i n  a t m i c  exc i ta t ion)  a t  the planetary distances. A t A 
consider tha t  the absence c f  hydromagnetic e f fec t  i n  the c lass ica l  Laplace nebula raises the d i f f i -  
cu l ty  o f  f ind ing  an adequate support f o r  the cloud against the grav i ta t iona l  pu ' l  o f  the sun, befo- 
r e  the cloud can be accelerated i p t o  Keplerian motions. 

provides an adequate mean jf support r i g h t  from the beginning but even ovirdoes the job  and raises 
the problems discussed i n  t h i s  chapter. 

o r b i t  a t  planetary distances. The three bar r ie rs  described here are assumed t o  be already surmoun- 
ted when the story begin;. 

It would seem tha t  the observed d i f f e r e n t i a l  ro ta t i on  o f  the ga lac t ic  matter not only 

F i n a l l y  SAFRONOV s ta r t s  h i s  model w i th  a f u l l y  developed nebula, ro ta t i ng  i n  Keplerian 

Question No 5. 

01; THF PHYSICAL CONDITIONS I N  THE NEBULA. 

One f i r s t  d iv id ing  l i n e  between the modcls i s  re la ted  t o  the acsrler L. the fo l lowing 
question : do the analysis o f  the physico-chemistry of the ,neteorites show e f f e c t  o f  ion iza t ion  i n  
the gas ( ind ica t ing  a gas temperature much larger than the grain terperature, nence a s ta te  of 
thermodynamical d isequi l ibr ium) o r  can we understand everything Tn term o f  chemical x t i o n s  bet- 
ween neutral atoms i n  thermodynamical equi l ibr ium. 

evidence from chondrites "suggest" t ka t  the sol ids c rys tc l  l i zed  a t  low gra in  temperature (200 

1000 K) from the gas when i t  was s t i l l  p a r t i a l l y  ionized ( -10 K). 

Instance by ? l e c t r i c  currents). A t A pictuve t h e i r  nebula as a "super corona" - i n  A i c h  the 
physical conditions are qu i te  s imi la r  t o  those u f  the solar corona (high degree of ion!zation, 
strong e f fec ts  o f  the magnetic f i e l d ,  e t c  ...). (The pleasant po in t  here i s  t ha t  one i s  dealing 
wi th ' fami l iar"  condi t ions. 

I n  the infra-red ( f o r  which the gas i s  transparent) and hence Hi11 take a m i w  l w e r  temperature 
than thr, gas. 

wfth t h e i r  ion iza t ion  potent ia l .  

A t A (see references i n  th is  volume) have taken the f i r s t  view ; they state tha t  the 

4 

This immediately suggests a low dens i t j  gas, kept i n  a s ta te  o f  p a r t i a l  ion iza t ion  ( f o r  

As pointed out by LINDBLAD (1935) so l i d  grains embedded i n  such a gas w i l l  emit strong!y 

The degree o f  ion iza t lon  o f  each atomic species I n  the gas w i l l  De :lo:ely correlated 
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The crucial  point here i s  that  the absorption propert ies o f  the grains f o r  the a tom of 
the gas should be very d i f f e ren t  if the atoms are neutral rr ionized and the sequence o f  absorption 
of elements, as the gas temperature decreases; should somehow be re la ted  t o  the ion iza t ion  poten- 
t i a l  of these elements. A + A discuss the Nickel-Palladium-Platinum cor re la t ion  i n  i r o n  meteorites 
which appears t o  confirm the yesence of ion iza t ion  effect:. However, as they po in t  out themselves, 
the ion iza t ion  potent ia l  i s  also correlated t c  the chemical bond strenght of the atoms i n  a s o l i d  
and hence the N i  - Pa - Pd cor re lz t ion  may s t i l l  be explained by thermal equi l i : . r im processes. 

The requirement o f  a low density nebula ( f o r  ion:zation e f fec ts )  i s  incompatible with 
the so-c?:led Laplacian rw* 
a gaseous state surrounding the sun. 

being kept for a cer ta in  residence time under the form of a plasma corotat ing w i th  the sun. For the 
conditions tha t  the authors favor the densit ies i n  the gas are 10 t o  10 atoms 

8 9 red time o f  gas addit ion 10 t o  10 years. The ,.rapped plasma gradually condenses i n  grains and 
these grains are then in jec ted  i n  the " j e t  strearas" t o  be discussed la te r .  

i n  which a l l  the matter of the solar system was a t  the same time i n  

The al ternat ive i s ,  o f  course, a qradual addi t ion o f  matter f a l l i n g  from f a r  away and 

5 7  and the q u i -  

The dilenma : ' e q u i l i b r i m  o r  not" w i l l  be discussed l a t e r  by ANDERS ( t h i r  volune). A f -  

t e r  years of close x r u t i n y  o f  tne avai lable material, himself and h i s  group f ind  no strong r9ason 
why they should abandon the s imp l ic i t y  c f  equi l ibr ium si tuat ion.  

things t o  be rap id ly  evolving. There does not ye t  e x i s t  calculat ions o f  the time evolut ion bu t  
several authors have t r i e d  t o  obtain an estimate o f  the average physical conditions during the 
l i fe- t ime of the nebula. 

t i o n  o f  conservation o f  angular momentum density during the grav i ta t iona l  collapse of the o r ig ina l  
gas cloud. 

The temperature-density p r o f i l e  a t  mid-plane i s  obtained from the resu l ts  o f  models by 
LARSON ( re fe r r .  .es i n  CAMERON'$ text) .  and the e f fec t  o f  the consequent rad ia l  pressure gradient 
on the s t r u c t i r e  of the nebula i s  taken i n t o  account. Temperature, pressure and surface-density 
p ro f i l es  have been caiculated as a function o f  the rad ia l  distance. The ve r t i ca l  structure of the 
nebula has also been considered, and f o r  t h i s  aim, stueies have been made of the opacity of a low 
temperature gas (frm 200 t o  4 dOil K) taking i n t o  account the formation o f  meta l l i c  i r o n  grains 
and i ce  i n  the low T range. This study i n  i t s e l f  i s  an important contr ibut ion t o  the subject, and 
i t s  value w i l l  remain even i f  the model does not. The very high opacity o f  these so l ids  i s  respon- 
s lb le  f o r  the generation o f  strong ver t fca l  convective motions i n  the region f rbm 3 t o  10 A.U. 

other convective zone appears i n  the center o f  the nebula ( e  1 A. U.) due t o  the dissociat ion of 
hydrogen molecules. 

Contrary t o  the quast-stationary nebula o f  A t A, i n  a l l  c ther models we should expect 

I n  CAVERON's nebula the d i s t r i bu t i on  o f  ro ta t iona l  ve loc i ty  i s  obtained from the condi- 

Because o f  the e f fec t  o f  the rad ia l  gas pressure. the c i r cu la r  ve loc i ty  of the gas I n  
the nebula w i l l  be smaller than the Keplerian Jeloci ty (1. e. f o r  a f ree l y  o rb i t i ng  body) a t  the 
same distance. Consequently there w i l l  be a ro ta t i on  ve loc i ty  difference between the gas and a lar- 
ge so l i d  body gravita'ing i n  the nebula. 

where up t o  10 A.U., the veloci ty dif ference between the gas and the bodies fs = 1 W s e c  i n  the 
same region. This w i l l  play an important r o i e  i n  t h e i r  views o f  the accretional processes (gases 

PINE and CAMERON compute +hat while the Kep lv ian  ve loc i ty  i s  = E t o  10 k/SeC every- 
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are swept away by s o l i d  bodies). 

l i f e - t ime  of the nebula against i t s  dissipat ion by in te rna l  c i r d l a t i o n  currents. 

UWERON concludes that, cowequently, planet formation had be t te r  be a rap id  process. .. 

PINE and CAMERON also try, although i n  an admittedly very crude manner-to evaluate the 

The nebula dissipat ion time varies from 10 years a t  1 A.U. t o  10 years a t  10 A.U.. 2 4 

The nebula o f  SAFRONOV rotates i n  Keplerian o r b i t  around the sun ( fo rce  f i e l d  i n  R'2). 
I t s  thickness i s  determined by the condit ion o f  balance o f  ve r t i ca l  gas pressure against 

ve r t i ca l  cotnponent of gravi tat ion.  It increases w i th  distance i n  such a way tha t  the surface o f  
the nebula i s  largely exposed t o  scilar radiat ion.  The heat i s  absorbed by the dust grains embedded 
i n  the nebula. Temperatures are = 100 K i n  a t  the inner planets, and 30 K t o  10 K a t  the outer 
planets. (The sun i s  assuned t o  have i t s  present luminosity). 

SCHATZKRN has a rather s im i la r  p ic tu re  o f  the nebula. The surface density i n  the disk i s  
4 - 2  estimated ta be u = (10 R ) g on-2 (where R i s  the distance i n  astronomical un i ts )  and, because 

o f  dust, the opacity i s  very large ( = 10 ). The heat i s  absorbed i n  the outer surfaces and an 
isothermal inner layer developps w i th  temperatures o f  = 200  K a t  the earth and = 50 K a t  Urznus- 
Neptune. 

t i ona l  f i e l d  fm the central  body. The nebula i s  rather t h i n  and f l a t .  

s i t i o n  ro ta t i ng  around a sun very s imi la r  t o  our present SU~L The density p r o f i l e  i s  obtained, 
taking i n t o  account the pressure gradient (mostly turbu?ent pressure according t o  TER H U R ) .  The 
d?nsity a t  mid-plane i s  given as : 

. 5  

As for SAFPONOV the ve r t i ca l  structure i s  g i v a  by the  ve r t i ca l  component o f  the gravi ta-  

For TER HAAR ( t h i s  volune), the nebula apnears a j  a cloud o f  = 0.1 Me with solar compo- 

p(r) = ~o-J(-) r exp [ 1 -- r ] 
2 A.U. 2 A.U. 

(wi th a maximun a t  2 A.U.). The temperatures vary from = 300' f o r  the inner planet t o  = 30' for 
the outer ones and the l i f e t i m e  against d issipat ion processes induced by turbulence i s  a t  most 
10 years. 

gas and the c ruc ia l  r o l e  played by the temperature : although the density p r o f i l e  presented above 
assign a-relat ively small f r ac t i on  o f  the mass t o  the region o f  the mi te r  pianets, i n  view of the  
lower temperatures i n  t h i s  region, much more atomic species w i l l  manage t o  condense ( i .e. w i l l  
f ind t h e i r  p a r t i a l  pressuri? t o  be larger than the local  pressure). :n fact, he finds the product 
of the density p r o f i l e  w i th  the Cractional mass condensation p r o f i l e  t o  mztch i n  a reasonable way 
the mass d i s t r i bu t i on  i n  the solar system. 

3 

The next step i n  TER HAAR's model describes the basic mechanisms f o r  condensation o f  a 

Question NO6 : 

ON THE MECHANISM OF GAS CONDENSATION ANU 

PARTICLES ACCRET ION. 

We enter here I n  one of the most obscure chapters o f  cur book. 

Suee o f  the tex ts  wr i t t en  on the subject carry a d e f i n i t e  resemblance t o  the w r i t i n g  of 
the mediaeval alchemists.. . 
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Most authors agree tha t  the i n i t i a l  step i s  the presence o f  i n t e r s t e l l a r  gra ins i n  the 
gas, tha t  these grains. af ter  some degree o f  gas absorption.find themselves concentrated i n  the 
nebular plane and then somehow manage t o  accrete i n t o  larger bodies. The main problem o f  course. 
i s  the f a c t  tha t  the nunber of these bodies must eventually be reduced considerably (i.e. ftwn 
swarms o f  small bodies we should eventual ly produce a few b i g  planets). t ha t  the reduction can 
only take place by co l l i s i ons  of these bodies, and tha t  although we know very l i t t l e  about the 
s t ick inguprobabi l i ty  3f rocks i n  vacuo. nevertheless we have the fee l ing  tha t  a t  the typ ica l  
speed expected f o r  bodies i n  Keplerian o r b i t  around the sun ( =  10 km 5-l). c o l l i s i o n  o f  rocks i s  
not very l i k e l y  t o  lead t o  coalescence... 

the m o t e  par t  o f  the so lar  system. 

"non-educated" guesses on the basic assunptions) m w l d  y i e l d  ages larger than the age o f  the uni- 
verse. 

u 

One fur ther  d i f f i c u l t y  canes fran the time scale required for the process. especial ly i n  

For instance. a t  the distance o f  Uranus and Neptune. a simple-minded ca lcu lat ion ( w i t h  

I n  the model of WRONOV we s t a r t  w i th  a qu ie t  nebula i n  which dust par t i c les  ro ta te  and 
s t a r t  sinking ;lowly (by grav i ty )  toward the equatorial plane. The assumction i s  made tha t  a l l  the 
par t i c les  i t  meets. on i t s  way down. adhere t o  it, and. upon a r r i v i ng  t o  mid-plane, ( a f t e r  

4 = lo3 - 10 years) i t  has reached = 1 m i n  dimension. 
The c r i t i c a l  assumption here i s  the so cal led "cold welding" of matter which c lea r l y  

represents an upper l i m i t  t o  the e f f i c iency  o f  the process. Ue sha l l  hear several reports on t h i s  
subject and on recent related experiments during the Symposiua. 

induced by grav i ta t iona l  ins tab i  1 i ties .  

again on the density of the layer and on the mean thermal ve loc i ty  of the grains (they p lay the 
sane r o l e  as the gas molecules i n  the problem o f  s ta r  formation discussed ear l ie r ) .  

As the density of the dust layer exceeds a cer ta in  value, matter condensation would be 

C r i t i c a l  'Jems length" f o r  these condensations and lower l i m i t  t o  t h e i r  mass depend 

The very low ve loc i t ies  required could probably be found i n  the region o f  the g ian t  
planets Jup i te r  and Saturn. leading w i th in  .- lo5 years t o  the condensation o f  bodies of 
10l6 - g. 

I n  the regions closer t o  the sun the gas motions would have been too fast fcr  grav i ta-  
t i ona l  I n s t a b i l i t i e s  t o  take place and growth o f  the bodies could only have taken place through 
aggregation during col l is ions.  SAFRONOV argues tha t  the r e l a t i v e  ve loc i t ies  o f  the bodies should 
be detennined by t h e i r  gravi tat ional  perturbations a t  encounters and i n  f a c t  should be less than 
1 m/sec as long as the objects are less than 5 km i n  diameter. This ve loc i ty  i s  
Keplerian v? loc l ty  and = 
eccent r i c i t y  dif ference o f  0.1. 

The estimate i s  based on hydrodynavic arguments (the randan motions are obtained fm 
the d iss ipat ion 0:  mechanical energy of a v i s c w s  f l u i d  wi th a ve loc i ty  gradient) which i n  turn 
assumes tha t  the bodies are completely controled by the gas motions. This assumption i s  cer ta in ly  
correct for small bodies. c lear ly.  however. i t  must break down a t  a certain mass. 

should get our problen back. 

t a te  coalescence i s  dealt. w i th in  the model o f  A + A, by the introduct ion o f  the concept o f  " j e t  
Streams". 

les, than the 
less than the r e l a t i v e  ve loc i t ies  o f  bodies t ravel ing i n  o r b i t s  w i t h  

Above t h i s  mass the motivation f o r  the low ve loc i t ies  should not hold anymore and we 

The problem o f  reducing the re la t t ve  ve loc i t ies  o f  co l l i d ing  bodies i n  order t o  f a c i l i -  
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These duthors argue that while a beam of particles shot i n  a medium a t  rest w i l l  be dif- 
fused ard loose the parallelism of the init ial  motion, this effect will not take place if  the beam 
is orbiting i n  a gravitational field, prcvided that collision frequency be less than t h e  Keplerian 
frequency ( m y  rf-olutions between each collision). In this case 'collisions" lead to  an equali- 
zation of the orbits of t h e  colliding particies. w i t h  the result that t h e  spredd i n  space and i n  
velocity is reduced. 

I t  must be said r igh t  away t l a t  t h e  validity of this new point i n  specific solar system 
circurpstances has not gained gensral acceptance. 

Ue shall hear more about it. i n  particular -ram WHIPPLE. 

The sequence of events. t h e n  s tar ts  w i t h  a t h i n  plasma corotating w i t h  the sun. i n  which 
grains graddally condense [as described before, i n  a state of strong thermodynamical d isequi l i -  
b r i a ) .  Mutual collisions ('viscosity") between these grains tend to focus them into a number of 
jet streams. w i t h  toroidal shapes ccntered on t h e  sun. 

assue  that the lpaxiaarp possible velocity for accretion is 0.5 Wsec  and that collision a t  lower 
velocity w i l l  always lead to accretion ( t h e  cold welding again). 

SCMTZMAN follows the analysis of Mc CREA and WILLIAMS (1945). (references i n  the  t e x t  
of Ilc CREA). Large particles fa l l  i n  the nebula and carry w i t h  them a l l  the d i s t  particles they 
meet (olways t h e  cold wel.;ing.. .). 

are too low for the accretion to  take place i n  any reasonable time especially for t h e  ou tems t  
planets . 
nebula Ute situation was much more favorable since the violent gas motions (in t h e  form of turbu- 
lent eddies) would have considerably increased t h e  collisions probabilities of gas and grains. 

The physical conditions i n  the turbulent collapsing cloud are estimated qualitatively ; 
typical grain velocities are c 10 ni/sec and CAMERON assumes a sticking probability of one a t  en- 
counters (the cold welding.. .). 

embedding a set of bodies "extending" up to 20 cm i n  radius. 

The relative velocities are reduced considerably and accretinn becoslts possible. A + A 

CA#RON recknognized that during the lifetime of the nebula, the collision probrbilities 

He points out however that during the col1ay;e phase from the inter%Cellar cloud into the 

A t  the end of the collapse the nebula is formed and the turbulence rapidly decays out 

As i n  the model of SAFRONOV, as soon as the nebula takes its shape, there is a rapid 
migration of particles toward the central plane. However, i n  view of their large size, the migra- 
t i9n is much faster than i n  SAFRONOV's case,(typical duration -10 years for this process3 2 

As discussed previously.tw0 convective zones appear i n  the nebula. CAMERON studies the 
motion of the bodies i n  and o u t  of the convective eddies. He estimates that particle velocities 
due t o  the motion of the gas should he -10 an s-' anc, t h e  collisions i n  these circumstances 
should lead to  partial melting leading to ejection of droplets in free space. T h i s ,  of course, is 
a Pleasant thought for anyane who wants to  understand the origin of chondrules. CAMERON glady for- 
sakes his old attachment to WHIPPLE (1966) mechanism involving l i g h t n i n g  flashes i n  the nebula. 

sed i n  connection w i t h  chondrules, bu t  rather the turbulent velocities which should be much %a: ier 
(-10 m s-]) .  Bodies will form, embedding chondrules, which upon further collisions shcc?d t + n d t b  
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Inside the eddies the relevant velocities are not the mean convective velocities discus- 
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form amalgamates tha t  CAMERON 1 i kes t o  associate w i th  meteorites. 

Question N O 7  : 

ON PLANr iARY FORMATION. 

We resune our story a t  the manent tha t  a number of bodies are happily o rb i t i ng  and joy- 
f u l l y  co l l i d ing  against each other, l i k e  madly driven cars a t  v i l l age  fa i r s .  We s t i l l  have t o  f o l -  
l ow  the story u n t i l  we are l e f t  w i th  a m a l l  r m b e r  o f  large objects (planets and asteroids) o r b i -  
t i n g  i n  3 very clean (dust and gas-free) system. 

f i r s t  a gtceral  discussion. 
Saw par t i cu la r l y  remarkable features o f  the end-product (the so lar  system) deserves 

-. I .  -he Titius-Bode Law. 

One of the most d i f f i c u l t  problem i n  studying the o r i g i n  o f  the solar system i s  t o  iden- 
t i f y  anongst the whealth of experimental data, those which are r e a l l y  relevant, and then t o  es t i -  
oate appropriately the degree of t h e i r  relevance. 

should be a crucial  key t o  the understanding of the system, and tha t  consequently i t  should be 
introduced as a s t r i c t  "boundary conditions" i n t o  any model. This has mostly lead t o  unpleasant 
parameter f i  t t i n g  and the "beaut i fu l  agreement" between "calculated values" and "observations" 

The f i r s t  mistake was t o  c a l l  i t  a "law" : i t  is.a best,an approximate re la t ionship 
which should be quoted i n  the form ( rR = 6" ) where 8 = 1.7 and not i n  the a r t i f i c i a l ,  and i n  
cer ta in  cases wfOng,fona :rn = 0.4 + 0.3  x 2" A.U. 

The Titius-Bode re la t i on  may then be only a qua l i t a t i ve  feature related t o  the scal ing 
of the physical phenaena as one goes away fran the central body (as discussed by TER HAAR). 

A s im i la r  re la t ionship holds for groups of s a t e l l i t e s  o f  Jupi ter ,  Saturn and Uranus. The 
values o f  6 range f ran  1.5 t o  1.8.The rea l  meaning o f  a l l  t ha t  i s  s t i l l  unclear, but the danger of 
overworking the de ta i l s  o f  t h i s  re la t ionsh i?  i s  generally reckognised today. MSTEEL and OERMOTf 

w i l l  discuss t h i s  question during t h i s  Symposium. 

Many authors, f o r  instance. have f e l t  tha t  the Titius-Bode law,  i n  i t s  "exact" form 

has convinced very feu people. 

11. The Isochronism o f  Spins : 

Simi lar ly,  there i s  the very remarkable isochronism o f  spins. A t  A. i n  par t i cu la r .  have 
noted tha t  almost a l l  asteroids have periods between 5 t o  15 hours. Even more remarkable i s  the 
f a c t  tha t  the planets themselves have almost the same spin period. As a whole, for  objects ranging 

19 30 from 1G t o  10 
One fac t  t o  br ing i n  the discussion i s  tha t  the maximum ro ta t iona l  period i s  =F1'*, and 

since mean densit ies 
about one quarter o f  an hour for  a l l  bodies. Thus the objects ro ta te  a t  about 3% o f  t h e i r  l i m i t s .  
Let us reca l l  also that the maximum ro ta t iona l  ve loc i ty  are. w i th in  a small factor, equal t o  the 
escape veloci ty.  

gm the ro ta t i on  periods hardly vary by more than a factor o f  four ! 

are a l l  qu i te  s imi la r  i n  the various objects (from -1 t o  -5) t h i s  period i s  

Let us imagine tha t  small bodies are continual ly being accreted by a larger body and 
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that  t h e i r  i n i t i a l  ve loc i ty  (a t  " i n f i n i t y " )  were a t  most comparable t o  t h i s  escape veloci ty.  The 
angular momentum imparted w i l l  he - Nveri where ri i s  th., impact parameter. Let  us fu r ther  asslrl:z 
that  the c o l l f s i o n  always takes place on the same side of the bod,, a t  ri= R the instantaneous 
radius. 

maximum ro ta t iona l  ve loc i ty  (=  vo) . 

face of the ro ta t ing  body and the net effect on the imparted r o t a t i o n  w i l l  be re la ted t o  the d is-  
t r i b u t i o n  of angular momentum as a function o f  rad ia l  distance from the sun. That the net e f f e c t  
should be a few percent seems perfect ly reasonable g u a l i t a t i v e l y  but t o  ext ract  guant i ta t ive 
information from t h i s  r e s u l t  i s  a far more d i f f i c u l t  task ... (see the discussion o f  TER HAAR, A + A 
and SAFRONOV i n  t h i s  volume). 

And i s  i t  reasonable t o  use t h i s  descr ipt ion of events i n  the case o f  the gaseous Jup i te r  
and Saturn ? 

A s  R grows, the t o t a l  angular momentum w f l l  correspond, very c losely  a t  least ,  t o  the 

Real i ty w i l l ,  of course, be d i f fe ren t  since co l l i s ions  w i l l  take place a l l  over the sur- 

I n  the fo l lowing paragraphs we shal l  see how the various modelists have envisionned pla- 
netary formati-n and what explanations they have imagined t o  d number o f  problems. 

SAFRONOV has studied the mass d i s t r i b u t i o n  o f  bodies fo l lowing c o l l i s i o n s  for cer ta in  
de f in i te  choices o f  the "cross sections" f o r  coalescence o r  fragmentation. One in te res t ing  r e s u l t  
which seems t o  emerge from thcto calculat ions i s  the predic t ion o f  an inverse power-law mass-spec- 
trum o f  objects N(m) dm u m-q dm where q = 1.5 + 1.8, independent o f  the i n i t i a l  d i s t r i b u t i o n  o f  
masses. 

The choice o f  the cross-sections i s  rudimentary (a: describe elsewhere we shal l  need a 
great deal o f  work before we can establ ish r e a l i s t i c  and physical parameters) and i t  i s  too ear ly  
t o  decide i f  t h i s  important predictioE w i l l  eventually be confirmed. A t  any r a t e  t h i s  predic t ion 
may lend i t s e l f  t o  test ,  f o r  instance i n  the asteroid b e l t  (but i n  my ignorance.1 am not aware o f  
ex is t ing analysis o f  t h i s  point) .  

SAFRONOV argues tha t  i n  various annular (circumsolar) zones, the biggest body w i l l  always, i n  view 
Of i t s  grav i ta t ional  f i e l d ,  take the l i o n ' s  share ("on ne donne qu'aux r iches")  and tha t  the mass 
r a t i o  between the two largest  objects w i l l  rap id ly  reach values o f  tens t o  hundreds. 

The r e s t  of the s tory  i s ,  of course, the s tory  o f  how t h i s  'predestinate" body managed 
t o  round up the matter surrounding i t s e l f  and t o  become one o f  the planets. The ra te  of growth 4 -  
anongst other factors, proportional t o  the surface densi ty (ao) o f  condensable matter i n  the cen- 
t r a l  plane a t  the corresponding distance trom the sun, and inversely proport ional  t o  the ro ta t ion  
Period TR a t  tha t  distance. 

A t  Earth the space density o f  matter would decrease exponentially w i th  a per iod o f  
7 8 2 X 10 years. The formation o f  the earth,as we know i t  now,would have then taken 3 10 year:. 

(> 5 mearl 1 iveq. 

- 

The power law mass-distribution can c l e a r l y  not  be applied t o  the few biggest bodies. 

8 For Jupi ter  and Saturn the l i f e t i m e  o f  growth i s  = 10 years. 
SAFRONOV reckognizes a t  t h i s  po int  an important d i f f i c u l t y  : i n  such a large per iod the 

Proto-Jupiter would have gatherid a l l  the gases i n  i t s  "o rb i ta l "  ( t o  speak l i k e  the chemists). 
However i n  view o f  SAFRONOV's i n i t i a l  choice o f  the nebular mass ( 
these gases should have been incorporated i n  Jupi ter .  

0.05 Me), less than 10% of 

To solve the d i f f i c u l t y  SAFRONOV appeals t o  the high electromagnetic a c t i v i t y  Of the 
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young sun and t o  the versat i le  and benevolent mighty "solar wind" o f  there days to.have rap id ly  
removed these unwanted vo la t i les  before Jupi ter  got hold o f  them. The counteracting e f f e c t  o f  the 
body ro ta t ion  on the gas accretion i s  also invoked t o  solve t h i s  d i f f i c u l t y .  

The low f ract ion o f  H and He i n  Uranus and Neptune would also f i n d  there a natural  ex- 
planation : i n  view of the long formation time, the deplet ion of v o l a t i l e s  would have been even 
stronger a t  these large distances. 

i n  the l a t e  stage may lead t o  e ject ion of a body out o f  the so lar  system i f  i t s  ve loc i ty  a f t e r  the 
encounters l i e s  i n  an appropriate angular cone. SAFRONOV estimates tha t  a mass o f  10-%e has been 
ejected t h i s  way. A much smaller f r a c t i o n  o f  
elongated orb i ts  character ist ics o f  the comets. 

One o l d  and ten ta l i z ing  problem i s  
and Jupiter,instead of a ful!y grown planet ? After a l l  even the Titius-Bode law predicts sanething 
there ! 

science f i c t i o n  wr i te rs  ; a d ign i f ied  version has given r i s e  t o  the idea o f  "parent bodies" f o r  
meteorites (ANDERS - i n  t h i s  volume- t e l l s  us why he l i k e s  the idea). 

fami l ies o f  asteroids ; i n  h i s  view the process o f  accumulation i n  the asteroid b e l t  has simply 
been interrupted too early. However, since the ro ta t ion  per iod i s  longer a t  Jupi ter  than a t  the 
asteroid b e l t  ( reca l l ing  tha t  the formation ra te  isccoo/P) we should look f o r  a strong overcompen- 
sat ion increase i n  uo. 

As TER HAAR, SAFRONOV l i k e s  t o  i d e n t i f y  t h i s  increase o f  Q~ t o  a temperature e f f e c t  ; i n  
the zone o f  Jupi ter  the molecules o f  CH4, and NH3 have s o l i d i f i e d  and added themselves t o  the dust. 

Furthermore the mass o f  the grav i ta t ional  condensat -n increases rap id ly  w i th  distance 
from the sun, and t h e i r  grav i ta t ional  f i e l d  are even made respnill)iL e f o r  an i n h i b i t i n g  e f f e c t  on 
the growth o f  the asteroids. 

It i s ,  o f  course, during tha t  phase tha t  the planets have acquired t h e i r  ro ta t iona l  pe- 
r iod.  SAFRONOV makes an appropriate d i s t i n c t i o n  between the "regular" d i r e c t  cnmponent. associated 
w i th  the r o t a t i o n  o f  the whole i n i t i a l  system, and the "random" component obtained af ter  subtrac- 
t i o n  of the regular component from the observed values. 

SAFRONOV defines f i r s t  an asymmetry parameter 'e describing the degree of asymnetry o f  impacts over 
the surface o f  the body, and he mentions tha t  i f  6 does not depend on the distance from the sun, 
the rotat ional  periods o f  the planets must be approximately equal (but t h i s  descr ipt ion should not 
be a?plied t o  Jup i te r  and Saturn). 

The "randan" component i s  assigned to f luc tua t ion  over and above the regular asymnetry 
coef f i c ien t  described before. Their e f fect  w i l l  be seen through a "north-south" asymmetry i n  the 
impact d is t r ibut ion,  resul t ing i n  a t i lt o f  the planetary spin. 

biggest object was-10-3 o f  the earth mass whi le f o r  the h igh ly  anomalous Uranus we need 7% o f  . 
planetary mass. 

SAFRONOV, fo l lowing S C M I D T  and RUSKOL ,(references i n  the t e x t  o f  SAFRONOV) ,adopt the 

idea o f  s a t e l l i t e  formation by s o l i d  p a r t i c l e  accretion i n  the grav i ta t ional  f i e l d  o f  the simulta- 
neously growing planet. 

While c o l l i s i o n  of bodies has lea? t o  embryonic growth o f  the planets, d is tant  encounters 

YO would have been thrown i n  the e l l i p t i c a l l y  

: why should there be an astero id  b e l t  between Mars 

The idea of an "exploded planet" nas been very much discussed by science wr i te rs  and 

SAFRONO'I re jec ts  the whole idea on the ground tha t  i t  could not explain the existence o f  

To deal w i th  the regular component, and i n  par t i cu la r  w i th  the isochronism o f  spins, 

The observed ti lt can be re la ted Lo the largest i n f a l l i n g  masses : f o r  the earth the 
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The i n i t i a l  heat o f  the earth was predominantly btought by the c o l l i s i o n  o f  i n f a l l i n g  
bodies. The central  temperature i s  ?bout 800 K. 

He also stresses the pav,icular e f fec ts  o f  the impact o f  large bodies ( -10 an). Tempera- 

tures o f  up t o  1 500 K can be reached l o c a l l y  i n  a h igh ly  inhancgeneous fashion, which could be 
responsible for  a large par t  o f  geochemical f ract ionat ion.  

imersed I n  a " j e t  stream" (a swarm o f  small par t i c les  o r b i t i n g  i n  almost p a r a l l e l  o r b i t  ins ide a 
toroidal  volume surrounding the sun). The embryo sweeps up par t i c les  w i th  a cross-section magnified 
by grav i ta t ional  e f fec ts  (grav i ta t ional  Rutherford scatter ing).  

Mars and Saturn, they could reach 10 years which i s  also, i n  t h e i r  estimates, an appropriate value 
for the durat ion o f  the plasma i n j e c t i o n  f r o m  the outer i n f a l l i n g  cloud. Uranus and Neptune would 
get, i n  t h i s  count, impossibly long formation times. A t A solve the problem by assuming t h a t  these 
planets have accreted af ter  the end o f  the i n j e c t i o n  period : the j e t  would, then, contract. I t s  
mean matter densi ty would increase and the formation time would be reduced considerably. No numeri- 
cal discussion of t h i s  l a s t  hypathesis are given. 

$ion o f  rocks takesb10 years ; a t  Uranus and Neptune the formation t i m e  i s  again impossibly long. 

7 

As t h e i r  l a s t  step before planetary formation A + A describe the growth o f  an "embryo" 

6 The formation times are around 10 y f o r  Mercury, Venus, Earth and Jupi ter  ; f o r  the moon, 
8 

I n  SCHATZMAN model (adapted from MAC CREA and WILLIAMS) the formation o f  Jupi ter  by c o l l i -  
6 

As the embryo gathers matter from a r a i n  o f  i n f a l l i n g  par t ic les,  i t  also warms up because 
o f  the k i n e t i c  energy released a t  impacts. A t A make the d i s t i n c t i o n  between the heat i n  the 
'accretional heat f ront"  and the in te rna l  heat p r o f i l e  a t  the end o f  accretion. When an object  h i t s  
an embryo, an amount o f  heat i s  suddenly released which may be large enough t o  mel t  a mass o f  ground 
materlal several times larger  than the i n f a l l i n g  mass, especia l ly  a t  tbe end o f  accretion, when the 
escape ve1oc:ty corresponds t o  a few eV per nucleon. A t  low impacf rate, the mater ia l  w i l l  have 
the t o  cool before i t  i s  melted again by another impact. 

A f te r  a few melt ing ( a t  most) t h i s  same mater ia l  i s  buried too deeply t o  feel fur ther 
fWaCtS. This way an accretional heat f r o n t  follows the surface o f  the forming planet. 

The growth ra te  o f  planets ( f o r  s imp l i f ied  assumtions on the feeding of matter i n  and out 
Of the j e t  stream) has been evaluated by A t A. A maximum i n  the growth r a t e  of the planet (and 
hence i n  t' - r a t e  o f  energy release) usual ly appear sanewhere during the process. I n  the case of 
the earth, f o r  instance, the r a t e  a t  the beginning (core formation) and a t  the end (mantle forma- 
t ion) are low enough f o r  the matter t o  cool down between impacts, but  f o r  the intermediate layers 
the s i tuat ion i s  opposite. Hence there should have been a maximum o f  temperature a t  around 112 of 
the radlus o f  the earth. No nunerical values are given except tha t  t h i s  e f f e c t  should account for 
the fact tha t  "only an intermediate par t  o f  the Earth i s  melted, whereas both the core and the 
mantle are sol id".  

after t h e i r  forma:ion. Other planets are also q u a l i t a t i v e l y  discussed. 

heavy canponent can only sink through the instantaneous layer  but the l i g h t  components are cont i -  
nually brought up. This way the radioact ive elemr 's may be carr ied t o  the surface even though the 
Planet IS f i n a l l y  l e f t  i n  a cool state. 

It i s  estimated tha t  Mercury and the Moon should have been s o l i d  and cool imnediately 

The accretional heat f r o n t  i s  also iwoked as a factor of chemical segregation : the 

Af te r  meter-sited bodies have f a l l e n  a t  mid-plane( i n  a few years)CAMERON stcdies the 
rate of growth by accretion according t o  a p ic ture presented i n i t i a l l y  by WHIPPLE, 
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Let us remember tha t  i n  view o f  the rad ia l  pressure, the gas rotates slower than the 
corresponding Keplerian veloci ty.  According t o  t h e i r  s ize  the s o l i d  bodies are slowed down by the  
gas drag, and sp i ra l  inwards. The d i f f e r e n t i a l  motion o f  large and small-size par t i c les  (due t o  
the d i f f e r e n t  gas drag) w i l l  be conducive t o  a sweeping up o f  the former by the l a t t e r  and w i l l  
r e s u l t  i n  an exponential growth rate, l im i ted  by the consequent clean-up o f  the reservoir .  

part)  o f  the nebula, where the temperature i s  
melting, i t  forms an atmosphere o f  steam w i th  a few i c e  clouds on top a t  T+- 200Y. I n  the  second 
convective zone (T-  500 K) the same r o l e  i s  played by the s i l i c a t e s  (w i th  cloud temperature of 
e l  500 K). I n  both cases we, hence, f i n d  a very high i n i t i a l  core temperature surrounded by an 
"extensive gaseous atmosphere cmposed o f  the pr inc ipa l  i n t e r i o r  consti tuents o f  the body" ( f o r  
the earth the t o t a l  radius including the atmosphere i s  - 20 times the present radius). I n  both 
cases the planets are formed i n  less than 10 years. 

One important consequence i s  the f a c t  t ha t  the earth would be born i n  a molten state. 
So l i d i f i ca t i on  would proceed f i r s t  i q  the center ( i n  view o f  the  elevat ion o f  the melt ing tempera- 
tu re  with increasing pressure) and proceed upwards. Clear ly the geochemistry associated w i th  such 
a pattern o f  events would d i f f e r  appreciably from what we heard about i n  the other models. Some 
impl icat ions are discussed by the author. 

The k i n e t i c  energy released i s  transformed i n  heat and radiat ion.  I n  the outer ( rad ia t i ve  
100 K,  a dominant r o l e  i s  played by the ice. Upon 

4 

Sate l l i t es  can be f o n e d  e i the r  by capture o f  secondary bodies o r  by formation o f  a 
subdisk around the planet, much i n  the same way tha t  the planets are formed around the sun ( f o l l o -  
wing an idea dear t o  A t A). 

i n  t t e  gas o f  the nebula prevents the i n f a l l  o f  matter a l l  the way t o  the surface and puts the 
material i n  o rb i t ,  where i t  f i n a l l y  condenses. 

For the moon, i n  order t o  account f o r  the predominanceof low density s i l i ca tes ,  CAMERON 
appeals t o  the capture of a small body by the earth, both objects possessing a s i l i c a t e  atmosphere. 
The s o l i d  pa r t  o f  the smaller object  i s  retained by the earth 's atmosphere but i t s  s i l i c a t e  enve- 
lope condenses i n t o  the moon. (A s im i la r  p ic tu re  o f  lunar formation had e a r l i e r  been presented by 
RINGWOOD and FSSc?(EJ 

largest bqdfe5. l a t e  I n  the game. 

For the g ian t  planets, the second mechanism i s  invoked : the i n i t i a l  angular momentum 

4s i n  the rode1 o f  SAFRONOV, the anomalous spins are explained by co l l i s i ons  with second 

':AGRON PINE assume the existence o f  independant disks o rb i t i ng  around the proto- 
solar neb.1': (as lf!ft-over$ frm the i n i t i a l  collapse phase). A t yp ica l  d isk of t h i s  k ind  with 
M A  4 x lo3' and T -  20 K DtcOmes the b i r t h  place o f  comets, through accretion mechanisms s imi la r  
t o  those which gave r i s e  t o  planets. Again the b i r t h  period does not exceed lo3 years. 

As discussed before,the nebula dissipates i n  10 years, due t o  the d iss ipa t ion  e f fec ts  
o f  the c i r cu la t i ov  currents ; t h i s  process should be over shor t l y  a f te r  the formation o f  the p la -  
nets. A large f rac t i on  of the nebular mass f a l l s  inward, thus forming the sun. The solar corona, 
heated up by a "var iety of mechanical wave process", generates ,by hydrodynamic expansion,a strong 

1-Tauri type s t e l l a r  wind which,in turn,?vacuates a large f rac t i on  o f  the i n i t i a l  mass i n  outer 

space. 

r o l e  i n  the making o f  these atmospheres as we observe them now. 

4 

The in te rac t ion  o f  t h i s  wind w i th  planetary atmosphere gas should have played a dominant 
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The transport  o f  matter, f i r s t  from the nebula i n t o  the sun, and l a t e r  from the sun i n t o  
space (through the solar wind) w i l l  have important dynamical e f fec ts  on the planetary distances ; 
the f i n a l  space configuration o f  the o r b i t s  w i l l  be very d i f f e r e n t  from the configura,ion a t  the 
wment of planetary accretion. For instance the planets from Mercury t o  asteroids were formed a t  
2 t o  10 A. U. (where T was 

pressure and temperature presiding a t  the fowa t ion  of the earth, moon and meteorites. 

500 t o  1 500'. and P = t o  atmosphere). 
ANDERS and GAST w i l l  discuss l a t e r  the geochemical information relevant to the appropriate 

COMMENTS. 

H. C. UREY : 
I proposed grav i ta t iona l  i n s t a b i l i t y  some 15 years ago. No one was interested, I should 

have suggested i t  l a s t  year, I suppose. I do not see tha t  g r a v i t a t i o n i l  i n s t a b i l i t y  i n  the nebula 
i s  hopelessly incorrect  though, o f  course, I do not regard i t  as ce r ta in l y  true. 

But st ickiness o f  grains i s  no problem, i f  dust grains s e t t l e  i n  a gas sphere. 

H. REEVES : 

l i t i e s ,  have been stressed i n  the recent works o f  ALFVEN and ARRHENIUS (reference i n  the  t e x t  of 
ARRHENIUS, t h i s  volume). 

-- 
The d i f f i c u l t i e s  met by models o f  planets and s a t e l l i t e s  based on grav i ta t iona l  ins tab i -  

D. C. BLACK : 
Most o f  the discussion given here on the formation o f ' s ta rs  have centered on a concept 

where stars form i n  massive clouds. However, as HtRBIG as pointed out, there are cases of i n d i v i -  
dual Stars which appear t o  have formed i n  an iso la ted  fashion. This p o s s i b i l i t y  must be kept i n  
mind when formulating models o f  s ta r  formatian. 

B. J. LEVIN : 

1. On the Mass o f  the k m l a  : 
Recently I changed my miild and instead o f  a solar nebula o f  a small mass, I suggest 

tha t  i t  was o f  about 1-2 M r  as proposed ear l iec  by CAMERON. Such a large mass i s  necessary t o  
assure the accumulation o f  Uranus and Neptune with:n the age o f  the solar system. The surface 
density in  the inner p a r t  o f  the nebula remains as assumed previously (below 10 g/cm ), bu t  the 
nebula has t o  extend i n i t i a l l y  up t o  about 200 AU from the sun. 

4 2  

?. On Accretion through Jet Stream : 
If we consider only a massive central  bodv and a stream o f  s o l i d  par t i c les  o r  bodies, 

then ALFVEN's conclusion tha t  the stream can form a single body i s  correct. But i n  a rea l  solar 
System, g rav i ta t iona l  perturbations from planets and encounters w i th  s t ray  bodies as we l l  as 

the Poynting-Robertson e f fec t  w i l l  destroy the stream i n  a time scale short compared t o  the 
time required f u r  i t s  coalescence i n t o  a s ingle body. 
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3. On Gravitational Accumulation of Large Bodies : 
The problem of accumulation of  planets includes not only the problem of sticking of  small 

particles, but also the problem o f  gravitational accumulation of planets from bodies of 10-100 b. 
This  stage of accumulation determines the i n i t i a l  temperature of the Earth and ot'.er terres- 

t r ia l  planets and must be discussed separately from the problem of sticking. 
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B. NUCLEAR PHYSICS I N  THE EARLY PHASES 0:' THE SUN. 

A t  the 1962 NEW-YORK meeting on the Origin o f  the Solar System, FOWLER p~esented a recent 
model o f  GREESTEIN, HOYLE and himself (usually referred t o  as FGH), which essent ia l ly  had f o r  e f -  
fect the addi t ion o f  a new dimension t o  the subject. The basic idea was that  a l l  the atoms o f  0, 
3He, Ll .  Be, B (and also the long-lived 12'1) i n  the solar systen, have been produced by dn inten- 
se f l u x  o f  high energy protons generated by the young and electromagnetically act ive sun, bombar- 
ding the various bodies grav i ta t ing around the sun. This idea was related t o  a previous work o f  
GREENSTEIN ( c f  X H )  i n  which the l i th ium C O I I L ~ , ~ L  o f  stars or ig inated by spal la t ion reactions i n  
s t e l l a r  f lares, and also t o  the so lar  system model o f  HOYLE (cf  FGH) i n  which electromagnetic 
effects were responsible f o r  the rotat ional  deceleration o f  the sun and rotat ional  acceleration o f  

the planets. By comparing +he abundance r a t i o s  o f  the l i g h t  elenents and par t i cu la r ly  the isotopic  
r a t i o s  of l i t h ium and boron wi th  t h e i r  et t imat ion o f  the production (no experimental data was then 
avai lable) ra t ios  i n  ,**clear reactions,FGH were able t o  present a ra ther  detai led sequence o f  
events i n  which neutrons, secondaries t o  the cpa l la t ion  reactions, were thermalized and played a 
major r o l e  i n  f i x ing  the observed rat ios.  

relevant spal la t ion cross-sections ( the l a t e  D r .  BERNAS and h i s  ORSAY group played a dominant r o l e  
i n  t h l s  f ie ld )  and second t o  a deta i led search of minute isotopic  differences i n  chemical const i -  
tuents o f  meteorites (and o f  the moon) witnessing the occurence and the effect; o f  t h i s  i r rad ia t ion .  

The cross-sections measurements d id  not confirm the estimation o f  FGH and i n  fact  cast 
serious doubts on the importance o f  secondary neutrons (GRADSZTAJN. (1965!, (BERNAS, GRACSZTAJN, 
REEVES and SCHATZMAN. (1967), here af ter  ca l led BGRS. 

r a t i o s  in meteorites turned out t o  be rather f r u s t r a t i n g  (we sha l l  hear more about t h i s  i n  the 
t a l k  o f  BEGEMAN). 

This work opened a vast f i e l d  o f  research which f i r s t  lead t o  the measurements of the 

And the search f o r  unambiguous proof of an ear ly  i r r a d i a t i o n  through anomalous f r o i o p . ~  

Following the laboratory work s f  the ORSAY group,GRADSZTAJN and BGRS hypothesized tha t  
the i r r a d i a t i o n  had taken place whi le the nebula was s t i l l  e n t i r e l y  giseous and produced the i so -  
topes o f  L!, Be, B. The same i r r a d i a t i o n  d i d  produce some 0 and 3He but the observed r a t i o  of 
D/H or He/ He was found t o  be f a r  too large t o  be accounted f o r  by t h i s  process (mostly because 
secondary neutrons could not be appropriately slowed down). 

3 4  

I n  h i s  model o f  the o r i g i n  o f  the solar system, SCHATZMAN followed BGRS but assumed tha t  
the i r r a d l a t i o n  had taken place i n  a nebula which already l o s t  a vast f r a c t i o n  o f  H and He (s imi -  
l a r  work was presented by AUDOUZE [1969). Following the s p i r i t  o f  FGH he made important use o f  the 
physical conditions required f o r  the model t o  account for  D He and L i  Be B t o  obtain the p e r t i -  
nent information on which h is  mode; was based. However a t  t h a t  time the wind had started t o  change. 
A closed study o f  the physical processes involved i n  the production o f  the required amount o f  
11 Be B by spal la t ion reaction i n  s t e l l a r  f lares led RYTER, REEVES, GRAOSZTAJN and AUDOUZE (1970). 
t0 a skeptical state o f  mind : the energy output needed appeared u n r e a l i s t i c a l l y  high. 

that  the most probable mechanism f o r  the o r i g i n  o f  L i ,  Be, B was simply the bombardaent o f  the 

i n t e r s t e l l a r  matter by the galact ic  cosmic rays : a rough estimate showed thz t  the present ra te  
of formation of these elements i o  the galact ic  gas, mu l t ip l ied  by the age o f  the galaxy would 

4 

3 

One should look elsewhere ... I n  1969, R E W S ,  FOWLER and HOYLE came t o  the conclusion 
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REEVES 

account f o r  the s t e l l a r  observations, the idea being tha t  when a c t a r  i s  made out o f  t h i s  gas i t  
contains these atoms i n  the general "galactic" proport ion and when the photosphere 0,- t h i s  s ta r  
shines up i n  the sky, they show up i n  the appropriate atomic t rans i t i on  l ines .  Detailed calcula- 
t i o n  by MENEGUZZI , AUOOUZE and REEVES (1971) , and the incorporation o f  ga lac t ic  evolut ion e f fec ts  
by MITLER (1970). and TRURPN and CAMERON (1971) have f u l l y  confirmed the p l a u s i b i l i t y  of t h i s  
idea . 

The one negatibe aspect o f  t h i s  new theory was t o  decouple e n t i r e l y  the o r i g i n  o f  L i  Be 
B from processes occuring a t  the b i r t h  o f  the sur : a l l  t b ?  L i  Be B cf the so?Jr system were pre- 
sent i n  the protosolar nebula before i t s  b i r t h  ! Nevertheless the same calculat ions also showed 

3 4 t ha t  the D and He could not come from the ga lac t ic  cosmic ray ef fect  ( factors o f  - 10 are missing). 
And since the solar system r a t i o  o f  D/H ( i n  earth and meteor i t ic  water) appt.-ed t o  be a t  leas t  
three times la rger  than the i n te rs te l  t a r  r a t i o  (from radio astronomical measurements) there was 
s t i l l  open the p o s s i b i l i t y  t ha t  the  solar system deuterium had or ig inated i n  n x l e a r  processes 
taking place i n  the system i t s e l f .  However a f te r  an analysis o f  the solar wind abundance o f  the  
3He/4He o f  the BERNE group, GEISS and REEVES (1972) came t o  the opposite conc1usio;i (GEISS w i l l  
t a l k  more about i t  la te r ) .  Hence our general c o x l u s i o n  * 

THE ORIGIN OF 0, 3He L i  Be B HAVE KOTHING T3 DO WITH THE O w (  OF THE SOLAR SYSTEM. 

However, we can say ,since the sun mvst have undergone a T-Tauri phase i n  h i s  
young days, and since f o r  a number o f  reasons (discvssed by SCHATZMAN) T-Tauri stars,or s ta rs  inar.  
even e a r l i e r  phase,are believed t o  undergo a period of strong elactromagnetic a c t i v i t y ,  the possi- 
b l : i t y  o f  some k ind  o f  a c t i v i t y  i s  s t i l l  l e f t  with us. 

This poss ib i lq ty  has received a fu r ther  confirmation from the establishment o f  a carre- 
l a t i o n  between the amount 3f trapped rare gases and density o f  nuclear tracks i n  micrograins o f  
nreteorl t ic mater ia l  (PELLAS, POUPEAU, LORII., REEVES and AUDOUZE) (1969) ,and (LAL and RAJAN)(1969). 
The argument goes l i k e  t h i s  : the analysis o f  the emission l i nes  i n  T-Tauri s ta r r  shows tha t  these 
stars are emi t t ing  matter under the form o f  s t e l l a r  winds w i th  f l u x  i n tens i t y  o f  the order o f  
lo6 t o  lo7 o f  the present solar wind. On the other hand.the f a c t  that  the trapped ra re  gases are 
often found t o  be la rge ly  surface concentrated i n  meteor i t ic  grains points t o  the solar wind as 
the i n jec t i on  agent of these atoms i n  the grains. Then the cor re la t ion  between gas concentrat'on 
(-1 KeV par t i c les )  and tracks (-1 MeV par t i c les )  suggest t ha t  the wind was accompanied by f a s t  
pwt ic les ;  hence the conclusion tha t  the increased wind had a corresponding increased high energy 
part ic les.  The only weak point  here i s  tha t  we have no d e f i n i t e  proof t ha t  the i r rad ia t i on  took 
place very ear ly  i n  h is to ry  of the solar system. 

What k ind of l i m i t s  can we set t o  tire in tens i ty  o f  t h i s  ear ly i r rad ia t i on  ? We must con- 
s ider separately the  i r rad ia t i on  on the nebula before the so l i d i f i ca t i on  o f  the planetesimals and 
the  i r rad ia t i on  on the planetesimals i t s e l t .  The l a t e r  phase would generate isotopic dif ferences 
between various objects since the f l u x  w i l l  vary wi th distance from the sun and w i th  the amount of 
matter shielding the observed sample. This subject w i l l  l a t e r  on be discussed by BECEMN ( t h l s  

vo l  me). 
Since the gaseous nebula w i l l  indoubdetly have been the seat of in te rna l  motions and 

hence of  thorough gaseous mlxing we should not expect the i n i t i a l  phase t o  have l e f t  witnesses i n  
the form o f  i so top ic  dif ferences I n  stones. A l i m i t  can nevertheless be set from the f a c t  t ha t  
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some i sotop ic  r a t i o s  are everywhere vast ly d i f f e r e n t  from those expected i n  spal l3 t ion reactions; 
hence the spal la t ion cont r ibu t io i  t o  the abundance o f  these elements must be negl Ig i '  'e. "or ins- 
tance, the l i t h i u r  isotopic r a t i o  L i /  L i  = 12 would be reduced by a factor o f  two if the t o t a l  
h tegra ted  f l - x  o f  incident par t i c les  had been larger than 10'9p/m2. A s imi lar  f l u x  o f  thermal 
neutrons would produce a 158Gd/157Gd r a t i o  of = 10 instead of the observed value o f  ( 
(REEVES, FOWLER, AUDOUZE and SCHRAMM, 1972), (approximate values o f  the i n i t i q l  (3 r a t i o  can be 
obtained from a study o f  the physics o f  the s-process) 

These l i m i t s  are low and have an important incidence on the study o f  chronologies 
basea on "'1 ard 244Pu : the in tens i ty  o f  the ear ly  i r r a d i a t i m  on the gas phase was f a r  too small 
t o  cccount far  the abundances o f  these ic3topes a t  the b i r t h  o f  the so lar  syst(.1. From the repor t  
o f  BEGEMAN l a t e r  i n  the week, the same conclusion can be reached about the l a t e r  i r r a d i a t i o n  on 
the s o l i d  phase. Hence anothrr important conclusion : 

DY PRESENT I N  THE PROTOSOLAR CLOUD. 

7 . 6  

1) 

THE ISOTOPES AND 244Pu RESPONSIBLE FOR THE OBSERVED XENON "EXCESSES" WERE ALREA- 
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METEORITES: CLUES TO THE ORIGIN OF THE SOLAR SYSTEM 

T. E. Bunch 
Ames Research Center, NASA, Moffctt Field, Calif. 94035 

I. INTRODUCTION 

What are meteorites and why do  we study thcm? Well, to start with, meteorites are rock and 
metal fragments, smaller than planets and larger than molecules, of disrupted planetary bodies. 
Although they are commonly refemd to as space debris, they are scientifically important for the 
understanding of Solar System origin, and possibly Earth origin. Prof. Edward Anders of the Univer- 
sity of Chicago has referred t o  meteorites as “the poor man’s space probes” because we receive 
them free and they are Lne only recognized extraterrestrial samples available to us other than the 
Apollo lunar samples. Much has been learned about their early geologic history, ages, pre-terrestrial 
orbits, environmental condition, organic contents, and shock events. These results have been applied 
in turn to interpreting the origin of the Solar System and comets. 

This prtsentation will attempt to acquaint the reader with an introduction to meteorites and 
their significance. Because of the many fields of science that are involved in i,ieteoritics (the study 
of meteorites), a glossary of terminology is given in appendix A. More detailed information may be 
obtained from Anders (1971), Keil(1969), Mason (1962), and Wasson (1973). 

11. CL \SSIFICATION, BULK COMPOSITIONS AND MINERALS OF METEORITES 

A. Classification 

Generally speaking, meteorites are classified o n  the basis of bulk chemistry and mineral- 
ogy. Further division of classes into subtypes is commonly based on textural differences and minor 
and trace element differences. 

Metearites ?re classically grouped into stones, irons, and stony-irons (table 1 ). Among the 
stones, a major distinction is made between the chondrites (fig. 1) which contain chondrules 
(rounded supercooled mixtures of silicates 2nd glass) to a greater or lesser extent, and achondrites, 
which do not contain them. The most abundant of the chondrites, called ordinary chondrites, fall 
into three subtypes based on the amount of metallic Fe-Ni alloy present and the Fa (fayalite, 
Fez Si04) and Fs (ferrosilite, FeSi03) contents of the constituent olivine and pyroxene, respec- 
tively: the H (high metal) group, the L (low metal) group, and the LL (very low) metal group 
(fig. 2). The main mineral constituents of all these are olivine, low Ca pyroxene, metal, high albite, 
troilite, and minor chromite. An additional subdivision into petrographic subgroups is based an 
texture (degree of m -tamorphislii). Ordinary chondrites with delicate chondrules, nonequilibriiim 
assemblage, glass, etc., are designated 3 (least metamorphosed) and those where the chopdrules are 
recrystallized, with an equilibrium assemblage and EO glass are designated 6 (H6, L6 or LL6) and are 
most metamorphosed. 
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The nonordinary chondrites consist mainly of erisrdrire chondrites and urboriuceous 
chondrites (fig. 3 ) .  The former are composed of an extremely reduced assemblage consisting mainly 
of ciino-enstatite (Fs=O; ferrosilite, FeSi03). Fe-Ni alloy. and troilite with a host of minor and trace 
phases that reflect extremely low oxidation conditions (e.g., sinoite (Si2 ON2 ). oldhamite (Cas),  
osbornite (TIN), etc.). The carbonaceous chondrites are divided into three subtypes - C1. C 2 .  and 
C3. The three are distinguished primarily by their carbon and water contents (table 1). The C1 
meteorites are considered the most primitive meteoritic objects known and are the least fraction- 
ated chemically. They consist mainly of a very finegrained layer-lattice silicate, ferric chamosite 
ar,d minor magnetite. The C2 meteorites consist of a matrix (52‘3 on the average) of ferric 
chamosite and inclusions (aggregate clusters and some chondrules) (48‘3 on the avenge) of for- 
sterite, enstatite, spinel, and minor Fe-NiCrCo alloy metal. The C3 meteorites have no chamosite 
but cmsist mainly of a matrix of finegrained olivine (“ Fa 50) containing inclusions of mainly 
forstente, enstatite, and spinel along with a minor amount of high Co (0.1 - 7 4 )  Fe-Ni-Cdr alloy. 

Achondrites consist of eight main subtypes whose major mineralogies are adequately described 
by their names alone (table 1). 

Iron meteorites can be grouped into a moderately large number of subtypes; the octahedrites 
(coarse, medium, f i e ;  fig. 4) have 6.5 - 18% Ni, the hexahedrites (fig. 5 )  have Q 7% Ni, and the 
Ni-rich ataxites have 12 to over 25% Ni. These irons commonly contain nodular to lamelizr inclu- 
sions of graphite, troilite, schreibersite, and cohenite (fig. 4). Graphite and troilite inclusions con- 
tain within them, in many cases, minor assemblages of silicates (and/or phosphates). some of which 
are Cr-rich. These are referred t o  later as “silicates in ordinary irons” or SO1 meteorites, which 
serves to  distinguish them from an unusual group of iron meteorites that contain major irregular 
masses of silicate, troilite, ? phosphate, f chromite assemblages, sometimes comprising 25-35 
volume percent of the meteorite (fig. 6), these are called irons-withsilicate-inclusions, or simply 
IWSI. 

The stony-iron meteorites consist principally of two hubtypes: (1 )  pallasites (fig. 7), which 
have olivine (Fs=10-20) in a matrix of Fe-Ni alloy and (2) mesosiderites (fig. 8), which are mainly 
half Fe-Ni alloy and about half of an assemblage consisting of orthopyroxene (Fs-?.9-31)), anorthite 
(An=87-97), olivine (Fa=9-10). and troilite. 

B. Bulk Compositions 

Compositions of meteorites are quite different from terrestrial and lunar rocks. Whereas 
major elements in ordinary chondrites are similar to solar (cosmic) abundance, many minor ele- 
ments are not; achondrite compositions are even less similar to so lu  element abundance. Bulk 
compositions of various achondrites and a few representative analyses of h n a r  r a k s  are given in 
table 2. 

C. Meteoritic Minerals 

Over 80 minerals (table 3) have been confirmed in meteorites of which 24 are urique to 
meteorite assr- ~blages. Many of these unique minerals define unusual, if not extreme, formation 
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environments. For example, many sulfides (Cas, Crz S4, MgS, K3CuFel SI 4 )  indicate low partial 
pressures of oxygen (high rcducing conditions). Brezinaite (Cr3S4) has been found in only one 
meteorite, the iron, Tucson. T i e  apparent oxidation state of Tucson was sufficiently low to  reduce 
virtually all Fe and Ni and son;: Si and Cr to the elemental form and to change V and most Cr from 
lithophile to chalcophile character. Other minerals indicate high shock pressure environments 
(diamond, C and Majorite, Mg3(MgSi)Si301 z). High temperature mlnerals (grossular, melilite, 
and spinel), found in carbonaceous chondrites, support the high temperature condensation theory 
for meteorite origin. In addition, many common minerals in meteorites have unusual compositions 
or textures that aid the reconstruction of meteorite origin, thermal history, and chemical environ- 
ment. An example of this application is that t!ie petrography and composition of C2 meteoritic 
metal is different from other meteorite types. Metal occurs dominantiy as submicronsized beads, 
rarely larger than 5 microns, poikilitic within Mg-rich forsterite (and enstatite) crystals. The crystals 
are often Puhedral or fragments of euhedral crystals. Metal iii ordinary chondrites occurs interstitial 
to  silicates, is generally ragged and irregular, and often conforms to  the external shapes of silicate 
grains. In the C2 meteorites, the petrographic relations indicate the metal beads preceded forstt,;te 
formation and may have acted as nuclei for euhedral forsterite crystals. During the direct condensa- 
tion of a solar nebula gas at P(H,) = 1U3 atm, metal alloys with the Fe, Ni, Cr, and Co contents 
observed in the metal beads of these carbonaceous chondrites (57% Ni, 0.3-0.5% Co, around 
0.6% Cr) condense directly from 1445"-1370" K. 

111. SIGNIFICANCE OF SELECTED METEORITES 

A. Choncirites 

The chondritic metGorites are the most primitive samples available for study. Some of 
them consist of relatively undifferentiated Solar System material and are the oldest samples so far 
measured in the Solar System. 

There are three classes of chondrites (ordinary, enstatite, and carbonaceous) that are plotted in 
distinct fields on figure 2, in which the abundance of Fe in metal and FeS is plotted along the 
vertical axis and the abundance of Fe as FeO in silicates is plotted on the horizontal axis. Enstatite 
chondrites are the most reduced (no FeO) and carbonaceous chondrites are the most primitive and 
oxidized (little or no Fe); ordinary chondrites are intermediate and show a wide range of oxidation 
states. Chondrites comprise about 86% of the recovered meteorites from falls. These statistics offer 
a rough estimate of the relative abundance of these meteorites in earthcrossing orbits, although 
there is a bias against carbonaceous chondrites and other friahle chondrites that cannot survive Earth 
entry. Moreover, OL r sampling is further biased by the sampling time of less than 100 years, 
compared to the millions of years that chondrites have traveled in space as debris. 

Four independent types of chemical fractionation have been obselved in ordinary chondrites; 
two are trends within ordinary chondrites (H, L, LL) and two are found among the petrographic 
subgroups (types 3, 4, 5 ,  and 6; see classification). These fractionations and their sequenc- cI are 
summarized in section V. 

Carbonaceous chondrites are extremely important for three reasons. ( 1 )  They contain high 
temperature inclusions, rich irh refractory elements, and depleted in volatile elements (see sec. V) set 
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in a carbon, H,O-rich matrix, of low temperature minerals. (2)They contain phases that have 
“noil-solar” abundances of 6O and neon isotopes. (3) They contain hydrocarbons and other 
organic compounds that may have been the starting compounds for our life forms. 

B . A chondrites 

Whereas the chondrites are primitive and relatively undifferentiated, achondrites, for the 
most part, are differentiated and similar in texture t o  terrestrial and lunar magmatic rocks. Cooling 
of basaltic achondrites from magmas implies planetary rock forming processes and strongly indi- 
cates at least sublunar size parent bodies. The premise for sublunar size parent bodies is further 
supported by the metalnorphic conditions that reheated ordinary chondrites and other meteorites, 
the slow cooling rates of iron meteorites (see below), and the formation of lunar-like surface 
breccias that require a body of sufficient gravity to form (Bunch and Stoffler, 1974). Arguments 
against large parent bodies include improbable cooling rates (1600’ C to 400” C for irons) for large 
bodies, difficulties in impact breakup, total mass of the present asteroids is 0.03% that of the Moon, 
and absence of hydrostatic high pressure phases that should form in large planetary bodies. 

Several theories conclude that achondrites originated from chondrites and others conclude that 
chondrites originated from achondrites. The fact that some achondrites and chondrites have com- 
parable ages of formation suggests that there is no  genetic link in their formation. 

C. Irons and S t c q  Irons 

Iron meteorites constitute by far the largest total weight of .ny of the meteorite classes. 
The largest meteorite in the world is the Hoba iron in Southwest Africa which wcig!!~ 54 metric 
tons. Many irons weigh over 4metric tons. The largest stone meteorite is in Norton County, 
Nebraska which weigh over 1 metri: ton; most stony meteorites weigh a few kilograms or less. 

Widmanstatten patterns in octahedrites (fig. 4) arise on  cooling from - 900” C where T-iron or 
taenite becomes unstable and platelets of a i ron  or kamasite grow parallel to the octahedral crystal 
structure. Study of Ni diffusion, which is responsible for this growth, through the temperature 
range of 900400’ C indicates that cooling rates vary among different specimens from 1-19’ C/ 
million years. The sonclusion from this observation is that iron meteorites cooled very slowly in a 
parent body of sufficient size to allow for slow heat loss, but small enough to cool from the melting 
temperature down to - 400’ C where some octahedrites were completely transformed into 
hexahedrites. 

Irons with silicate inclusions (IWSI) are unusual in that they show a brecciated, angular texture 
of fragmented rock in a nickel-iron matrix with few silicate fragments showing any remelting signs 
that surely would have occurred if a molten nickel-iron melt had enveloped brecciated silicates. An 
alternative view is that iron meteorites formed “cold,” i.e., from Fe dust grains that agglomerated 
together and grew into large bodies via a solid state process and were heated up during the Solar 
System event that also metamorph:ced chondrites and produced other moderate to high tempera- 
ture conditions. 

7P 



1V. CHEMICAL PROCESSES IN THE EARLY '3OLAR SYSTEM 

A. Priniordiul Mutter 

The Solar System was well mixed in an isotopic and elemental sense. Few isotopic differ- 
emes have been found that may be attributed to incomplete nl King of material with different 
nucleosvnthetic processes. A few deviations from this "complete" niixing process do exist and 
imply extrasolar system origins for their presence. Black 1972) found unusual or nonsolar isotopic 
ratios for neon in carbonaceous chondrites and Clayton et al . .  (1973) discovered unusual amounts 
of ' 6 O  in carbonaceous chondrites. Siiice the Earth. Moon. and other meteorites' oxygen isotope 
patterns all lie on a single fractionation trend, it can be concluded that they all were derived from a 
reservoir homogenized with respect to oxygen isotopes. The carbonacmus chondrites acquired, in 
addition to this homogenized material, a small excess of 6 O  from the protosun or from outside the 
Sola; System. It is interesting to note that both of these findings suggest that the existence of more 
than one type of matter (material with different isotopes) in the Solar System greatly challenge the 
t'leory of nucleosynthezis or that some portion of ow Solar System came from an outside source. 

Elemental differences have been observed and these differences are the basis for the classifica- 
tion of various meteorites and planetary bodies. These differences are explicable by chemical 
fractionations in the early solar nebula and postsolidification events. 

B. Coi~densutioit of Cosmic Gus 

Separation of solids from gases appears to  be the best process for cosmochemical frac- 
tionation. There is good evidence for such separation during the formation of meteorites and 
terrestrial planets. Many of the abnormal or depleted abundances of eases for the Earth can be 
explained by volatility fractionation. A cooling gas of cosmic composition (at a pressure of 
lU3 atm) could condense in the following order. Below 2000" K. the highly refractory compounds 
of Ca. Mg, Ti and AI appear, followed by magnesium silicates and nickel-iron and alkali-silicates 
(table 4). This leaves only H, C, N ,  0, and S of the major elements in the gas phase. At 700" K ,  S 
begins to condense on solid Fe by the reaction Fe + €I2 S =F FeS + H2 followed by Pb, Bi, T:, and 
In. Any remaining Fe reacts with H 2 0  to give Fe304 .  Lastly, H 2 0  is bound as hydrated silicates at 
some temperature below 400" K. 

This is considered as the present working model among most space scientirts, although one 
must bear in mind that other new lines of evidence indicate that the solar nebula temperature was 
never above - 100G" K, thus negating this and other high temperature condensation models. How- 
ever, until this new solar nebula low temperature evidence is substantiated, the condensation modei 
remains as the best available. 

C. Agglomeration o j Condcrtsed Solids 

Now that we have solid particles. we have to  gc.t them together to form solid bodies. 
Probably, the best place to  begin is with chondrule formation. To form chondrules, one alternative 
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is that the primordial condecsate was entirely dust and ;I fraction of it was remelted to chondrules 
by electric discharge of shock waves (Whipple. 1966: Cameron, 1966). At low ambient pressures, 
these molten droplets are unstable with respect to vapor and the droplets may freeze before they 
have completely evaporated. Aqother alternativt‘ is that condensation did not p r c c e J  iiiider equi- 
libriurr, conditions, but involved superconling and metastability. Once nucleation of solid began, 
complete freezing progressed rapidly. Both dust at id chondrulc i agglomeratcil into planetesimals, 
which in turn accreted into planetesimals and finally intc parent bodies. 

V. SUMMARY OF SOLAR SYSTEM EVENTS 

On the premise that solar system primary solid particles condensed from a “hot” solar gas, the 
sequence of events, modified from a modcl b}, Wasson (1972). is given as follows. 

1.  An interstellar gas and dust cloud undeiwer.t slow ccllnpx and fragmentation to  form the 
solar nebula. 

2. As a result of the dissociation of H2 and the ionization of H and He, the solar nebula 
collapsed rapidly with associated conversion of gravitatimai energy to  heat. 

3. The angular-mommtum content of an appreciable fractiun of the nebuls was such that 
further 2ollapse was hindered. This material collected into a nebular disk. Heating stopped, and the 
temperature of the material leveled off and started to  decline. 

4. Evaporation of preexisting solids was incompleie in the region farther from the Sun than 
the formatiot: location of the ordinary chondrites, and the gas i t i  this outer region was therefore 
depleted in refractory elements. 

5 .  There was enough turbulence in tl,c formation region to mix the gas. Temperaturzs con- 
tinued lo decline, and after some d y e e  of undercooling, Condensation commenced. 

6. Condensatiorr of silicates began almost imrlltaneously, independent of distance from the 
sun, Metzl nucleation, however, began at the edge of the formation location (presumably the edge 
nearer the Sun), wher.: the most siderophilicelement-rich material ultimately formed, and the 
“nucieation front” moved slowly across this reLion. 

7. The grtater supersaturation of Fe-metal vapor and the lower mean condensation tempera- 
tures at the low-pressure extreme of the formation region produced higher mean Fe/(Fe + Mg) 
ratios at this edge, with the ratios monotonically dcreasing tGward thc high-pressure (metal-rich) 
edge. Thus, the oxidationstate fractionation is ‘:d to  the sanic nebular properties as the 
si lerophilic-element fractionation. 

8. The temperature continued to  drop, and condensation proceeded. Silicate grains formed at 
higher temperatures were larger and had lower Fe/Mg ratios than those formed at lower tempera- 
turc-. Conditions (rate of temperature decrease, etc.) were such that the larger grains retained their 
initial Fe/Mg ratios. 
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9. Temperature approached a minimum (or better, a plateau) and condensation stopped. 

10. Chondrules werL pmduced by electrical discharges or impact. About 50-8070 of the volatile 
and semivolatik elements were removed duiing this process. 

11.  The material agglomerated to planetesimals. 

12. Agglomeration L f  material in the x g i c i  nearer the Sun began, the opacity of this regio:; 
.ition of the ordinary chondrites began to rise. dropped, and temperatures in the formation i 

Accretion of planetesimals to parent bodies commenced. 

13. Unaccreted planetesimals and the outer layers of parent bodies experienced metamorphism 
as a result of the rise in ambient temperature. This h&-temperature period was relatively brief 
(perhaps 1 O3 years), and material ir! the interior of larger bodies remained at essentially the temp :r- 
ature a t  which it had accreted. 

14. Accretion of planetesimals to parent bodies continued, and some parent bodies coalesced to  
form larger parent bodies. Mixing of material from different depths and thus of different petrologic 
types occasionally occurred. 

15. The ~ u e n t  bodies and their fragments experienced various breakups, as recorded in the 
form of cosmic-ray ages, gas-ietention ages, etc. 

16. Debris from three or four parent bodies was perturbed into earthcrossing orbits and was 
captured by the Earth. 
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APPENDlX A 

Condensation - condensation of a vapor phase. to f m n  a solid or liquid phase. 

Agglomeration - attachment of solid particles to form aggregates in tile millimeter-to-meter size 
range. 

Accretion - is the accumulation of previously condensed and agglomerated material to the size 
range meter-to-I00 km range. 

Chalcophile - elements enriched r : ~  sulfide minerals and have a weak affinity for oxygen. 

Chondrites and chondrules - chondrites are stony meteorites containing chondrules, millimeter- 
sized silicate spherules that appear t > be frozen droplets of a melt. They consist largely of 
oliiine [(Mg. Fe), $io4 1, pyroxene [(Mg, Fe)SiO, ] , and plagioclase feldspar [solid solution of 
CaAI, Si,08 and NaAISi,O, 1 .  In the more primitive chondrites, glass is often found in place 
of crystalline feldspar. (Special names exist for the endmembers of the Fe-Mg solid solutions: 
MgSiO, = enstutite; FcSi03 = firrosilite; Mg, SiO, = jorsterite; Fe, SiO, = fuyalite. They are 
abbreviated En, Es, Fo, and Fa.) 

Lithophile - elements that combine with oxygen and form silicate minerals. 

SiderophZe - elements that are readily soluble in iron and have a weak affinity for oxygen or 
sulfur. 
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TABLE 1 .- SIMPLIFIED CLASSIFICATION OF MAJOR METEORITE TYPES 

AND SUBTYPES 

Type Major minerals 

A. Stone meteorites 
Ordinary chon ‘tes (F, L, LL) 

Enstatite chondrites 

Carbonaceous chondrites 
c1 C = 3 . 5 ; H 2 0 = 2 0 . 1  
C2 C =  2.5; H 2 0 =  13.4 

C3 

Enstatite achondrites 
Brolliite achondrites 
Olivine achondrites 
Olivine-piTeonite achondrites 
Augite achondrites 
Diopside achondrites 

C = 0.5; H 2 0  = 1.0 
Achoncirites 

Olivine, orthopyroxene, clinopyroxenes, metal, 
troilite, albitic plagioclase, chromite 
Enstatite (ortho- and clino-), metal, 
troilite, f plagioclase 

Ferric chamosite, magnetite 
Femc chamosite, olivine, enstatite, 
troilite 
Olivine, enstatite, pentldndite, troilite 

Orthopyroxene-pigeonite-plagioclase achontirites 
Pigeoniteplagioclase achondrites Basaltic achondritx 

B. Iron meteorites 
Hcxahedrites 
Oc+ahedrites (coarse, medium, tine) 
Ni-rich ataxites 
Irons with silicate inclusions (IWSI) 

Metal (< 7% Ni), troilite 
Metal (6.5-1 8% Ni), troilite, graphite 
Metal (12 2 5 %  Ni), troilite, schreibersite 
Metal, schreibersite, troilite, ortho- 
pyroxene, clinopyroxene, plagioclase, 
2 olivine, f graphite 

C. Stony-iron meteorites 
Pallasi tes 
Mesosiderites 

Metal, olivine 
Metal, orthopyroxefie, c h i n e ,  troilite 

85 



TABLE 2.- AVERAGE CHEMICAtL COMPOSITION OF ACHONDRXE METEORnES (LISTED 
IN ORDER OF INCREASING IRON CONTENT). SELECTED TERRESTRIAL AND LUNAR 
ROCKS 

Achondrites 
h t a t i t e  achondrites 
Augite achondrites 
Olivine-pigemite 

achondrites 
W,iopyroxene-pigeonite- 

plagioclase achondrites 
Pigeoni t e-plagiocl ase 

achondrites 
Bronzite achondrites 
Diopside achondritzs 
Olivine achondrites 

Terrestrial (mafic) 
Dunite 
Peridotite 
Gabbro 
Norite 
Basalt 

Lunar 
Apollo I 1  basalt 
Apollo 15 basalt 
Apollo 16 troctolite 
Apcllo 1 7 basalt 
Apollo 17 Dunite 

SO, MgO FeO M203 
54.01 35.91 0.97 0.67 
44.58 10.05 8.50 8.86 

A.d.83 37.43 12 16 0.54 

.; .75 16.10 13.26 8.71 

48.17 7.10 16.00 13.91 
52.11 25.85 16.05 1.18 
48.96 12.01 19.63 1.74 
37.12 32.05 28.82 1.26 

40.49 46.32 8.34 0.86 
44.94 37.21 8.50 4.87 
47.00 8.96 10.00 17.92 
50.8 8.44 10.32 16.19 
49.87 6.27 12.84 15.96 

40.2 7.1 18.4 10.2 
44.0 11.1 22.6 8.4 
44.5 8.8 7.2 23.6 
37.8 9.9 18.5 8.9 
39.9 43.6 11.3 1.53 

CaO N a 2 0  K 2 0  KOz 
0.91 1.32 0.10 0.06 

24.51 0.26 0.19 2.39 

0.87 0.1 1 0.04 0.15 

6.53 C.95 0.28 0.11 

10.94 9.67 0.13 0.51 
1.41 0.01 0.001 0.i9 

15.17 0.41 0.14 0.38 
0.56 0.19 0.09 0.16 

0.70 0.10 0.04 0.02 
3.61 0.64 0.21 0.10 

11.60 2.18 0.80 1.18 
9.27 2.63 0.80 1.14 
9.09 3.16 1.55 1.38 

11.2 0.75 0.15 11.4 
9.4 0.21 0.03 2.31 

13.7 0.42 0.15 0.71 
10.1 0.35 0.06 13.00 
1-14 _ _ _  _ _ _  0.03 



TABLE 3 

1. The mlr.erals of meteorites, up to 1962 (an asterisk 
indrcates those not known to occur in terrzstrial 
rocks). rable modified from Mason (1973). 

Name 

Kamacite 
Taenite 

Diamond 
Graphite 
Sulfur 
Schreibersite 
Cohenite 

*Osbornite 
Troilite 

*Oldhamite 
Pentlandite 

*hubreelite 
Chalcopyrite 
Pyrite 
Sphalerite 

*Lawrencite 
Magnesite 
Calcite 
Dolomite 
Quartz 
Tridymite 
Cristobalite 
Ilmenite 
Spinel 
Magnetite 
Chromite 
Chlorapatite 
Whitlockite 

*Farringtonite 

Copper 

Gypsum 
Epsomite 
Bloedite 
Olivine 
Orthopyroxene 
c1 inopy roxene 
Plagoclase 
Serpentine (or chlorite) 

Fornula 

11. Minerals discovered in meteorites since i962 (an 
asterisk indicates those not known to occur in 
terrestrial rocks). 

Name 

Awaruite 
*Lonsdaleite 
Chaoite 

*Haxonite 
*Barringerite 
*Perryite 
Tarlsbergite 
*Sinoite 
Pyrrhotite 
Mackinawite 
Heazlew oodite 

*Niningerite 
A!abandite ' 

*Brezinaite 
D j x f i e r i t e  

*Gentnerite* 
Rutile 
Hercynite 
Hibonite 
Perovskite 
Whewellite 

*Stanfieldite 
* Brianite 
Graftonite 

*Paneth':- 
Sarcopside 

'Ringwoodite 
*Majorite 
Woolast onit e 

*Ureyite 
Potash feldspar 
Nepheline 
Sodalite 

*Merrihueite 
*R ~ r l  +rite 
*Yagiite 
Richterite 
Melilite 
Zircon 
Grossular 
Andradite 
Rhonite 
Cordierite 

+Krinovite 
Monticellite 

Formula 



TABLE 4:- STABILITY FIELDS OF EQUILIBRIUh.1 CONDENSATES AT 

ATMOSPHERES TOTAL PRESSURE (GROSSMAN, 1972) 

Phase 
Condensation Temperature of 

temperature (OK) disappearame (OK) 

Corundum 
Perovskite 
Melilite 
Spinel 
Metallic Iron 
Diopside 
Forst e ri te 

Anorthite 
Enstatite 
Metallic Cobalt 
Alabandite 
Rutile 
Alkali Feldspar 
Troilite 
Magnetite 
Ice 

a2 0 3  
CaTi@3 
Ca, AI2 SiO, -Ca, MgSi, 0, 

(Fe, Ni) 
CaMgSi2 O4 
Mg2 Si04 
Tij Os 
CAIz Si, O8 
MgSi03 
co 
MnS 
Ti02 
(Na, K)AISi3 Os 
FeS 
Fe3 0 4  

H2 0 

M&? O4 

1758 
1647 
1625 
1513 
1473 
1450 
1444 
1393 
1362 
1349 
1274 
1139 
1125 - 1000 
700 
405 

Q 200 

1513 
1393 
1450 
1362 

1125 
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CHAPTER iV - SELENOLOGY 

A Review of Lunar Surface Features - P. H. Schultz 
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A REVIEW OF LUNAR SURFACE FEATURES 

Peter H. Schultz* 
Amps Resexch Center, NASA, Moffett Field, Calif. 94035 

I. INTRODUCTION 

Astronomers have studied the Moon as they would other astronomical bodies: first with the 
lowest telescopic resolution. then with progressively higher resolutions. Their overview (fig. 1) 
revealed two characteristic lunar surfaces, the maria (or smooth, dark plains) and the terrae (or 
cratered, light highlands), and much scientific debate has cerrtered on the origin of the gross mor- 
phologies of these terrains. Instrumentation. a turbulent terrestrial atmosphere, and 384,000 km 
precluded the classical approach followed by geologists: start with the simplest - and typically the 
smallest - structures. then examine the more complex features. During the lzst deade,  however, 
lunar probes, landers, and orbiters have relayed remarkably detailed information atout  the Moon - 
information requiring the conversion of the lunar astronomer into a lunar geologist. The general 
questions and overview approach were suddenly changed to specific questions and a detailed 
approach. 

The “new” lunar geologist has before him an overwhelming photographic record of differcnt 
surface featu and describing these features requires a classificatior scheme. One scheme uses the 
interpretatio, of the observer and incorporates them into the descri,tive nomenclature. As 8 result 
we can describe a lunar impact crater, volcanic cone, lava dome, or lava tube. Another scheme 
avoids connotation of genesis altogether; thus, we have, respectively, a rimmed circular depression 
with an exte-isive hummocky apron, a positive-relief feature with a cone-shaped profile and summit 
pit, a low-n, ief positive-relief feature with a convex profile, and a discontinuous sinuous rille. The 
first schei.~: clearly conveys a familiar meaning bu! carries with it obvious observational bias. 
Although the second scheme avoids Lhis genetic connotation, such descriptions can become 
cumbersome and perhaps seem overly cautious and timid. However, this approach is fundamental in 
serions morphologic studies because it forces a review of the parameters that characterize surface 
features. On the Earth we can directly test the validity of interprtive labels from aerial photo- 
graphs; on the Moon, we cinnot. A compromise is sought in thr following discussions. More 
detailed analysis of surface features and terrestrial analogs can be found in Mutch (1972). An 
extensive illustrated guide to  lunar surface features has been made by Schultz (1972) and is the 
basis for this summary. 

An easy way to  classify lunar features is to describz their proftle as either positive or negative 
relief. But the abundance of lunar crzters permits us to  treat them separately. Thus, we have craters, 
positive-relief, and negative-relief features, and most surface features can be discussed as subsets of 
these categories. 

Refore looking at the Moon, we should appreciate the effects of both the harsh lighting and 
the absence of an atmosphere - the latter eliminating depth perception or what artists call 
“atmospheric perspective.” Without fully appreciating these two factors, 19thcentury selenologists 
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exaggerated craters into steepsided pits and mountains into craggy peaks (see fig. 2). Figure 3 
illustrates this exaggeration of relicf owing to  low illumination as well as the critical dependence of 
feature recognition on the angle of illumination. 

11. CRATERS 

The enormous variety of lunar crarers reflects the morphologic differences of the floor, wall, 
and rim (beyond the rim crest) regions. The morphologic differences correspond to differences in 
both origin and modification. The temptation is to  describe craters by type, but a more revealing 
fLst step is to  consider separately these characteristic crater zones. 

For example, the floors of four different craters are shown in figure4. The crater Tycho 
(fig- 4(a)) exhibits a highly textured floor characterized by ribbon-like patterns, small domes and 
large central peaks surrounded by narrow moats, cones, flow features, and narrow crevices. In clear 
contrast, the crater Tsiolkovsky (fig. 4(b)) contsins a smooth, dark (less than 6 percent total reflec- 
tivity) plains unit covering most of the floor, although remnants of a textured floor resembling that 
of Tycho occurs near the base of the walls. The plains unit resembles the maria that cover much of 
the visible side of the Moon. Like Tycho, Tsiolkovsky has a central peak complex; unlike Tycho, 
the peak rises above several portions of crater rim. The crater Abulfeda (fig. 4(c)) also contains a 
plains unit, but both its surface reflzctivity and small crater density are much greater than those of 
the dark Tsiolkovsky floor. In contrast to the three preceding examples, the floor of Vitello 
(fig. q d ) )  is crossed by fractures arranged in concentric pattern; however, Vltello resembles Tycho 
and Tsiolkovsky in that it also contains central peaks. 

Do these differences in floor morphologies indicate differences in crater origin or do they 
reflect different stages of modification? Based only on the floor morphology, we might conclude 
that Tycho represents a volcano. Much more likely, however, its once-molten floor is a remnant of 
an enormous impact event. This conclusion is based on the evidence for a devastating release of 
energy as indicated by rays and numerous small craters extending thousands of kilometers from the 
rim crest. The el:ergy required to propel ejecta to such large distances has no counterpart in 
terrestrial volcmisln, but more than sufficient energy is released during an impact by a large 
meteoroid traveling 5 km/sec. More importantly, samples returned by the Apollo missions demon- 
strate the importance of impact processes, and extrapolation of the frequency and size of space 
debris over billions of years reveals the high probability of such catastrophic encounters. Further- 
more, craters resembling Tycho occur over the entire Moon without concentrations in volcanic- 
appearing terrains. 

Because the maria are believed to be the result of basalt flows, their existence on the floor of 
Tsiolkovsky also cou:d indicate a volcanic origin for this crater. However, the rim zone resembles 
that of Tycho. Consequently a reasonable, and generally accepted, idea is that- Tsiolkovsky was also 
produced by an enormous irrpact but its floor was subsequently inundated by mare basalts during a 
separate epoch of volcanic modification. 

The floor of Abulfeda lacks not only the features in Tycho and Tsiolkovsky but also lacks 
indications of an extensive ejecta blanket. The entire crater is subdued and appears to  be a product 
of eons of exposure to meteoritic bombardment. Such repeated impacts degrade not only by the 
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Opposite - 
F i r e  2.- Cbmparison of telescopic view (a )  of the Apennine Mountains - 

Archimedes region ?f the Moon, with a modeled reconsmction (b). 
under low solar illumw.stion made by J. Nasmyth. 1885. nvo imaginary 
views of the luw surface from R. A. Proctor (1874): ‘;Qn earth-light 
scene on the Moon ’s surface ”(c);  “Ideal view of mountain scenery in ?.$e 
Moon (Apennine Mourtains)” (d). Figures (c)  and (d)  courtesy of 
Eugene Smith. 
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Opposite - 
Figure 3. - Model of the lunar surface under different illuminations (courtesy of 

R. Greeley). Where the illumination is greater than about 20" above the 
horizon. much detail is lost; however, subtle reflectance (albedo) differ- 
ences are lost for illamination angles below 60". 
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Opposite - 
F i r e  4. - Four crater; erhihfting different floor types: volcanic-ippearing floor 

of Dcho. la) (LO- V-125-M); mare-inundated floor of 7siv:k,n:.z.?, 
(bl (lIl-l21-HI ): subdued, cmtered floor of Abulfeda. (e) (V-084-M); 
an0 hactured floor of Vitello, (d)(V-l68-M). Widths of respective 
pnotooaphs correspond to 66 ,  92, 51, and 58 km on the lunar surface. 
mlar illumination for all photogmphx is from the top wirh the north 
direction for (a), (c), (dj, being to the left; north in (b)  is to the right. 
Arrow in (c) identifies a small part of a long crater chain unrrlated to 
Abulfeda 
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V. CONCLUSIONS 

This very brief summary of lunar surface features should dispel the concept that the Moon is a 
simple planetary body because it is subject to  relatively few surface processes. Perhaps the Moon’s 
history is simple relative to the Earth’s history, but in contrast to the Earth, the lunar surface has 
been well presemed for at least 4 billion years. Since that time, the results of both endogenic and 
exogenic processes have remained exposed. 

The Apollo missions have returned invaluable samples of the lunar crust, but these samples 
generally apply to restricted regions, with the exception of locally foreign materials heaved from 
distant impact events. It is unreasonable to interpret finding from returned samples as strict 
constraints for the formation of surface features outside their geologic setting; it is also unreasonable 
to require terrestrial analogs for all surface features. This reminder is necessary because without 
manned landings in the near future, selenolugy based on photo-interpretation will become a funda- 
mental approach for disclosing lunar geologic history. 
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IMPACT CRATERING 

Donald E. Gault 
Ames Research Center, NASA, Moffett Field, Calif. 94035 

I. INTRODUCTION 

Previous discussions consider the source and condensation of the primative solar nebuls, the 
significance to the lunar and planetary bodies of the meteorites as samples of the primative con- 
densates, and a selenographic in troducwn to  the major physiographic provinces ana morphologic 
features of the Moon. This presentation illustrates that commencing in time from the initial stages 
of the condensation of solids from the solar nebula and their subsequent accretion into planetary 
objects, collisions between the condensates have played a primary role in planetary evolution in 
general and for the Moon in particular. Principal emphasis is focused on collisions in an excavation 
mode; Le., impact cratering which represents a geologic agent for 1) major landforms and strati- 
graphic units; 2) metamorphism; 3) comminution; 4) erosion, transport, and sedimentation; and 
5 )  formation and mixing of the lunar regolith. 

Because an appr-ciation of the physics of stress waves and cratering mechanics is essential to 
understanding of impazt processes as a geologic agent, some basic properties of stress waves with 
specific applications to geologic aspects and to cratering mechanics are treated in the first two 
sections. Parameters affecting crater size, shape, and structure are considered next, followed with 
examples from laboratory impact experiments and lunar and terrestrial crater forms. Lunar crater- 
ing is then considered starting from an evaluation of sources for the impacting bodies and particles, 
and leading into the subject of the long term (geologic) effects of impact cratering. Finally, the 
importance of the historical record of cratering appearing on the lunar surface is reviewed in regard 
to t'le implications to the evolution of the planets ana the early history of the solar system. 

The metric system will be used throughout this presentation; terminology and symbol notation 
are given in appendix A. 

11. MECHANICS 

A. Stress Waves 

Impact of meteoroids (projectiles) against the lunar or a planetary surface (target) is 
fundamentally a process of an abrupt, almost instantaneous, mechanical deformation (shock com- 
pression), which is subsequently followed by a more gradual restoration (rarefaction) to ambient 
conditions. Figure 1 illustrates schematically a shock wave moving with a velocity U through a 
stationary substance producing an abrupt increase in pressure from po to p with a consequent 
change in the specific volume and specific internal energy from vo to v and Eo to E, respectively. 
Note that passage of the shock wave accelerates the compressed substance relative to the uncom- 
pressed substance to a particle velocity u. The compression phase is described mathematically by 
the classic Rankine-Hugoniot (R.H.) equations which result from applying thc laws of conservation 
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shock wave. The R.H. equations are 

u/v, = (U-u)/v 

p-Po = uu/vo 
- U  

1 1 
i 2 2 € 0 ,  Po “0 

E-Eo = -(p-~o)(vo-v) = -u7 

with. a and b constants so that solutions to the R.H. expressions are readily made. Figure 2 
presents the so-called Hugoniot curve (solid line) which describes in the p - v plane the locus of 

! 

v2 “1 vo 
SPECIFIC VOLUME 

Figure 2. - Stiff Hugoniot. 

points a material experiences due to a shock compression. 
The area in the rectangle 1-2-34 represents the total work 
done (energy expended) on tht  substance by the shock com- 
pression. The equal areas in the two triangles represents the 
work done in compression as 1)  an increase in specific inter- 
nal energy, and 2) accelerating the compressed substance to a 
specific kinetic energy of (1 /2)u2. The dashed line is the path 
followed by the substance in unloading back to ambient pres- 
sure, assumed to  be an isentropic process. The area under the 
dashed line is a representation of the amount of useful work 
the expansion (unloading) of the compressed substance could 
perform by the expenditure of the original increase in the 
specific internal energy. For a perfectly elastic substance 
triangle 1-34 would be exactly equal to the area under the 
unloading curve. In practice the area under the unloading 
curve is less than triangle 1-34 so that some specil’ic internal 
energy is trapped irreversibly in the substance after decom- 
pression; such energy appears as heat energy for melting and 
vaporization. Figure 2 also demonstrates that shock conipres- 
sion to a higher pressure p2 increases the difference between 
the area under the release curve and the triangle 1-3-4 repre- 
senting the original increase in specific internal energy. Thus, 
shocks to  higher pressure cause more energy to be trapped 
irreversibly and be available for vciting, etc. Whereas figure 2 
describes conditions for a ‘‘stiff” substance such as a basalt or 

granite, figure 3 illustrates the conditions for a “soft” substance such as quartz sand, a crude model 
far the lunar regolith. Shocked to the same pressure p1 as the “stiff” substance, the “soft” 
substarxe will experience a greater amount of irreversible energy. As a cnide generalization, higher 
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pressures and lower porosity cause g r d e r  irreversible energy 
expenditures. A crude, but simple, procedure for determining the 
irreversible heating is to assume that the Hugoniot cuwe is an 
approximation for the release cuwes. 

To calculate the pressure, specific volume, shock velocity, 
etc., that are produced during an impact, reference is made to 
figure 4 which depicts the idealized condition for one dimensional 
flow of a flat plate striking a semi-infinite target (Gault and 
Heitowit, 1963). Upon contact, two shock waves are established, 5 
one traveling down into the target and the other moving up into 
the platc (projectile). Because the impact velocity Vi is equal to 
the sum of the particle velocities in the target and projectile 

p, 

v i  = Ut + up 

it is possible to derive explicit algebraic solutions for ali terms. 
However, equation 5 permits a simple graphical solution illustrated 
in figure 5 t o  determine the pressure resulting from .in impact and, 
then, the remaining terms once p is established. Appendix B pre- 
sents values of the constants a and b for materials of geologic 
interest t o  lunar and planetaT applications. 

pa 

I "0 

SPECIFIC VOLUME 

w 1 
ii w 

E 

0 

2 

F f r e  3. - Soft Hugoniot. 
Results of typical calculation are included in appendix B. 

Even for modest impact velocities, pressures produced by impact 
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Figure 4. - Idealized impact conditions (one 

dimensional flow). 

/ 

Rgure 5. - Craphkal determini cion for 
h p m t  pramre. 
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3re many orders of magnitude greater than the strength of natural materials, and cause various types 
and degrees of shock metamorphism. Pressures of the order of 50-100 kb arc sufficient t o  produce 
deforniation-lamellae in the cq,stal s t rx ture  of feldspars and quartz. In addition, at higher pres- 
sures, polymorphic transitions can occur, the best known being the change from quartz to higher 
dznsity forms of S O 2 ,  coesite and stishodite, which are currently accepted as a criteria for identify- 
ing old, degraded impact structures in Earth. Amorphous furms of both q r -  .z and feldspar are alco 
produced in rri solid state transformation without passing through a melt phase. Pressures exceeding 
500-600 kb are generally adequate in geologic materials t o  provide sufficient heating for melts; 
megabar pressures will cause vaporization and the onset of dissociation. 

B. Cratering Shock Wuve Geometry 

Although figure 4 provides a means fci calculating the initial conditions for an impact, 
the finite boundaries of a meteoroid control and establish the shock wave geometry during a 
cratering event (Gault et ai., 1966). Initial penetration of the meteoroid establishes shock waves 
running into both target and projectile that encompass a lens of compressed material. Deeper 
penetration causes drastic changes in the shock wave pattern due to the presence of the free surfaces 
on the target and projectile. Because a free surface cannot sustain a state of stress, a series of 
rarefaction waves develops as a means for unloading from the high impact pressures: this initiates 
“jetting,” a hydrodymmic ejection of target and projectile material at multiples of the impact 
velocity. Once the projectile is consumed by shock, the shock wave pattern becomes exceedingly 
complex but in general has a hemispherical shape and a flow 3attern dominated by a spherically 
expanding shell of compressed target and projectile material. The free surfaces and attendant 
rarefaction waves cause shocked material a t  and just below the surface to begin to deflect laterally 
outward and upward, the initial phase in the s‘ pence  of ejection of the main mass from the 
embryonic crater. Because impact is a conservative system in which the total energy must remain 
constant, the average energy density in the shocked material behind the shock front (hence, the 
shock pressure) must decrease as the shock engulfs more and more target material. The great bulk of 
material ejected from a crater is, therefore, removed in the later stages of the cratering sequence 
under conditions of relativ:!;. :ow stresses and modest ejection velocities. Particle motions during 
the later stages continue to  be deflected outward toward the surface under the influence of rarefac- 
tion waves. Movement of target layers near the surface is predominantly in the horizontal direction; 
par’icle motions in deeper horizons and strata directly below the path of penetration of the 
projectile are first downward and then deflected upward. L’ltimately the stresses must decay to 
levels equal to the material strengih of the target, so that the ejection velocities decay to zero and 
the mitering procesb ceases. The stress wave, however, continues to  expand and decay beyond the 
iinits of the final crater, eventually becoming a simple elastic wave if the target has infinite 
dimensions rela!ive to the scale of the crater. If  the target has finite boundaries as, for example, a 
roc!: on iiic liinar surface, the shock. waves may not decay to low levels before they encounter the 
geonctric limits of the target. In such cases the shock wave must be reflected from the free surface 
bc,undaries as tensile waves. Because rocks are generally weaker in tension than compression, tensile 
frrricrures can occur leading to spallation failure which can disrupt the rock catastrophically. 

It is important to emphasize that impad cratering is not accomplished as the result of an 
“explosion.” Impact cratering is the manifestation of a mechanical compression which imparts 
kinetic energy and increases in internal energy to the target material which in turn serves to  displace 
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the material away from the paint of impact. In  an expiosina. pases and vapors cause the compres- 
sion and ejection processes, gaseous constituents from an impact are a product cf the compression 
and do not contribute to  the excavatir process. The principal producrs of the mechanical compres- 
sion of massive rock targets are a rubble of broken and cnishtd %ye t  material, with lesser amounts 
of shock metamorphosed material including melt and vapor. The size distribuiim of ejecta from 
craters in rock appear to follou a well defined comminution law, which can be correlated with the 
size of the crater. Impact in particulate targets is also a comminutive process, but in addition, the 
particulate material may also be shock lithified into aggregdtes larger than the pre-impact grain size. 

C. Crater Size and Geotnetry 

The ultimate size and qhape of craters are determined primariljl by.two parameter. 
material strength and gravitt tional acceleration. The relative sigiiificance of the two parameters 
depends on the scale (size) of the crater L lder consideration. Effective strengths of materials 
decrease with increasing volume of material involved; i.e., as the scale of an impact event increases 
the effective strength of the target and the forces resisting Jeformation decrease. On the other hand, 
as craters become !arger the resistance forces arising from gravitational accelerations must inbrease. 
The effects of strength and gravity, therefore, tend to be dominant at opposite ends of the spectrum 
of crater sizes. Crater shapes and scaling laws for calculating crater size reflect t3e relative signif- 
icance of these two parameters. 

Craters smaller than a micrometer formed in glasses or individual crystals are simple glass-lined 
pits with only a suggestion of an encircling glassy rm.. Craters larger than a few micrometers also 
exhibit a glass-lined pit, but are svrrounded by a spallation zone about four limes the pit diameter. 
At diameters of the order 10 cm (based on astronaut observations) the glassy centrai pit disappears, 
leaving only a s;iallow, rimless, conical depression centered around a zone of cwshed rock. At meter 
to 10 meter scale, raised, upthrusted rims begin to develop and become a m ' . I r  s: xtura l  character- 
istic at larger scale up to more than 100 km diameter. In sharp con:rast, craters famed iz par- 
ticulate targets, which are most representative of the lun:::. regolith, dd nat exhibit g!as lined pits at 
the smallsst scale, and m,reover, develop well defined raised rims fci x'iers larger ?han a f sv 
centimeters in diameter. In addition, all other factors held constant, craters formed in lox strength 
particulate material are larger than their counterparts formed in rock. 

Subsurface structures of large craters are produced in direct response to the motions induced 
by reactinn to the passage of stress waves. Thret primary modes of response are ecognized from 
laboratory studies using low strength (particulate) target material to simulate large evbnts: 1) a 
radial displacement downward at  and near the bottom of the crater; 2) an upward motion that is 
virtually tangential to the inner wall of the crater near the rim; and 3) a transition zone between the 
first two which produces large horizontal shearing displacements about midway up from the crater 
floor. The first contributes to downwarping of strata directly below the floor of the crater and deep 
underthrusts of units originally at pre-impact depths just above the final crater depth. The tangen- 
tial flow near the rim is responsible for the charactetistic overturned flap of the rim and consequent 
inverted stratigraphy. The strong horizontal movements -re responsible for intense shear between 
adjacent strata and may result in both undcrthniding at  depth and overthrustiqg near the surface 
layers depending on the strength of thc strata. Such deformations are normally stable and persist 
long after the formation of the crater, but, if the tnrger material is unusually weak or the scale of 
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the ciater is & Iaige that gravitational forces are dominant, postcratering modification will occur 
and alter the blsic impact structure and morphology. 

‘The domhndnt role of grwity at large scale is two-fold, first in affecting the dimensions of the 
excavation crater and, second. in contributing to post-cratering modifications. Strength, never- 
theless, retain: significance in that it ultimately determines the final geometry. This c m  be illus- 
trated by consilkring an impact into a target having virtually zero strength such as water. A crater in 
water will be produced within the geometric limits determined by the amount of er.trgy available t o  
do usel‘ul work agPinst the forces caused by gravitational accelerations. Once the limit is attained, 
the crater will collapse because the zero target streng:h fails to provide any resistance t o  the gravity 
induced forces acting o n  the distorted target. The Hater crater is, therefore, a transient event which 
must eventually disappear leaving no permanent recoid of the impact. If the target has somb 
strength, however, collapse will still occur, but the finite strength will resist total restoration to 
pre-impact conditions and preclude erasure of all topographic evidence of the event. Forces and 
rates of collapse wilt depend on the size of the “transient” or “excavation” crater so tkat the extent 
of postcratsring modification is greater for the larger impact events. Thus, the interior terraces of, 
say. a 20 kni crater are a relatively modest collapse as compared to  the collapse of much larger 
stmctures ranging up to the size of the ringed basins such as Oriental and Imbrium. The excavation 
crater tor Oriental is no larger than 300 km although its outer ring is about 900 km in diameter. 

1‘0 a f i t  approximation a minimum of three scaling laws are necessary in order to cdculate 
crater dimensiorrs over a range from micrometers to  kilometers. The general formula is D a (KEf 
with specific values shown in the following equations. 

D = 0.0015 pp116p;i’2 (KE)o-37(sin 

D = C 025 pP1l6 o ( ” ~  (KE)O -2 (sin 

D = 0.027 pP1l6 P ; ” ~  (KE)o-28(sin 

The first expression is valid for impacts against massive rock producing craters up to about 
10 meters diameter. For larger craters in rock or other indurated targets, there is a gradual transition 
to ;he second expression, which is generally applicable for all cratering up to 100 meters diameter in 
weakly cohesive partiarhte material similar to the lunar regolith. The thud expression is appropri- 
ate to craters of kilometer dimensioils and larger regardless of the nature of the target. A transition 
between the last two expressiop occurs between about 100meters and 1 kilometer. The size of 
craters IS a strong function of the trajectory angle 8. Circularity of the craters is unaffccted by 
oblique trdjextories provided the impact velocity is not excessively low nor the impact is not at 
grazing incidence. Assymetric ray patterns around craters is indicative of oblique impads. Tycho, 
Proclus, and especiallir Messier provide striking examples of probable oblique impact events. 

D. Impacts and Impact Craters 

Highspeed framing camera records of laboratory impacts in the Ames Vertical Gun Ballis- 
tic Range illustrate and form a basis for understanding and interpreting cratering mechanics and 
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structures. Comparison of the laboratory observations with terrestrisl and lunar craters illustrate 
salient features of structures (fgs. 6- 18). 

E.  Summary of Mechanics 

Impact cratering as a geologic process on the Moon is an agent for: 

1) Extensive comminution, brecciation, and erosion 

2) Ballistic transport of mass over great distances 

3) Metamorphism. both solid state and thermal including melting and vaporization 

4) Formation of large, complex structures 

5 )  Formation of distinct stratigraphic units 

6) Mixing of stratigraphic units 

111. LUNAR CRATERING 

A. Meteoroid Population 

The sources and fluxes of meteoritic debris impacting the Moon, both past and present, is 
known with precision that varies from good to total ignorance and open to frequently wild specula- 
..on. The greatest unceflainty concerns the early hbtGry of the Moon, especially because we do not 
know its ov&, whether it accreted near the Earth or at  some distant part of the Solar System prior 
to being captured by the Earth. i t  is clear, however, as will be discussed later, that the Moon was 
subjected to an intense bombardment during its f m t  500-1000 million years (my) as a planetary 
body after which the flux decreased sharply t o  rates comparable or equal to  current values. 

Present information on the current meteoritic environment of the Moon is derived from nine 
sources and observational techniques: 1 ) satellites; 2) lunar rocks; 3) radar meteors; 4) visual and 
photographic meteors; 5) Prairie Network; 6) Apollo seismometers; 7) meteorites; 8) astronomical 
photography of comets and asteroids; and 9)lunar surface. The f m t  four provide a bash for 
evaluating with good confidence (factors of 2 to 3) the flux of particles ranging in mass from the 
order of lU* g to  1 g, which will produce craters from about lUs cm to 50-100 cm diameter 
depending on Nhether the target is massive rock or regolith. The next three types of observations 
extend the mass range to the order of tons (lo"), objects capable of forming craters up to 100 m 
diameter; the three yield widely differing result factors of 1000, for the largest bodies. The last two 
types of observations push the mass range upwards to the size of small planetesimals, perhaps 
lo2 - IO2 3g, capable of producing tremendous basins the size of Imbrium and Oriental. The flux 
in this last category is very uncertain and speculative, and depends in part on assumptions made in 
trying to  model and/or interpret the temporal variations in the flux since 3000-4000 million years 
ago. 
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Opposite : 
Figure 6. - lime sequence photogmphs of an impact by a 30 caliber lexan pro- 

jectile at 6.5 kmlsec into a homogenecus target. By t = 0.075 see. the basic 
crater shape has been established; however, ejecta remain in ballistic tmjec- 
tones until afler t = 0.293 see. 6right clumps of material on the crater floor 
are highly shocked and shockmelted material. Note the ejecta ‘shadows” 
bebind the three vertical spikes used for stereographic calibrations. m e  diam- 
eter of the circular plate ( t  = 0.003 see) is 60 em. 
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The population of meteoritic debris increases exponentially with decreasing m m ,  and is 
usually expressed in the form 

N = k m - Y  

The quantities k and 7 are taken to  be positive constants over various ranges of the mass m. In 
order to depict the complete range of N and m. it is necessary for graphical presentations to employ 
a loglog format. Fkure 19 presents a "best" estimite of the current lunar flux with the cross- 
hatching indicetkg lmge of uncertainty. 

By combining crater scaling laws with 
the meteoritic fluxes, estimatr; can be made 
for 1) the rate at which craters of a given size 
are being produced. and 3 )  the size-frequency 
distributions of the primary crater population 
produced on ?he lunar surface in a given time. 

- -7/B 

rnetwork- 

N = c D  
4 where the quantities c, 7.  and 0 may be 

taken as constants over a limited range of the 
crater diameter D, and with consideration of 

C - - - the type of target material involved. 
5 Satellites 
-= -15 - Lunar rocks 
z- - Radar meteors - lmpaci velociiies against the lunar sur- 

face range from 2.3 km/sec to  72 kmlsec; the 
lower limit is determined by the velocity 
necessary to escape from the gravitational 

of the Moon and the upper limit (for a 
L r q o  METEOROID KASS member of the solar system) results from 

impact by a co-planar object in a parabolic 

Earth's orbital distance from the sun. Impact 
velocities appear to be dependent on the 

m d s  For r r L w  LS greater ilian about 1U6g, 20 km/sec is a repiesentative average valce; ior masses 
less than 1U6g lower velocities are appropriate, prcbably tending toward lunar escape velocity for 
the smallest particles ( I U' 'g?). 

Visual and photo- 
graphic meteors 

21 - 

19. - Estimated h a r  meteoroid flu W7th retrograde orbit having its perihelion at the 
limits o/'t;ncertainty. 

B .  Long Term Effects 

If  the current flux of meteoritic debr' 'las remained constant fo, the last 1000 my, e,ch 
square centimeter of the Moon will hcve bc:.: icted I 0' times by IF g particles, each particle 
capable of xming a 0.3 cm crater in rock ~ ' 3 cm crater in the lunar regolith (soil). Similarly, 
each square meter will have been struck I O  times by a 1 g object which could form a 50 cm crater in 
rock or a 90cm crater in the regoiith. And at the same time each square kilometer would have 
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experienced from 0.1 to 10 craters of 100m diameter while the entire Moon may have been 
impacted by several small planetesimals or cometary bodies, the largest of which formed a 100 kxn 
diameter crater. Although less frequent, masses forming primary craters larger than about 100 m 
(and their secondary crater fields) excavatc more total mass than the more numerous smaller 
members of the meteoritic population. The latter, however, are effective for erosion and catas- 
trophic disruption of small rocks and boulders. Thus, the preceding statistics are the basis for 
illustrating that 1) erosion and ballistic transport of material is effected by the smallest masses of 
the meteoritic complex; 2) many more small craters are formed on the lunar surface than can be 
expressed on the surface without “erasing” by supemosition previously formed craters; 3) larger 
craters and their secondaries excavate “fresh” rocks for the small particles t o  erode; and 4) only the 
larger craters can provide a one-forsne record of the total number of impact events that have 
occurred over long periods of time. Three priinary types of crater populations are recognized. A 
surface is considered to  be in a production state when no crater destruction by erosion or super- 
position has occurred and a complete record of each impact event is still recorded on the surface. A 
surface is I msidered to  be safurafed with craters of a given size when additional craters destroy 
existing craters. A su-face is considered to be in equilibrium when the rate of destruction of craters 
is equal to the rate of production (Gault, 1970). Surfaces showing both production and equilibrium 
crater populations provide important quantitative information on the relative ages between dif- 
ferent surfaces. An Ames movie “Mare Exemplum” (fig. 17) illustrates the evolution from an 
initially smooth uncratered surface to a surface saturated with craters in equilibrium. The movie 
also illustrates the manner in which craters are degraded and lose identity as a result of impact 
erosion and sedimentation proceses. 

C. Historical Cratering Record 

It  has been recognized for many years that the current meteoroid population is too low 
to be able to explain the heavily cratered lunar highlands, which are saturated with 100 km diam- 
eter craters. The generally accepted explanation was that the lunar hghlands preserve a recoid of 
the terminal stages of accretion by the Moon of the larger condensates from the solar nebula, a 
record long since lost on Earth by its extensive geologic activity. Until the return of lunar samples 
by the Apollo missions, lowever, the time scale for terminal accretion was open to speculation. 
Rb/Sr ages from the lunar rocks at six Apollo sites have revealed that all the mare surfaces 
apparently formed between 3200 and 3800 my ago so that the highlands represent surfaces older 
than 3800 my. Crater-frequency determinations for the various surfaces together with the age data 
indicatz that the meteoritic flux decayed very rapidly between 4000 to 3200my ago and has 
remained relatively constant since then within the errors of present uncertainties in the flux. 
Dependent on the mathematical models used to  represent the fluxes, the impact rates on the Moon 
4000 my ago were up to  100 times greater than present flux. Interpretations of these data are 
varied: 1) the steep decline (assumed to  be an exponential decay) in the flux between 4000 and 
3200 my is the tail end of lunar accretion; and 2) the steep decline is, instead, the consequence of 
some catastrophic event associated in some manner with the formation of the ringed basins, 
especially Imbrium. If the former, the bodies must have amved at the Moon from eccentric helio- 
centric orbits in order to survive colliding with the Moon at an earlier time consistent with their 
indicated 100 millinn year half life. But if such bodies represent accretionary material for the Moon, 
the time scale for accretion is inconsistent with the radiometric age data, which suggsst the Moon 
accreted in several tens of millions of years. Cn the other hand, the second interpretation raises an 
awkward question of how to “store” both Oriental and Imbriurn event bodies (100 km diameter??) 
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in the solar system for 600-800 my before they impxted the Moon. Viewed in perspective to  the 
other terrestrial planets, the Hellas Basin on Mars and the recently discovered 1300 km circular 
basin on Mercury photographed by Mariner 10 would Seem to suggest that such structures Ere a 
general characteristic of planetary evolution; i.e., terminal accretion may include lmbrium scale 
events without making it necessary to  resort to  special catastrophic conditions for the Moon related 
in some obscure manner to the Moon’s proximity to Earth. Most importantly, the Moon taken 
collectively with Mars and Mercury would seem to indicate that extensive differentiation occurred 
very early in the evolution of the terrestrial planetary bodies, well before the accretionary stages 
were completed. 

172 



APPENDIX A 

The metric system (CGS) is employed throughou! the discussion; Le., length, mass, and time 
are expressed as centimeters (cm), grams (g). and seconds (sec), with the usual prefMes designating 
fractions or multiples of ten. 

P 

P 

V 

E 

U 

U 

v i  

D 

KE 

8 

N 

pressure (bars - 1 t,u = lo6 dyneslcm' = approximbtely 1 atmosphere) 

density (g/cm3 ) 

specific volume (cm3 /g) 

specific internal energy (ergs/@ 

shock wave velocity (cm/sec) 

particle velocity (cm/sec) 

impact velocity (cmlsec) 

crater diameter (cm) 

kinetic energy (ergs) 

impact trajectory angle, relative t o  target surface, degrees 

number (bodies or craters)/cm* sec 
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APPENDIX B 

Values for constants a and b in expression U = a + bu for materials of geologic interest and 
application t o  lunar impacts. 

Materid a 

Basalt+ 2.31 X 10’ 

Smdt 1.30 X 10’ 

h n $  3.46 X 105 

b P 

1.62 2.86 

1.4 1.65 

1.72 7.88 

*As target or simulatbn of stoney meteoroid projectiles 
+As simulation of lurid regolith 
$Iron meteoroid projecbles 

Representative pressures attained for lunar impact conditions 
(pressures in megabars) 

Impact velocity, Vi (kmlsec) 

5 10 20 30 

Basalt into basdt 0.45 1.49 5.28 11.38 
Basalt in to sand 0.29 0.98 3.54 7.69 
Iron into basalt 0.77 2.48 8.65 18.50 
Iron into sand 0.45 1.49 5 3  1 11.45 
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IMPACT CRATERING MECHANICS 
AND STRUCTURES 

DOShLD E. GAULT, \VILLIAJI L. QUAIDE, AKL, \XRXE It. OBEllBECB 
Space Sciences Division, .-I )ties Research ('enter, .\-.iS--l, 31oJett Field, Califoniia Y4a% 

Hypervelocity impact craters fornied in the laboratory in low- anci variable-strength materials holre pro- 
vided insight into the mechanicj of the formation aid the restiltant structures of meteorite craterj. Three 
stages in the development of a crater are recognized: \ l i  ail initial shock-wave compression of projectile 
and target, during which kinetic energ- is transferred from impacting body to the ground: (2) an excavation 
stage, diiring which the crater is actually formed as the result of particle motions produced by the shock 
waves; and (3) a stage of post-watering modification of the basic impact-basin by geologic process&. Crater 
structures produced in low strength target materials are remarkably similar to those forind in certain 
large nietcorite craters. Upwarped rims with inverted stratigraphy, near surface overthnists. stratigraphic- 
ally deep underthrusts, and polygonal rims havt. all been observed. These structures are coiisistent with, 
and are the natural consequence of, the particle motions and deformations associated with.the mechanics of 
formation of an impact crater. 

lNTRODUCTlOtJ 

I t  is a statistical certainty (e.g., Opik, 1951) 
that aqteroidal or cometary objects have collided- 
and will continue to collide in the future--wit,h 
tfhe earth and with other planetary bodies. Al- 
though geological support for this interplanetary 
hombardment had been lacking until recent, gears. 
the terrestrial record of such collisions is now 
rapidly unfolding as a steadily increasing iiunzber 
of structures arp recognizcd as being very probably 
c ) f  inipactt origin \e.g., Short and Bunch, this zd., 
1). 22.5). These terrestrial f~atures, combined with 
the pock-marked surfaces of the Moon and JIars, 
:I t.t,est to the possibilit'y that collisions and the 
:it teiident cratering phenomena have been a sig- 
iiifirant, if riot major, factor in the dcvelopment 
4 )f planetary surfaces. 

( 'ratering as a geologic process, however, is 
poorly uriderqtood arid subject t,o many unccr- 
t uinties. This is to h (>xpchct(d, however, be- 
v:iwe general a\varrness of  thv potcxntial role of 
inip:wt cr:itvring datcbn h:wk less th:in i L  ch-ade. 
( h l y  :I few tintur:il mitvrs  :in' srifficicnt 1y young 
: t i i d  well. ;)rtwrvcd t o  provide :my clear details 

their struvturct. and :ill of t h c w  :iw smaller 
!hati a f t w  kilonwtcw i n  di:irnc.tw. 1,:irgm craters, 
I w : i i i w  of t h i r  :igo. h:iw \ w r r  gnwly rnodified 

by erosion. In such cases, structural features are 
either obscure or are irrevocably lost, and this 
hlurring 0: the geologic record can lead to con- 
fusion in assigning certain features to a cratering 
or post-cratering origin. 

In the past, craters formed by explosives have 
heen used as models for impact struct,ures ie.g., 
Shoemaker, 1963; Baldwin, 1963). Although niany 
features of impact and explosive craters appear to 
be similar, there are basic differences in the nie- 
chanics of forniation by the two processes that 
can influence the final structure. Experimental 
investigations of inipnct cr:iterinr cannot be con- 
ducted, of course, on a scale that is comparable to 
explosive tests, but large geologic feat'ure? can he 
studied in the laboratory bF using scale models. 
I t  is the purpose of this paper t'o describe some 
results t)f such modeling studies that haqe been 
conducted at  NASA's h i e s  Hescwch Center as 
part of  :t mort gener:tl progrum of research de- 
voted to invcstigat,irig the effects of hypervelocity 
inqxict against natural materinls, 

No attrmpt has been made to niodt4 :my spccific 
impnrt crater by precise SCL y. thc cymiments 
h a w  t)ccri designed only to work in the proper 
r;uigt' of 1:irgr.t properties, yrojwtile properties, 
atid i n ~ ~ ) i i ( * I  vcloc-itics to prodiiw cratcrs : i i d  st,ntc- 
turvs \vhic*h :irv :ipplicnhlc t!) t IN.  Inrgcb r:uq,y o f  
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nient 

Fig. 1.  -4 summary of the sequence of cvents during the 
formatinn of an impact crater. 

pizes exhibited by natural impact craters on earth. 
111 this way, it has been possible to  study, step by 
rtep, the effects produced by subtle changes in 
target homogeneity and target strength. 

In the presentation that follows, the discussion 
is divided into three parts. In the first, a brief 
description is given of the experimental tech- 
niques. Then, because crater structures reflect the 
end product of a complex physical process, the 
mechanics of crater format.ion are discussed as an 
integral part of the entire problem. Finally, re- 
sults from the modeling studies are presented. 

EXPERIMENTAL TECHNIQUES 

All cratering experiments were performed in the 
Ames Vertical G m  Ballistic Range. Briefly, this 
facility consists of a vacuum chamber, approxi- 
mately 2.5 m in diameter by 3 m in height, that 
is straddled by a large A-frame on which light-gas 
guns (e.g., Charters and Curtis, 1962; Curtis, 
l!lli4) and coriventiorial powder guns can be 
mounted. The A-frame can be rotated up over the 
vacuum chamber to permit ihe firing of projectiles 
through ports into the chamber at angles up to 
vwt icnl incidence in 1.5” incrcmcrits from the 
horizontal. The target surface is, thus, always 
horizontal and permits using noncohesive particu- 
1;tio matcrial for the cratering studies. Pressure 
i l l  IC t’ank is maint.ained at 100 to 200 p Hg for 
t hc cratering experiments. 

‘I‘hc simplest tnrgyts emp1oyc.d for thcsc studics 
vonsist of t l q - ,  1i( mwhesivc smd. The sand is t l y d  

:iird p1:iced ill vuricolored horizoiit:il layers or in  
1:iyered vertical columns to provide planes or 
points of reference for use in definiiig total defor- 
mations. Such targets are honiogeiieous :iud repre- 
sent niodcls of extremely large-scale events where 
target strength and inhoniogeiieity of  target- 
strength variations are relatively insignificant. 

Studies of the smaller natural impact craters, 
however, show that common inhomogeneit ics 
present in natural rocks are iiifluential in deter- 
niining (.later geometries and styles of deforln- 
tion. A coninmi inhomogeneity in rocks inipac-ted 
by meteorites is a variation of physical properties 
2t various stratigraphic horizons. Various strata 
behave differently when deformed, depending on 
whether or iwt they are competent or incompe- 
tent. Targets simulating rocks with interlayered 
competent and incompetent beds have been con- 
structed by spraying various surfaces of sand 
layers with thin coats of black lacquer. The 
lacquer cements sand layers of a few grains thick- 
ness into beds which subsequently behave compe- 
tently during deformation. The black paint also 
provides a convenient “marker” bed for tracing 
out complex deformations. 

Another common inhomogeneity in uaturd 
rocks that is influential in controlling crater 
geometry a i d  subsurface deformational structures 
i; the presence of  joints and fractures. Fault,s or 
joint systems have been simulated in the model 

COMPRESSION STAGE 
V ;  

TERMINAL 
ENGULFMENT 

Fig. 2. Schemnt ic represeiitatioii of t,he compression dngts 
of  t.he foriliation of  :in inipiict crater. 
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CRATERING MECHANICS 

It is votivcnient to divide the sequence of events 
tluritik the fornitition of an impact crater into 
t hrchc sqxirate stages o f  development that differ 
wi th  respec.t to  the physical processes taking 
1)liit.e :ind the associated time scale required for 
the prowsses to come to completion. The three 
stages of  development are, in order of their oc- 
cwrrct1c.e: (1) a compression stage, (2) an excava- 
tion stage. arid (3) a modification stage. These 
stages are srimmarizcd in Figure 1 and are dis- 
cwsscd in detail in the following paragraphs. 

C'omprcssion stngc.-L-pon contact of the pro- 
jectile against the surface of the target, a system 
o f  shock w v c s  is established that provides the 
niwhaiiism for transferring the kirietic energy of 
the projectile into the target material. Two shock 
fronts are produced, one in the projectile and the 

w > 
I- W EXPERiHENT F e - f e  

I I I I I 

0 2 4 6 0 IO 
IMPACT VELOCITY, km /sec 

Fig. 3. Theoretical and experimcntaIIy ohserved jet tirig 
ve1ocitie.s f o r  inip:ict i i r  riwt;ils :is :I f i i i i d  i c t i i  of t t i c *  iiiip:tct 
velocity. 
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.- Fe-SAND, TUFF 

w > 
c 
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Fig. 4. Theoretical jetting velocities for impact i i i  rocks 5 5  

a fiiirctioii of the impact velocity. 
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o f  t 1 1 t h  critcr. Inivtun* systtms cwwistiiig o f  two 
perpendicular sets o f  f r w t  ure pl:int~ have been 
I I ~  in t\\-o ex~wriii~eiits (.see Fig. :a). Ili one, a 
square (-rater \V;W pn)dutuui with the di:igoii:tls of 
the square par.il1c.l to the  two  dimtions of the 
fractures. similar to the n4ntioiis obsewed at 
Jletecr Crater, hrizoiia. I n  the swoiid, it hexa- 
gonal outline \vas produced. Additional work is 
uiidenvtty to  relate the shape o f  the crater to the 
submrfwe, preinipac-t structure and t o  the 
material strength. 

CONCLUDING REMARKS 

The structural features of natural impact 
(.raters of  the size of Meteor Crater, Arizona, and 
sni:tller have undoubtedly been influenced by the 
strength and iiihomogeneities of the target rocks. 
The upper limit beyond which target strengjh no 
longer exerts a significant effect is not known. 
Certainly if tht. scale is large enough. the rocks - -ill 
react as though they have essentially little or no 
strength. The degree and type of  deformation 
around natural impact crdters is, therefore. a func- 
tion, first, of size arid second. of the nature of t.he 
target rocks. That is, effective strength is an in- 
v e m  function a f  size. Thus, the rocks around 
Meteor Crater reacted as though they had less 
strength than those around the Odessa Crater, 
Texaq, although the pre-impact rocks in both 
cases exhibited similar strength characteristics. 
The differences in thc structure of the rocks 
around these craters is, in part, or, perhaps, en- 
tirely :in effect of scale and is not simply a result of 
differencvs in projectile penetration (Shoe; laker. 
1963). Structural asymmetry rtsulting from angu- 
lar impact, however, is not dependent on scale. 
Only the dpfonnation resulting from the asym- 
metric flow itself is determined by the effective 
>';ength of the target rock. I t  is rca.!sonable to 
assume that, for any crater, the asymmetry of 
struc*tural pattanis may provide a means for 
identifying tht. direction and possibly the angle o f  
pn) j t4lc  entry. 

Finallj , an :rppcd is m:de to geologists who arc 
mtipping impact craters: record riot only the de- 
tails of structiird deformations and petrologic 
and mineralogic c*h:inges, but also rword the de- 
tails of the strength and degree of inhomogeneity 

o f  tlic pn4npact target, mAs, the details o f  loc.:rl 
mid regional fracture systems and the scale of  
fracturing, and the details of local stratigraphy, 
including bed thicknesses and strength properties. 
A more thorough understanding of the formation 
of the natural craters will be pmible when such 
information is available. 
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PR !NCIPLES OF EXTRATERRESTRlAL GEOLOGICAL MAPPING 

John Guest 
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Mill Hill Park, London NW7 20s Englacd 

I. INTRODUCTION 

Although much had been accomplished ir? developing fundamental concepts of geology before 
the idea of making geological maps, the work of William Smith and some of Cis friends (and 
enemies!) allowed geological field observations to  be presented in a mcxe understandable form and 
the science of geology to  develop in a more disciplined way; in addition, the technique of geological 
mapping established a stratigraphic column. 

The geological map allows the geologist to  represent his field observations in a form that can 
be understood by others and links observations made at different and separate localities into a 
unified form. If the map is well done, the way in H hich a piece of country has developed through 
the geological ages to its presmt form is clearly illustrated. The relative ages of the different rock 
strata can be determined by the geometrical relations and a pict1.m of the way that different 
proce. have operated with time can be understood. Put ir. a- other way, a geological map is like a 
graph J a physicist: it allows him to  understand many obse.tations in a comprehensive form that 
would be difficult without it. 

From the preceding statements it is clear that the technique of geological mapping is eqcally 
applic Jble to the study of the suf ice  of any planet with a solid surface when sufficient observaticjns 
can ,e made. Indeed, the geological map can be of great value not only in drawing together 
observations of the surface but irr preventing the development of concepts of surface evolution that 
only tz.ke into account SOME of the available evidence. 

11. PRINCIPLES OF MAPPING 

Despite this, many scientists - including some geologists - have argued that geological map- 
ping is too subjective to be of any value on a planet where observations are largdy m3de from 
photographs and little or no direct field observations are possible. Further, they point out that so 
frequently geologists cannot agree on how to  ma? areas or. Earth. Such ideas often stem from 
genuine ignorance of the methods and aims of geological mapping. 

A good map should reliably record field observatbns and should distinguish between these and 
the interpretations which have been made from the observations. Two good maps of the same area 
may look different in many ways, but both may represent what is actually present and the maps 
differ only in - for example - the choice of geologcal boundaries. 

With this in mind, we can look at the geological mapping of planets and in particular, the 
hen. The first systematic mapping of the Moon was done by the USGS (1Jnited States Geological 
! .-:cy). IF order to keep their maps as objective as possible, they usea a system that was close to 

Lnerican Stratigraphic Code. You will note also that interpretation is kept separate 



from the descriptions in the key (e&, Wilhelms and McCauley, 1971); conset?Jently, the map still 
stands as a good map even if the interpretations of the origln of the units are wrong 

At present, nearly all lunar and planetary mapping is, perforce, done from spacecraft pictures 
using much the same techniques as are used in normal photogeology. Of course this requires some 
interpretation because it is necessary to decide what represents a rock unit, the fundamental 
mapping unit. This is not such a great problem on the Moon as it is on the Earth or Mars because on 
the Moon there is no running water or atmosphere, nor are there any climatic belts. The main 
process that modifies the surface is that of meteoroid bombardment, which is a process that 
operates almost uniformly over the whole surface of the Moon. Thus, differences in surface form 
from one area to  another relate directly to  the underlying rock, age, composition, lithology and 
mode of formation. It should be noted that a resolution of at  least 1.5 km is requirrd to d o  useful 
stratigraphy . 

111. STRATIGRAPHY 

Although the principal mapping unit is the rock unit, Shoemaker of the USGS made a great 
advance in the study of the Moon by attempting to  identify temporally distinct stratigraphic units 
(fig. 1). This is not at all easy to  do. as can be discovered by studying the history of lunar geological 
mapping. Perhaps the most reliable of time stratigraphic horizons is the Fra Mauro Formation, the 
unit surrounding the Imbrium Basin and considered to represent the ejecta blanket that was 
emplaced when the Imbrium Basin was excavated. Assuming this interpretation to  be correct, it 
would have been formed over a period of only a few minutes and is thus about the best type of time 
horizon that can be found. The Fra Mauro was thus defined as the base of m e  of the systems on the 
Moon known as the IMBRIAN SYSTEM. Determining a top for this system was not so easy. This 
was taken initially to  be the base of the mare materials which were included in the next youngest 
system, the PROCELLARIAN SYSTEM. This division immediately gave trouble because nerther the 
bottom nor the top of this set of rock units could be considered as being the same age over the 
entire Moon. Thus it was round convenient to change the Procellarian System to a group (rock 
unit) which forms the upper part of the Imbrian System. There is still the problem of defining the 
top of this system because we are still dealing with a rock unit whose top repmerits different ages. 
The next youngest system is the ERATOSTHENIAN SYSTEM. The base of this system is charac- 
terized by the oldest craters larger than about 40 km in diameter that are essentially fresh, Le., 

Opposite: 
Figure 1.- rhe V 1 . under fill s o b  illumination (north at iop). Although 

surface detml - under fill illumination, the albedo contrasts are clearly 
shown and rev-., the contacks of the major geologic units. m e  pdmbrian 
System includes pan of the higher albedo highland terrain near the southern 
limb. The Imbrian System is dated with respect to the formation of the 
Imbrian Basin, and these units correspond to a hrge part of the bright high- 
hnd terrain owing to enormous quantities of ejecta produced by the Imbrium 
event. The Imbrian System also includes most of the dark ma&. The 
EratostheKian System includes large craters that have lost their bright rays 
and dark mare units that overlap these craters. At the top of the stwigrqhic 
column, the Copernican System i::cludes the most recent bright-tayed craters. 
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retaining most of their origind features, but lack the bright rays, which have been erased through 
degradation. Thus mare material that overlies craters of this type is considered to  be Eratosthenian 
in age rather than Imbrian. The youngest system on the Moon, the COPERNICAN SYSTEM, 
includes all events that have occurred since the formation of large, rayed craters that currently are 
old enough just to have lost their rays. The results of the USGS mapping 7 ,gram for the near side 
of the Moon are summarized on the map by Wilhelms and McCauley (1971) and the historical 
development of the lunar surface based on this mapping is illustrated in feures 1-3 (Wilhelms and 
Davis, 1971). 

IV. GEOLOGICAL MAPPING AS AN AID TO UNDERSTANDING GEOLOGICAL PROCESS 

Imperfect though this system of time stratigraphy is, it helps considerably in mderstanding the 
Moon’s surface evolution. 

Geological mapping also can be used as an aid for detailed studies of a particular phenomenon, 
such as the formation of an ejecta blanket around an impact crater. Geologists are usually con- 
cerned with rock units that have been formed over long periods of geological time. In the case of an 
impact crater, however, all the geological units may have formed in just a few minutes. Nevertheless, 
the technique of geological mapping can be of great importance in determining the geometrical 
relations of the individual rock units that make up the ejecta blanket, relations that aid in inter- 
preting the manner in which an impact crater is formed. 

Mapping on the planet Mercury may well be much like that on the Moon. Mars, however, 
presents its own problems, Darticularly those of recognizing rock units. If one attempts to  map areas 
that are morphologically similar, there is danger thzt one is mapping areas that have suffered similar 
geomorphological processes, and such areas may in no way represent rock units. Such a map may be 
termed a terrain map and should be recognized as such. It is thus important when mapping Mars to 
determine characteristics that allow rock units to be recognized. 

V. RECOGNITION OF DIFFERENT ROCK UNITS ON THE MOON 

Following the principle thdt on the Moon surface characteristics distinguish between rock 
units, map boundaries are identified by changes in appearance from one area t o  another. In some 
cases changes are gradational and the boundary must be chosen arbitrarily in much the same way as 
the edge for alluviirm dcposit is mapped on Earth. However, where a kradational boundary is 
mapped, the criteria choseir for the boundary must be defined and followed systematically. An 
example of this situation is the outer edge of a continuous ejecta blanket which grades into 
discontinuous ejecta. In this case a convAent position for the boundary is where the surrounding 
secondary craters become subdued in form at the edge of the blanket. 

Mountain forming units are easily recognized, but often missed are intermountain units which 
often present a rugged surface and form a separate unit occupying depressed areas between the 
mountains. On the other hand, where mountains occur in essentially level areas, the age relations are 
not always clear as there may be old rocks projecting through the plains or they may be younger 
units emplaced above the olainf. The former case can usually be detected when the mountains 

196 



become more numerous towards the outer boundary of the plains and the plains are seen to  c derlie 
a mountainous terrain. 

Within plains units themselves, different surface textires will often denote separate rock units 
and differences in crater density will indicate different ages under most circumstances. 

In dealing with craters, overlap relations will often give relative ages, but in many areas, 
especially in the highlands where there are few other exiensive units to  take as “key” horizons, 
other techniques must be used to obtain relative ages. The most useful method is that devised by 
Offield and Pohn (1970), who determined a crater denudation chronology, defining criteria for 
distinguishing denuded craters of different .relative ages. This paper deserves careful study. 

H. H. Read once said “that the best geologist *as the one who had seen the most rocks.” In 
geological mapping,experience is the best tutor and much can be learned about the Moon by 
attempting to construct maps for oneself as well as taking other people’s maps, such as those 
produced by the USGS for the Moon, and comparing them with the relevant pictures. This practice 
of making maps is a good constructive way for students to  famniarize themselves with the surface of 
the Moon. 
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In t roduc t ion  

This  paper a t tempts  t o  convey the  experience accumulated i n  t h e  11 years of 

the  U.S. Geological Survey 's  lunar  geologi :  mapping program 2' t o  g e o l o g i s t s  who 

contemplate mapping the  Moon, Yars, or any o t h e r  p l a n e t a r y  body wi th  a v i s i b l e  

s o l i d  su r face .  This  is d m e  i n  gene ra l  terms i n  P a r t  I ,  where I stress t h a t  lunar  

geologic  mapping is similar i n  philosophy and p r i n c i p l e ,  as wa l l  as i n  many d e t a i l s  

of method, t o  terrestr ia l  geologic  mapping. We have t r a n s f e r r e d  what we learned 

on the  f i r s t  p l a n e t  mapped g e o l o g i c a l l y ,  t h e  Ea r th ,  t o  tne  second, the  Moon. Since 

t h i s  t r a n s f e r  has been success fu l  i n  advancing lunar s c i e n c e ,  we r a n  extend the  

same methods t o  o t h e r  p l a n e t s  without  changing ou r  approach o r  methods, j u s t  as 

w e  have not  changed the  name of our s c i ence  from geology t o  "se;enology"(see f o r  

example,Ronca, 1965). In  P a r t  11, I g ive  d e t a i l e d  gu ide l ines  f o r  cons t ruc t ing  

maps, with t h e  i n t e n t i o n  no t  of d i r e - t i n g  procedures bu t  o f  avoiding re- invent ions 

of techniques a l r e a d y  pro;ren t o  ? success fu l  or unsucres@-ul .  The same in t en -  

t i o n  led t o  the  inc lus ion  o f  P a r t  111, a h i s t o r y  of t h e  Survey 's  l una r  mapping 

program, which al though g e n e r a l l y  success fu l  and a worthy model f o r  f u t u r e  pro- 

grams,included a number of mistakes t h a t  should no t  be repeated. 

Why do we at tempt  geo log ica l  mapping of o t h e r  p l a n e t s  when photographs--often 

very poor ones--are t h e  on ly  d a t a  ava i l ab le?  

p l a n e t ' s  three-dimensional make-up, i t s  formativ,  and modifying p rocesses ,  and i t s  

h i s t o r y ,  including o r i g i n  and subsequent evolut ion.  Some kinds of d a t a ,  s c h  as 

chemical composition and a b s o l u t e  a g e s ,  have t o  be c o l l e c t e d  on the  p l a n e t  i t s e l f .  

But many things cannot be learner! on the  ground, g iven  any less than a n  extrava-  

gan t  expense of resourLes and time, bu t  they can be learned from photographs t o  a 

considerable  ex ten t .  These include the  s t r u c t u r e  of t he  whole p l ane t  and the  geo- 

metric r e l a t i o n s ,  areal d i s t r i b u t i o n ,  and sequence of formation of i t s  c r u s t a l  

e l caen t s .  Besides being important i n  i t s  own r i g h t ,  t h i s  knowledge of the p l ane t -  

wide framework is e s s e n t i a l  f o r  determining the  s e t t i n g  of t he  t i n y  spo t  samples 

examined or c o l l e c t e d  on t h e  s u r f a c e  (Cart-, 1970, p. 5). This  progression from 

grasp- t o  f i n e - s c a l e  ana lyses  is a c t u a l l y  more d e s i r a b l e  and e f f i c i e n t  than the  

opposiLe one used on Earth.  

Presumably we wish t o  l e a r n  the  

RequLsi tes  f o r  P l ane ta ry  Mapping 

Geologic mapping i s  a d i f f i c u l t ,  time-consuming e x e r c i s e  f o r  which some 

w o l o g i s t s  are b e t t e r  s u i t e d  than o the r s .  The answ r t o  the  ques t ion  of who w i l l  

be an e f f e c t i v e  p l ane ta ry  mapper has  become f x r e a s i n g l y  clear t o  m e  i n  the  e i g h t  

yea r s  I have been examining luna r  geo log ic  maps. 

duced by experienced f i e l d  geologi  L who understand the purpose,  s t r e n g t h s ,  and 

l i m i t a t i o n s  of geologic  maps; who see t h e i r  u t i l i t y  i n  luna r  and p l a n e t a r y  s t u d i e s  

The b e s t  maps have been pro- 

- 1/ The g r e a t  bulk of t h i s  program was conducted as support ing r e sea rch  f o r  the  
Nat ional  Aeronautics and Space Admin i s t r a t ion ' s  l una r  e x p l > r a t i o n  program 
under Contract  Nos. R-66 and W-13,130. The p resen t  r e p o r t  was prepared f o r  
the  Planetology Programs Of f i ce  under NASA Contract  No. W-13,204. 
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even i n  t h e  absence of f i n a l  d a t a ;  who are w i l l i n g  to  apply t h e i r  r c sea rch  methods 

and understanding o f  terrestr ia l  geologic  r e l a t i o n s  and processes  t o  o t h e r  p l a n e t s ;  

who are p a t i e n t  and c a r e f u l ;  and who have no hangups about extra-terrestrial bodies. 

There is a c l o s e  empi - i ca l  c o r r e l a t i o n  i n  q u a l i t y  between a g e o l o g i s t ' s  l una r  and 

terrestr ia l  maps. 

t r i a l  map from f i e l d  studies g e n e r a l l y  have been a b l e  to  make good ?unar geologic  

maps, i f  they wanted to. Some good g e o l o g i s t s  '.eve made i n f e r i o r  l una r  maps be- 

cause they j u s t  cou ldn ' t  see the  p o i n t  of it or were un-ble t o  t r a n s f e r  what th2y 

learned on Earth t o  t h e  Moon. So f a r ,  l una r  mapping has been p r imar i ly  induc t ive  

i n  i t s  approach and based on the  p r i n c i p l e s  of s t r a t i g r a p h y ,  and dependent f o r  u n i t  

d e f i i t i t i o n  on geometric r e l a t i o n s  and topographic p rope r t i e s .  Fancy q u a n t i t a t i v e  

"remote sensing" ana lyses  have n o t  played an important r o l e  i;* the  worx. 

t a r y  mapping, than ,  is no t  f o r  non-geologis ts  o r  f o r  g e o l o g i s t s  who hdve r e j e c t e d  

the  t r a d i t i o n s  of t h e i r  s c i ence ,  and expect  to  g e t  real r e s u l t s  qu i  by machines 

and numbers; a p l a n e t  is too complex t o  be s tud ied  e:-;lusively by q u a n t i t a t i v e  

ana lyses ,  though these  are of cou.-se e s s e n t i a l  f r -  many purposes . l /  

pec t  p r imar i ly  to  g a t h e r  f a c t s ,  and t o  advance s l . , i y  to understanding,  1.ot t o  

suddenly comprehend the  o r i g i n  o f  the  s u b j e c t  p l a n e t  o r  t he  S o l a r  System. I f  one 

is s u i t e d  tc t h i s  d i s c i p l i n e  pnd s u f f i c i e n t l y  p a t i e n t ,  he can ga rne r  s u b s t a n t i a l  

s a t i s f a c t i o n  from h i s  l abor s  a s  o rde r  emerges and the  p l a n e t  a t  l a s t  becomes com- 

p rehens ib l e .  

Geo log i s t s  who have made a t  least one complete and good terres- 

Plane- 

One must ex- 

Acknowledgements 

For completeness,  t h i s  paper has incorporated cons ide rab le  material, including 

v-rbatim quo ta t ions  from: 1) a summary of t h e  t e l e s c o p i c  phase (1960-1967) of the  

lunar  program (Will,elms, 19701, 2) a pamphlet t h a t  accompanies a synopt ic  map of 

t h e  near s i d e  based bath r n  t e l e scop ic  and Lunar O r b i t e r  d a t a  (Wilhelms and McCauley, 

1971). and 3) a book whizh pe rcep t ive ly  eva lua te s  t h e  s t r a t i g r a p h i c  approach t o  

luna r  mapping (Mutch, 1370). Much o t h e r  material, e s p e c i a l l y  f n  P a r t s  I1 and 111, 

h a s  not  been set down be fo re  ano is drawn from my s ix -yea r  experience as coord ina to r  

of t he  Survey 's  lunar  geologic  mapping program 

was prepared with the  h e l p  of Rudolph W. Kopf, r e p r e s e n t a t i v e ,  U.S.G.S. Geologic 

Names Committee. Two lunar  mapping stalwarts con t r ibu ted  vhluable  suggest ions:  

John I'. McCauley, c u r r e n t l y  Ch ie f ,  Branch nf Astrogeologic  S t u d i e s ,  and from the  

The d i scuss ion  of map exp lana t ions  

o f  the  in t ens ive  mapping program (1963) deeply involved i n  its development, 

and David H. S c o t t ,  who,aAthough re la t '  e l y  new (1969) t o  t h e  program,has bypassed 

many of t h e  e a r l i e r  workers i n  mapping p ro f i c i ency  and p r o d u c t i v i t y  because 2f h i s  

concentrated approach, i n s i g h t ,  and long previous e x p a  ience in so lv ing  problems by 

geological  methods. Others  who contrib.i ted the  va luab le  suggest ions are G. E. McCi 11, 

- 1/ A l l  g e o l o g i s t s  can b e n e f i t  from reading o r  r e - r ead ing  the  e x c e l l e n t  c o l l e c t i o n  
of a r t i c l e s  in the  bdok. "Fabric of Geology" ( A l b r i t t r q ,  1963). f o r  r e in fo rce -  

ment of  t h e i r  a p p r e c i a t i c n  f o r  t he  philosonhy 
q r imar i ly  q i a l i t a t i v e  s c i e r z e  o f  geology. 

methodology PI t he  h i - t o r i c a l ,  

20 1 



r3 

University cf nassachuse+ts, a d  G. Y. Coltoa. V.S.C.S. 

Suggestions from USCIS are uclcmed a i d  vi11 be incoqmrated i n  a secood edi- 

?ion of this paper should ow become desirable. 

202 

c 



PART 1 

RATIONALE AND GENERAL XETHODS OF Lt'SAR CWLo(;IC W D I S G  

Geologic Units and t h e  Pr i i ic ip les  of St quence 

Lunar upp i r rg  as p rac t i ced  by the  Survey depends on . v i t a l  concept der ived 

f r a  terrestrial s t r a t i c r a p h i c  p rac t i ce :  That t he  c r u s t  is composed of d i s L r e t e .  

t h r e e - d i r n s i o n a l  bodies  o f  rock c a l l e d  peo lce i c  u n i t s .  each having l imi t ed  v e r t i -  

cal and h . r i t o n t a 1  ex ten t .  The q e a e t r i c  re la t imi  among u n i t s  record t h e i r  se- 

quence of f o r u t i o n :  younger rocks are depos i t ed  upon, or i n t rude ,  a l d e r  rocks. 

Host non-geologists and even ~ Q Y  g e c l o p i s t s  seem s u r p r i s e d  at f i r s t  t h a t  p l a n e t s  

can be s tud ied  p roduc t ive ly  from so sirple a perspect ive.  W e  k m .  however. t h a t  

no p!an.et =de o f  s o l i d  material can be t o t a l l y  hmwgencous or r a r d o s l y  hetero- 

geneous. Recorded on its s u r f a c e  i n  the  f o r o  of d i s c r e t e  rock masses arranged i n  

c q ! e x  overlapping sequences are the  events  which have shaped t h a t  surface--impacts 

t h a t  throw ovt b l anke t s  of bedded ejecta upor. o l d e r  t e r r a i n ,  and, for l a r g e  p l a a e t s ,  

t he  vo lcan i sa  that b u i l d s  s t r a t i f i e d  f l o u s .  cotes. dvnes a d  the  l ike .  This  con- 

cep t  of d i s c r e t e  mappable u n i t s  occupying s p e c i f i c  s t r a t i g r a p h i c  p o s i t i o n s  is  an 

e s s e n t i a l  r e sea rch  tool; it  reduces the  enormous complexity of a p l a n e t a r y  c r c s t  

t o  comprehensible p ropor t ions ,  and all-s u i rhou t  f ie16 examination much t o  be 

learned about t h e  s t r u c t u r e ,  h i s t o r y ,  acd formative processcs  of a p l a n e t ' s  surface.  

The process  of recognizing t h e  geologic  u n i t s  which compose a p l a n e t  is s t r a i p h t -  

fo rv r rd  i n  p r inc ip l e .  One trics to  block out  u n i t s  -ach of which ic;med. r e l a r i v e  

to i ts  neighboring un i t s , ( a )  by a d i s c r e t e  process .  acd (b) i n  a d i s c r e t e  time in- 

terval. Unity of formative process  is infe -red from a d i s t i n c t i v e  t ex tu re - - r idges ,  

h i l l o c k s ,  lobes, p i t s ,  coqlete  smoothness. e t c . - - t \ a t  occurs  uniformly over  an ex- 

t ens ive  area. or v a r i e s  r e g u l a r l y ,  as i n  a syrmaetr-a1 a r r a y  abaut  a negat ive or 

p o s i t i v e  landform. 

panies  the topographic pa t t e rn .  For example, cra*:r r i m  maLerial, w i t h  i t s  concen- 

t r i c  arcuate h-cb close t o  t h e  crater and r a d i a l  r i d p i  f a r t h e r  o u t ,  probably 

was formed by a single even t ,  ejectio.~ from t h r  cr..ter ( f i g .  la). Othcr types oi 

units include a patch o f  mare or l i g h t  p l a i n ?  with a smcoth s u r f a c e  and uniform 

albedo,  a dome wi th  a n i f o m  r idged t e x t u r e  ( f i p .  l b ) ,  a c l u s t e r  of h i l l s  and cLrrou- 

l i k e  craters having t d i s t i n c t i v e ,  uniform, a32 r e p e t i t i v e  p a t t e r n  ( f i p .  IC) .  and a 

mantle of unifcrm albedo saperposed on d i t e r s e  u i d e r l y i n p  t e r r a i n  ( f i g .  id). The 

uniform or r e g u l a r l y  va ty ing  p a t t e r n  may be broken up by younger units o r  s t r u c -  

t u re s .  so t he t  t he  comolete d i s t r i b u t i o n  o f  t he  u n i t  must be mapped t o  i d e n t i f y  i t  

as a uni t .  One tests the  i ikel ihood of u n i t y  of fo- i t i n n  by a sk ing ,  "Ca:1 d : d t  I 

see be explained by l a c e r a l l y  concinuotis rock b,?dirs?" 

A uniform or r e j p l a r l y  varying -1bedo p a t t e r n  cocPacnly accOm- 

Occe u n i t s  are recognize.*, t h e  procedure of determining t h e i r  ape r c l a t i v e  t o  

t h e i r  neiyhboring u n i t s  is even s imple r ,  a l though i t  is a t  t h e  h e a r t  of the  p e o l w i c  

approach,which i s  e s s e n t i a l l y  h i s t o r i c a l  and d i s t i n c t  f;om t he  approach of many 

o t h e r  sclenc.-=. Th i s  >rocedur-  relies on t he  p r i n c i p l e s  r f  sequence. Because tcmp,r.i l  

r e l a t i o n s  are expressed as tbre -dimensional s p a t i a l  r e k t i o n s ,  t hese  can com.on1v 
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be seen i n  the  areal pa t te r r .  o f  the  u n i t s  and t h e i r  s u r f a c e  contact relations: a 

younger u n i t  over laps  or d a y s  an o l d e r  u n i t ;  t h e  c o n t a c t  of  a younger u n i t  c u t s  

8cross t h e  c o n t a c t  b e w n  tu0 o l d e r  un i t s .  In a c a o n l y  c i t e d  u q l e  th t  c1e.r- 

l y  d a o n s t r 8 t e s  lunar  s t r a t i g r a p h i c  methods ( f ig .  2) ( L  . lhelms, 1970. p. F7-P10): 

C o p e r n i c u s  o b v i a w l y  is youoger than t h e  mare material around it bec8-e its rim 

mterid, s e c d a r y  craters. .ad rays  c r o s s  t h e  mare mteriil i n  an  unbroken p8t-  

tern; on the other had, mre u t e r i a l  f i l l s  and edays .-rchirdcs. and t r u n c a t e s  

t h e  contact betwen its ejecta and t h e  underlying p l a i n s ,  so is y o u q p r  than Arch- 

M e r .  
It is i q o r t a n t  to note tlut t h e  concept t h 8 t  p 8 r t s  of 8 u n i t  fo-d i n  ‘kbout  

chc same way.” is meant i n  very genera l  t e r s :  

f r o r  8 c e n t r a l  source;  or by e w l a c c l e n t  as f l u i d  f l w s  or by viscous  extrusion.  

One may not kllov &ether e j e c t i o n  or e m p l a c e a t  occurred by an w c t  o r  volcrnic 
rclunism. 

s o p h i s t i c a t e d  and a u t i o u s  c-rison of lunar  f e a t u r e s  wi th  terrestrial -logs 

8nd I rbora tory  models (Hutch, 1970, p. 59-62 g i v e s  a list of warnings about  u s e  of 

analogs). Therefore  u n i t s  should always be Papped as o b j e c t i v e l y  as p o s s i b l e  on 

t h e  basis of  reproducib le  p h y s i c a l  criteria. 

t h e  b a s i s  of a geologic  judgement t h a t  i t  has  u n i t y  of o r i g i n  and age. 

origin by e j e c t i o n  of  m a t e r i a l  

Deta i l -  of o r i g i n  and c o q o s i t i o n  I;st avait d i r e c t  e x p l o r a t i o n ,  or 

But each u n i t  is Papped as such on 

X t  should also be emphasized a t  t h i s  p o i n t  t h a t ,  a l though we use  topographic 

char8cteristics more than any o t h e r  proper ty  t o  d e f i n e  u n i t s  ( U i l h e l a s ,  1970, p. 

F6). we a t tempt  t o  map materials, not physiographic forms; t h e  crater rim material, 

not  t h e  c r a t e r ,  uhich is j u s t  a hole. 

may be formed by e r o s i o n  or by sedimentat ion but on t h e  lloon they are probably 

formed by d e p o s i t i o n  of materials ( l a v a  or rock fragments) d o s e  i n t r i n s i c  mobi l i ty  

caused then  t o  assume f l a t  sur faces .  So lunar  mapping is not  geomorphology, but  

r a t h e r  an attempt a t  s t ra t igraphy,even  by its s t r i c t  d e f i n i t i o n  as t h e  s tudy  of  

layered rocks,  a l though few c r o s s  s e c t i o n s  through l a y e r s  can b- observed (Hutch, 

1970, p. 259-261) because of t h e  na ture  of the  Moon i t s e l f .  

And s i m i l a r l y  f o r  p l a i n s ;  on Garth p l a i n s  

The degree of exac tness  achieved i n  i d e n t i f y i n g  units--how “ d i s c r e t e “  t h e  

process  and time i n t e r v a l  of formation--will  vary widely wi th  t h e  c h a r a c t e r  of 

u n i t s  and q u a l i t y  of  a v a i l a b l e  data .  

can probably be appl ied  r e a d i l y  by most s tudents  i n  well photographed, r e l a t i v e l y  

f r e s h  terranes--about l a t e  Imbrian and younger--where t r u e  s t r a t i g r a p h i c  u n i t s  can 

be recognized from t h e i r  primary c h a r a c t e r i s t i c s  such as crater r i m  hummocks, r i d g e s ,  

L r  mpre flow lobes. It is  i n  o l d e r ,  subdued-appearing t e r r a n e s  where t h i s  approach 

encounters  harder  going. 

always v i s i b l e ,  and we may have t o  be conten t  with d e f i n i n g  u n i t s  by superposed 

c r a t e r  populat ions,  e r o s i o n a l  morphology, or o t h e r  secondary c h a r a c t e r i s t i c s - - a  

p r a c t i c e  which is j u s t i f i a b l y  frowned on in terrestrial s t r a t i g r a p h y .  Secondary 

c h a r a c t e r i s t i c s ,  unfor tuna te ly ,  might be equal ly  developed on q u i t e  d i f f e r e n t  u n i t s ,  

which remain undetected;  t h a t  is, we might recognize and map i n  these s i t u a t i o n s  

only physiographic ,  not r o c k - s t r a t i g r a p h i c ,  u n i t s . y  

- 1/ Note added i n  proof:  

The foregoing g u i d e l i n e s  to lunar  mapping 

I n  such t e r r a n e s ,  primary t e x t u r e s  and s u r f a c e s  a r e  not 

Never the less ,  p a r t i a l  s t r a t -  

happened a t  the Descar tes  s i t e  ( f i g .  IC) .  The d i s t i n c t i v e  p i t s  t h a t  c h a r a c t e r -  
i z e  the ”Descar tes- type” u n i t  may be superposed on u n r e l a t e d ,  o l d e r ,  poss ib ly  

Prel iminary Apollo 16 rock ana lyses  suggest that t h i s  

polygenet ic  , terrane.  
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To e l imina te  a l l  in te r ; re t ive  b i a s ,  there  has  been a cont inuing attempt t o  

q u a n t i t i z e  lunar  p r o p e r t i e s  f o r  use i n  hard,  reproducible  u n i t  d e s c r i p t i o n s .  

The most u s e f u l  e a s i l y  measurable property has been albedo. Pohn and Wildey (1970) 

photometr ical ly  d i s t i n g u i s h  20 normal a lbedo s t e p s .  From 5 t o  10 trave been used on 

lunar maps. But on the  1:5,000,OCO-scale near -s ide  map (Wilhelms and NcCauley, 1971) 

only two--dark and l ight--were used. This dichotomy could i n d i c a t e  d bas ic  two- 

fo ld  compositional dichotomy--mafic and f e l s i c .  Other a lbedo s t e p s  may represent  

a d d i t i o n a l  compositional v a r i a t i o n s  or  degree of exposure of f r e s h  rock. In sny 

case ,  a lbedo v a r i a t i o n s  whether f u l l y  understood or n o t ,  can be used t o  h e l p  

c h a r a c t e r i z e  u n i t s .  

Besides a lbedo ,  p o s s i b l e  def in ing  p r o p e r t i e s  include . rmal ( i n f r a r e d )  anomaly 

a t  e c l i p s e ,  c o l o r ,  p o l a r i z a t i o n ,  s lope  c h a r a c t e r i s t i c s  der ived by photogramnetry 

o r  photoclinometry,  and microwave and radar  response a t  var ious  wavelengths (both  Earth- 

Moon and b i s t a t i c ) .  Some of these- -espec ia l ly  i n f r a r e d  and color--have proved in-  

formative, and others--radar--are  beginning t o  appear i n t e r e s t i n g .  But  poss ib ly  

w e  never w i l ?  be a b l e  t o  improve much on q u a l i t a t i v e ,  commonly laborious geoloeic  

mapping based on topographic p r o p e r t i e s  and geometric r e l a t i o n s .  There a r e  too many 

d a t a  t o  treat a u a n t i t a t i v e l y ;  machines can never def ine  u n i t s .  The a u t h o r ' s  opinion 

of t h e  s t r a t i g r a p h i c  u t i l i t y  01 these  p r o p e r t i e s  is very  w e l l  expressed by Mutch 

(1970, p. 58). 

I n  a l l  s c i e n c e ,  one is most a p t  to f i n d  w h a t  he is looking f o r ;  t h a t  i s ,  h i s  

view of h i s  s u b j e c t  matter is colored by the s p e c t a c l e s  he wears. I have been de- 

s c r i b i n g  the  s p e c t a c l e s  t h a t  t h e  Geological  Survey wears dur ing  its lgnar  mapping 

program; they have f i l t e r s  t h a t  pass  mater ia l -geologic  u n i t s ,  and p o l a r i z e r s  t h a t  

s t a c k  the u n i t s  i n  s t r a t l s r a p h i c  sequence where poss ib le .  

have shown these s p e c t a c l e s  t o  be b e t t e r  thar. o t h e r s  ye* tr ied on the Moon, 

because they pass information t h a t  corresponds with the  t r u e  na ture  of the  Moon. 

Other s p e c t a c l e  p r e s c r i p t i o n s  are of C-J lrse p o s s i b l e  but  of such 1 *w t r a n s m i s s i v i t y  

a6 n o t  t o  be e f f i c i e n t  i n  advancing g . , o g i c a l  knowledge i n  an  o r d e r l y  and economi- 

c a l  way. 

We b e l i e v e  t h a t  r e s u l t s  

A Sovie t  grob under Sukhanov (1941), p a r t l y  fol lowing g u i d e l i n e s  e s t a b l i s h e d  

by Khabakov (1962),  a l s o  maps wi th  h i s t o r i c a l  s p e c t a c l e s ,  bu t  th inks  l e s s  i n  terms 

of material u n i t s  and more i n  terms of s r u c t u r e s .  As I understand i t ,  the  Sovie ts  

recognize two kinds of lunar  u n i t s ,  c r a t e r s  and mnria, and b e l i e v e  t h a t  near ly  

everything now seen on the  Moon is  one of t h e s e ,  modified by s t r u c t u r a l  p a t t e r n s  

CO a g r e a t e r  o r  lesser degree. For example, they ,  l i k e  u s ,  recognize t h e  maria 

t 3  be younger than the  Apennine Mountains, but they ,>ol ieve the Apennines t o  b- 

old mare m a t e r i a l  t h a t  has  undergone long, pro t rac ted  deformation by i n t e r n a l  

f o r c e s  ( f i g .  I b ) .  Their  "s t ruc ture"  s p e c t a c l e s  p r e d e s t i n e  t h i s  d i f f e r e n t  COP.  l u -  

s ion. 

Another product ive lunar  e tudent  who wears both h i s t o r i c a l  and enriokrnetic 
_ -  - 1/ (From preceding page.) Th- main reason f o r  o u t r i g h t  r e j e c t i o n ,  s o  f a r .  has been 

f a i l u r e ,  caused by poor s p a t i a l  perccpt ion  o r  s l o p p i n e s s ,  to  t r a n s f e r  shapes tha t  
a r e  c l e a r l y  v i s i b l e  on photographs t o  a map. One could s e t  cp a quick semi-quaa- 
t i t a t i v e  t e s t  f o r  the q u a l i t y  of  a lunar  map: the  amounL cf tlme i t  takes st lnr -  
one, while  looking a t  the  photographs, t o  l o c a t e  a f e a t u r e  on the  map. 
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f i l t e r s  on h i s  s p e c t a c l e s  is t h e  Engl ish astronomer-geologis t  G i l b e r t  F i e l d e r  

( 1965). H i s  fundamental un i formi ta r ian  p o s t u l a t e  is t h e  d i a m e t r i c a l  oppos i te  

of ours: he be l ieves  t h a t  topographi rs l ly  sharp  f e a t u r e s  are o l d .  and subdued 

f e a t u r e s .  young (1965, p. 146-153). Be b e l i e v e s ,  f o r  example, that Stad ius  and 

Archimedes are young c r a t e r s  beginning t o  g r w  up through t h e  s u r f a c e ,  e v e n t u a l l y  

to look l ike  their r i c h l y  d e t a i l e d  ( b u t ,  paradoxica l ly ,  r e l a t i v e l y  uncra te red)  

ne ighbc- Copernicus. 

To reiterate the t h e s i s  of the present  paper i n  t h i s  contex t :  use o f  t h e  

concept of material s t r a t i g r a p h i c  u n i t s  has  led the Survey i n  a d i f f e r e n t  d i r e c -  

t i o n  from the  S o v i e t s  and F i e l d e r ,  and before  them. Shaler .  Spurr .  and von d u l w .  

The i n t e r m : - s t r u c t u r a l  model a l lows each small f e a t u r e  such as a h i l l o c k  or i i d g e  

t o  be i n t e r p r e t e d  ad hoc, whereas our  d e l  u n i f i e s  eany small adjacent  f e a t u r e s  

as look alike, then seeks t h e  explana t ion  of t h i s  u n i t y  i n  layered u n i t s .  The 

resslt i s  a mixed endogenetic and exogenet ic  i n t e r p r e t a t i o n .  

spread calumny, the Survey's r u l i n g  d e 1  is not  impact--as should be obvious f r o c  

the many volcanic  i n t e r p r e t a t i o n s  that appear  on o u r  maps. Impact as an explana- 

t i o n  f o r  mul t i - r ing  bas ins  and many craters is a r r i v e d  at  only  when a reasonable  

mechanism is sought f o r  the  emplacemerrt o f  the  e x t e n s i v e  materials around them 

t h a t  appear  t o  be layered. 

Cpntrary :o a u ide-  

Purpose of Geologic Haps 

A t  t h i s  p o i n t ,  a f t e r  g e n e r a l i z i n g  about  t h e  lunar  and p l a n e t a r y  mapping approach 

and before  d r t a i l i n g  the  methods of c o n s t r u c t i n g  a map, we should pause t o  cons ider  

t h e  purpose of geologic  maps. 

is the  o f f s p r i n g  of terrestrial geologica l  mapping. 

p l a n e t  i f  we remember how we map the  Earth;  and i f  we momentarily f o r g e t  why we 

are mapping a p l a n e t ,  we should r e c a l l  why we map t h e  Earth. 

t o  comnunicate. 

f e a t u r e s  of i n t e r e s t .  so we make maps t o  keep t r a c k  of our  obser.vdcions economically 

and record them i n  t h e i r  proper  geometric r e l a t i o n s .  

organize and c l a s s i f y  t h e  d a t a ,  formulate  and test m u l t i p l e  working hypotheses, 

and f i n a l l y ,  g e n e r a l i z e  n a t u r e ' s  complexi t ies  i n t o  a p o r t r a y a l  t h a t  seems conpis- 

t e n t  wi th  a v a i l a b l e  d a t a  and our accumulated knowledge. 

As has been s t r e s s e d ,  p l a n e t a r y  geologica l  mappiw 

So we w i l l  know how to  map a 

We map t o  l e a r n  and 

For f u l l  u rners tanding ,  we must s tudy  a n  e n t i r e  a r e a ,  not  s e l e c t e d  

By mapping, w e  c o n t i n u a l l y  

A nap must f i l t e r  observa t ions ,  not record a l l  of them; otherwise i t  is not  

u s e f u l  t o  anyone but i ts  author. But i t  must a l s o  show the b a s i s  f o r  t h e  a u t h o r ' s  

g e n e r a l i z a t i o n s ,  so t h a t  o t h e r  workers can t e s t  them a g a i n s t  tne  f a c t s ,  and e i t h e r  

confirm them or modifv them i n  t h e  l i g h t  of  new theory. 

t e n  years  agc should not be superseder; by g l o b a l  p l a t e  t e c t o n i c  theory,  but r a t h e r ,  

should be  the  b a s i s  for t e s t i n g  the theory;  and a lunar  map should do t h e  same f o r ,  

3ay. impact and volcanic  theor ies .  Sc i n  e f f e c t  geologic  maps a r e  the  o b j e c t i v e ,  

t e s t a b l e  records and mcdels of geology and correspond t o  the  graphs and equat ions  

of the experimental  sciences.  

A t e r r e s t r i a l  map made 
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PART 11 

!4ap Uni t s  

A rapper u s u a l l y  f i n d s  that the u n i t s  he has recognized a d  o u t l i n e d  require 

s a e  r e c a s t i n g  when being expressed as WP u n i t s ,  to  mrwe cartographic c l a r i t y  

or s c i e n t i f i c  r igor .  

map uni t s .  

This  s e c t i o n  g ives  some r u l e s  to b e  followed i n  setting up 

W e  should f i r s t  recall t h e  d i f f e r e n t  conceptual  types of u n f t s  IK)Y recognized 

by American s t r a t i g r a p h e r s  (American m i s s i o n  on S t r a t i g r a p h i c  Norenclamre ,  

1970). The d i s t i n c t i o n s  are irportant i n  s e p a r a t i n g  i n t e r p r e t a t i o n  from observs-  

t i o n  and i n  keeping one's logic s t r a i g h t ;  cont inuing  confusion of t h e s e  WS by 

European s t r a t i g r a p h e r s  may iqede their o b j e c t i v e  e v a l u a t i o n  o f  the Noon. 

Code of S t ra t igraph ic  M n c  la t u r e  d is t i ngu i s h e s  betwee n rock-s tra t igraph ic u n i t s  - - 
' : cer ia1  subdiv is ions  of the c r u s t  that are d i s t i n g u i s h e d  s o l e l y  on t h e  b a s i s  of 

l i t h o l o g i c  p r o p e r t i e s ,  and t i r e - E t r a t i g r a p h i c  u n i t s - - r e t e r i a l  u n i t s  which inc lude  

a l l  rocks formed i n  a s p e c i z i c  i n t e r v a l  of tire. 

p r a c t i c a l  rapping  u n i t s  a d  are t h e  basis f o r  d e f i n i n g  t i r e - s t r a t i g r a p h i c  u n i t s .  

A t h i r d  u n i t  is a normaterial subdivis ion-- the g e o l o g i c - t i r e  u n i t ,  which is de- 

f i n e d  i n  t e m  of  t i r e - s t r a t i g r a p h f c  uni t s .  The b a s i c  r o c k - s t r a t i g r a p h i c  u n i t  is 

t h e  formation;  these  are d iv ided  i n t o  d e r s .  a d  coebined i n t o  groups. The 

basic t ime-s t ra t igraphic  u n i t  is the system; these  are d iv ided  i n t o  series, and 

combined inco  t h e  era or e r a t h e e  

are per iods ;  to series, epochs. 'Voper" and "lower" are phys ica l  terms so are 

appl ied  t o  r o c k - s t r a t i g r a p h i c  and t i m e - s t r a t i g r a p h i c  u n i t s ;  "late" and "early" are 
time terms. 

The 

Rock-s t ra t igraphic  u n i t s  are t h e  

Geologic-time u n i t s  chat correspond to systems 

Another type  of u n i t  that now r i g L :  be needed on t h e  Noon is the  soil-strat- 

i g r a p h i c  u n i t ,  which might a ivantageous ly  be used t o  codi fy  r e g o l i t h  k n i t s  (Hutch. 

1970, p. 174-195). 

appl ica t fon .  

Other  types and ranks of Ear th  u n i t s  have w- p r e s e n t  lunar  

The term "lunar  material u n i t "  has been proposed as t h e  liinar p a r a l l e l  to 

t h e  t e r r e s t r i a l  r o c k - s t r a t i g r a p h f c  u n i t  (Wilhelms, 1970,  p. F l l ) .  I t  vas def ined  

as "a subdivfs ion  of the  materials i n  t h e  noon's c r u s t  exposed or expressed a t  t h e  

s u r f a c e  and d i r t f n g u i s h e d  and de l imi ted  on t h e  b a s i s  of p h y s i c a l  c h a r a c t e r i s t i c s . "  

The purpose of d i s t i n g u i s h i n g  lunar  material u n i t s  from r o c k - s t r a t i g r a p h i c  u n i t s  

was to  e q h a s i z e  t h e  f a c t  t h a t  mapped lunar  u n i t s ,  though def ined  by phys ica l  

c h a r a s t e r f s t f c s  l i k e  Ear th  rock u n i t s ,  are not  always n i c e l y  d i s c r e t e ,  t a b u l a r ,  

i n t e r n a l l y  uniform bodles  def ined  by t r u e  prfmary l i t h o l o g f c  c h a r a c t e r i s t i c s .  

That is, lunar  material u n i t s  may be  e i t h e r  t r u e  r o c k - s t r a t i g r a p h i c  u n i t s  or " t e r r a i n  

u n i t s . "  Also,  the word "material" was p r e f e r r e d  over  "rock" because of a vague 

uneasiness  a t  c a l l i n g  t e r r a i n  "rock" and because we knew t h a t  most lunar  u n i t s  

would t u r n  out  t o  be d e h r i s ,  b r e c c i a s .  and o t h e r  crumblv s t u f f .  But a l l  of t h i  

fs s t i l l  rock and not some e x o t i c  e x t r a t e r r e s t r i a l  compound. so t h e  w r d  "rock" 

should perhaps come i n t c  g r e a t e r  use even f o r  photogeologic  u n i t s .  
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Another teem that should be c l e a r l y  uaderstd f s  'bp unit" i t s e l f .  This 

is the un i t  chat is shoun on a mp w i t h  its QW sydol. color, and poettien in thc 

lwx explaastiom. !kp wits m y  be rock-stratigraphic units (loaar laterbl units) 
of amy mmk. or t i re -s t ra t igraphic  units of aoy rank. w i g  on the prgooe a d  

scale of the w. 

p r b c i p l e s  mt forth in the previous seetioms catmot be a ap unit, 
coatilllolls fo~t ioms .  soch as bash ejecta B l a n k e t s ,  ace sooaclps used irdivfd- 

ually as pap units, is the O W I ~  colw prac t i ce  011 Earth, 

formatierrs of irdistioguishable appearance occur in mny separated localities. and 
it i6 e o m e n h n t  to combine all of these as a s iug le  mip d t .  

occurrences of such a mp unit have the same geaeral age ---that is. are assign- 

ed to the - t he - s t r a t fg raph ic  uuit--hat m y  wary in age vitbin t h i s  raw- Ex- 
ogles of such mp units are 'Idrien p la i a s  materiel." a c h  consissts of thous& 

of separate pools of 1-t pla ins  meterial,possibly miog in age from early to 

bte  -rian;Y 
Bar of i d i w f d a s l  you* rayed craters, assigned to the Copernican System. 
Copernican rayed craters are superposed on nearly all other mnterials,  a d  may 

have been Lo& mer the last ha l f  of looar history. 
an exteosive sequeoce. 
rock-stratigrnphic units are t rea ted  similarly. 
d iv ided"  appearing every place on a map where ue d m ' t  understand the geology. 
(Ibis unit m y  also. of course. be  used on small-scale or special-purpose laps that 

1- vel1 uuderstood units.) 

tach lMted body of raterial that the gemlogist has outlined as a unit by the 

Sore l a t e r a l l y  

Very commonly, Bouerer. 

Ibe iDdiv€dual 

a d  "ray-crater material: coosisttng of mater ia l s  of a grea t  ou) 
mse 

So a pap u n i t  can include 
Poorly defined lunar material  units that no one would call 

'Ihus we may have "terra meterial, 

TVO occurrence5 of the same m p  un i t  may be separated by a contact. with the 
younger sbosra overlapping the o lder  (for -le where materials 9f one Copernican 
crater overlap those of aoother); t h i s  is not done 00 terrestrial maps. 

TVO or oore completely superposed un i t s  are col raa ly  recognized (fig.  5). A 

t h in  dark or l i g h t  u n i t  m y  give an area its cha rac t e r i s t i c  albedo, while an uader- 
lying un i t  m y  contribute the dominant topography. 
as materials of tvo craters. may both be expressed topographically. The un i t  that 

is stressed, by being mapped in  co lor ,  should be the un i t  that is most conspicuous 
a t  the scale of mapping beiug used. 
t r fbutes  coaspicuous topographic expression; but i t  may be the t h i n  dark or l i gh t  
un i t  without t o m r a p h i c  expression of its own. 

of an old c r a t e r  i n  the  southern highlands is prmnlnent, and on maps a t  the 
1:5,000,000-scale i t  is the un i t  mapped i n  color. But i f  high-resolutfon photo- 
graphs show t h a t  the rim has a mantled appearance, then various mantling materials 
may be the un i t s  mapped in  co lor  on larger-scale maps based on these photographs. 
Map most conspicuously w h a t  you see most clearly.  

Or tvo superposed un i t s ,  such 

Ordiaar i lp  t h i s  is the youagest un i t  tha t  con- 

A t  low rebolution, the  r i m  material  

Buried un i t s  whose textures can s t i l l  be seen cotmuonly a r e  shown by dotted 

another, Apennine Bench Formation. but t h i s  use of formational nemes is dis- 
copclaring. 

- l /  One group of the p la ins  "formations" has been ca l led  Cayley Formation, and 
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CenLrHcts and symbols i n  parentheses ;  a l t e r n a t i v e l y ,  a n  o v e r p r i n t  p a t t e r n  may be 

used f o r  the cver ly ing  uni t .  Spec ia l  dash-dot sypbols are used f o r  bur ied  c r a t e r  

rin crests where subuni t s  are i n d i s t i n c t .  Buried c o n t a c t s  are drawn a t  t h e  limit 

of Jbserved topographic express ion ,  not a t  the  i n f e r r e d  or p r o j e c t e d  limits. Some 

un'.ts are defined t o  represent  both the  underlying and over ly ing  layers (Mil ton.  

LLiB; Wilhelms, 1970, p. FU) .  Provinces  of q u i t e  d i v e r s e  c o n s r i t u t i o n  can  be 

w pped as u n i t s ,  provided t h e i r  co~pound n a t u r e  is explained f u l l y  and no pre-  

:rise is made that they are t r u e  r o c k - s t r a t i g r a p h i c  u n i t s  (HcCauley and Wilhelms, 

1972). 

Crater material subuni t s  have always played a l a r g e  r a l e  on lunar  geologic  

:*.ips (Wilhelms. 1970, p. F10-F12; Hutch, 1970. p. 165-171). Crater mater ia ls--of  

rim, w a l l ,  f l o o r ,  peak, etc.--=re e x t e n s i v e l y  subdivided,  f o r  o b j e c t i v i t y ,  because 

t:iey look so d i f f e r e n t .  This subdiv is ion  h a s  proved, however, t o  be e x c e s s i v e l y  

I' manding on mapping time and a v a i l a b l e  colors .  

t 1 1- a l l  materials of a crater. Or a onre i n t e r p r e t i v e  two-fold system could 

I > used: 

mation ( b a l l i s t i c  and base-surge e j e c t a )  ; (2) materials s t r u c t u r a l l y  h ighly  deformed 

but  not  disaggregated ( iuer  "Schuppen" r i m  material, w a l l  material, c e n t r a l  peak 

wterial, and some h i l l y  f l o o r  mater ia l ) .  

c r a t e r  (smooth f l o o r  materials and p l a n a r  pools i n  r i m  and w a l l  depressions)  a r e  

usua l ly  mapped .s separate, non-crater  u n i t s ,  a l though formerly some of  t h e s e  

were included as crater materials. 

There is sent iment  ROW, t h e r e f o r e ,  

(1) materials completely disaggregated and r e d i s t r i b u t e d  by crater f o r -  

Materials be l ieved  formed a f t e r  t h e  

Names, Letter Symbols, and Colors 

Each map u n i t  is g iven  a d i s t i n c t i v e  name, le t ter  symbol, and color .  Names 

may be  formal or informal ,  as convenient. Formal names are given  t o  some laterally 

continuous u n i t s ,  such as t h e  Fra  Hauro Formation, t h a t  are almost c e r t a i n l y  t r u e  

r o c k - s t r a t i g r a -  i c  u n i t s .  Formal names may a l s o  be given to  u n i t s  of cnwieldy 

de.-cr  :pt ion t h a t  are of s p e c i a l  s t r a t i g r a p h i c  s i g n i f i c a n c e ,  even though the  geology 

of the  u n i t  is  not  completely understood; an example is the  Alpes Formation. which 

otaer . f ise  might be c a l l e d  ''material forming equidimensional or s l i g h t l y  e longate  

h-mcmcks of l i q h t  albedo." Most u n i t s ,  w e l l  o r  poorly understood,  are now given 

sho:-t d e s c r i p t i v e  informal names, followed by the word m a t e r i a l ( s ) ;  examples a r e  

c r a  :er materials, ram a i te r ia l ,  h i l l y  and furrowed material, and dome mater ia l .  

A l l  iarles a r e  ob- t i v e ,  not i n t e r p r e t i v e - - " c r a t e r  rim material," not  "impact 

e j e c t a '  or 9':anic rocks." 

The *bo1 f o r  a lunar  map u n i t ,  l ike  i t s  terrestrial c o u n t e r p a r t ,  c - m i s t s  

of an ':breviation of the  system t o  which t h e  u n i t  is assigned ( c a p i t a l  l e t t e r )  

a i d  I abbrevia t ion  of the  formal or informal name ( lowercase l e t t e r s ) .  Units  

t:.,t may belong with equal  l ike l ihood t o  e i t h e r  of two systems or any of t h r e e  a r e  

given tko c a p i t a l  l e t t e r s  represent ing  the  p o s s i b l e  range (youngest f i r s t ) .  I f  

the  age of a u n i t  is unknown o r  only  approximately 'riiown, c a p i t a l  l e t t e r s  may be 

oinittec!. The J r d e r  of lower-case l e t t e r s ,  where p o s s i b l e ,  should be: noun o r  

format :o- j i r s t ,  a d j e c t i v e  o r  member second, submember th i rd .  

(fori-a-ion); I c r ,  c r a t e r  I f m  m a t e r i a l  (member); I c r h ,  c r a t e r  rim m a t e r i a l ,  

IC, c r a t e r  m a t e r i a l  
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- hunmocky (sub-member). 

may come f i r s t ,  e s p e c i a l l y  to avoid ambiguity: 

The reason f o r  each letter i n  t h e  symbol must be apparent  from t h e  name; you cannot 

l a b e l  ' b i l l y  material" E r  because i t  h c ~ p e n s  t o  be rough. 

name need not  be abbrevia ted  i n  the  symbol; h i l l y  and p i t t e d  material (of  Imbrian 

age) can be abbreviated I h  i f  t h e r e  is no ambiguity wi th  o t h e r  %" u n i t s ;  b u t  if 

you also have t h e  Hevelius Formation, you must l a b e l  t h e  Hevelius I h e ;  or l a b e l  

i t  I h  and l a b e l  t n e  h i l l y  and p i t t e d  material Ihp. I n  o t h e r  words, symbols should 

have the  minimum number of letters t o  be unambiguous. A maximum of  f o u r  letters 

may be i n  t h e  symbol; PI counts  as one; h.11 o t h e r  combinations count as two (CE, 

€1, etc.). 

Where t h e  modif ier  is a n  i n t e g r a l  p a r t  of t h e  name, i t  

p I s t ,  s t r u c t u r e d  cerra material. 

But a l l  words of t h e  

Use letters i n  preference  t o  n d e r s  where possible .  When u n i t s  are numbered, 

h igher  numbers r e f e r  t o  younger u n i t s  ( 1 5  is younger than Im,). 

a l l  letters, because they r e f e r  t o  the  whole u n i t ,  no t  t h e  b a s i c  format iona l  u n i t  

( p I c r 2 ,  not PIC r). 

"mare material," not  "Im." I f  yor; must use  symbols i n  t e x t ,  say  "uni t  Im." Symbols 

are newly def ined on each map's explana t ion ;  symbols f o r  the  same u n i t  may there-  

f o r e  vary from map t o  map, bu t  w e  have t r i e d  t o  keep them as uniform as poss ib le .  

Numbers fo l low 

2 
I n  a l l  text material, the  Suraey p r e f e r s  t o  r e f e r  to u n i t s  by name, n o t  symbol-- 

Symbols which are quer ied  on t h e  map should always be explained e x p l i c i t l y .  

'Queried where doubt fu l"  is not  good enough; say ,  "queried where could be Erathos- 

thenian" o r  "queried where could be u n i t  x." 

each one must be d r a f t e d  on a f i n a l  map. 

depar tures  from t h e  def ined  meaning of t h e  symbol, no t  j u s t  s l i g h t  u n c e r t a i n t y  as 

t o  whether you have mapped c o r r e c t l y .  

Be s p a r i n g  i n  t h e  use of q u e r i e s ;  

Convey only  important  doubts--probable 

Colors  are ass igned  t o  associate l i k e  u n i t s  and d i s a s s o c i a t e  u n l i k e  u n i t s .  

In tense  c o l o r s  are used f o r  small pa tches ,  weaker c o l o r s  f o r  large.  The p r a c t i c e  

of using s t r o n g l y  c o n t r a s t i n g  c o l o r s  f o r  ad jacent  beds,  which seems t o  be preva len t  

i n  terrestrial maps of t h e  Survey, h a s  not  been followed on lunar  maps i n  d e f e r -  

ence t o  the  a s s o c i a t i o n  p r i n c i p l e .  The a t tempt  is made to express  both rock- 

s t r a t i g r a p h i c  and t i m e - s t r a t i g r a p h i c  r e l a t i o n s .  Age is u s u a l l y  shown more o r  

less s p e c t r a l l y ,  c o l o r s  tona..d t h e  red f o r  young u n i t s ,  toward t h e  v i o l e t  f o r  

o l d e r ;  o l d e s t  (pre-Imbrian) u n i t s  are brown. 

shown by v a r i a t i o n s  of t h e  b a s i c  colors--muddy o r  mixed v e r s u s  pure. 

v a r i a t i o n s  of a type of u n i t  are 

Line Symbols 

A mapper should s e p a r a t e  m a t e r i a l s  and s t r u c t u r e s  c l e a r l y  i n  h i s  mind. M3te- 

r ia ls  a r e  mapped i n  c o l o r ,  s t r u c t u r e s  wi th  black l i n e s .  

tu res  a r e  shown in c o l o r  f o r  one purpose o r  anot l ier ,  should be c l e a r l y  l a b e l l e d  

f o r  what they are. (We went through an e a r l y  trauma i n  dec id ing  whether r i l les  

should be shown as s t r u c t u r e s  o r  geologic  u n i t s ;  consensus was soon reached t h a t  

l i n e a r  r i l les  are s t r u c t u r e s  (graben) ,  and t h a t  r i l l es  with cha in  c r a t e r s  are 
materials; but sinuous r i l les cont inue t o  be shown both ways.) 

Except ions,  where s t r u c -  
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Line symbols used on lunar maps follow t e r r e s t r i a l  precedent as f a r  as 
possible,  with some addi t iona l  spec ia l  ones fo r  the Moon. 
l i n e  symbols except completely closed ones, such as those f o r  crater rim crests, are 
drawn s t r a igh t ;  appurtenances, such as barbs, are drawn on top of the  line. There 
is general consistency i n  s t y l e  of symbol and wording of the explanation from map 
t o  map, but not s l av i sh  uniformity. 
h i s  purpose and describe them i n  accord with h i s  geology and h i s  interpretations.  
The only uncnanging requirements are c l a r i t y  and appropriateness; the idea is to 

describe w h a t  you did. 

I n  explanations, a l l  

One must always use symbols appropriate t o  

Contacts are the  thinnest  l i nes  on a map. Draw a l l  o ther  symbols with heavier 
l i n e  weights. 

Structures.--The use of f a u l t  symbols should be kept  to  a minimum; many -- 
s t r a i g h t  fea tures  t h a t  looked l i k e  f a u l t s  on telescopic photographs are seen on 
b e t t e r  photographs t o  be coincidental  l! war--and even q u i t e  non-linear--arrange- 
ments of o ther  features. 
f o r  a sharp graben. 
f a u l t s  do not  o rd ina r i ly  form contacts between units.  
t rea ted  t o  an  unknown degree, may form some contacts by r e s t r i c t i n g  the  lateral 

ex ten t  of post-fault ing mater ia l ,  so the f a u l t  symbol on maps includes such scarps. 
Faul t s  should be drawn where the projection of the  f a u l t  i n t e r sec t s  the land sur- 
face. 

ssInferred" f a u l t  is usua l ly  better--though unnecessary 
I n  the absence of removal or s t r ipp ing  of material by erosion, 

However, f a u l t  scarps,  re- 

A lineament is a negative fea ture ,  not an alinement of separated fea tures  ( t o  

avoid unwarranted connection of unrelated objects). 
are shown by a dash-cross-dash symbol. 

Long, narrow p o s i t i v e  fea tures  

Dashes.--Dashed contacts are commonly overused. Dashes are expensive t o  - 
d r a f t  and leave unat t rac t ive  white spaces. 
something of i n t e r e s t  to  the reader,  not t o  express the  personal i ty  of the  mapper; 
that is, they should express a degree of doubt, not laziness o r  the f a c t  tha t  the 
mapper doubts everything. If a l l  contacts are gradational,  t h i s  f a c t  should be ex- 
pressed by & blanket note,  not dashes. When a mapper draws a l i ne ,  he is not say- 
ing tha t  everything within it is exac t ly  the  same, but only d i f f e r e n t  from what is  

outside,  t o  a degree of accuracy ca l led  f o r  by the  scale and purpose of the map. 
Dashes should be used primarily where the photography is exceptionally poor o r  the 
contacts espec ia l ly  ind i s t inc t  o r  espec ia l ly  gradational. 
even where you are not completely su re  of location within a couple of millimeters 
( 1  mn = 1 km a t  ~ : ~ , O O O , O O O  scale).  Y 

Both lunar and t e r r e s t r i a l  maps of the Survey have distinguished d i f f e ren t  
kinds of doubt by d i f f e ren t  dash lengths--long f o r  approximately located, shor t  
f o r  inferred o r  gradational,  etc. We have found t h i s  tiresome and most authors of 
lunar maps now use only long dashes. 

They should be used only to  convey 

So t r y  t o  use so l id  l i nes ,  

A reasonable prac t ice  on cross sec t ions  is: so l id  contacts where only thick- 
ness o r  pos i t ion ,  not presence, of a u n i t  is in  doubt; dashed contacts where the 
- 1/ Note added in  proof: New Survey policy, probably based on considerations l i ke  

these, is tha t  dashes w i l l  be draf ted  by BTI only when absolutely necessary. 
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presence of a un i t  a t  tha t  location is inferred. Where hardly anything is known, 
o r  where a un i t  grades with the basement, a sc ra t ch  boundary is used; t ha t  i s ,  a 
co lor  boundary without a black l i n e  ( ind ica t c  your d e s i r e  f o r  t h i s  type of contact 
by writ lng the word "scratch" on your manuscript). 

Format 
The bes t  way t o  learn  the format tha t  has been used f o r  lunar geologic maps 

is t o  study some of the  maps, but some s a l i e n t  po in ts  should be mentioned f i r s t .  
The format is based on long-standing U.S. Geological Survey practice.  

Items on the map sheet (fig.  6) are (1) the map, (2) u n i t  explanation ( t o  
r igh t  of map), (3) structure-symbol and undated-unit explanation (below u n i t  ex- 
planation o r  map), (4) scale (below map), (5) cross sec t ion  (below scale) , (6) t i t l e ,  

author and da te  (below everything), (7) organization note (upper l e f t  comer of  map), 
(8) cooperation note (above map and centered on shee t ) ,  ( 9 )  c r e d i t  no te  and da ta  
sources (lower r i g h t  corner of map) , (10) notes on base (lower l e f t  corner of map; 
or l e f t  s i d e  of map i f  extensive, as on a l l  1:1,000,000-series maps), (11) text 

( l e f t  o f  map unless an extensive base note is there),  (12) loca t ion  of map area 
(anyvhere) , and ( 13) photographic index map (anywhere). 

As discussed in  the following sec t ion ,  d e t a i l s  o f  t h i s  format w i l l  be changed 
f o r  maps submitted f o r  publication from now on. 
only with the new format f o r  the box explanation. 

The geologis t  need concern himself 

ExplanatLon 
Layout.--A geologic map explanation should show the  age r e l a t ions  among the 

geologic un i t s  on the  accompanyink map, and should describe the un i t s  o r  r e f e r  
t o  descr ip t ions  ava i lab le  elsewhere i n  the  map package (margins or pamphlet) or i n  
other l i t e r a tu re .  
its map symbol. 
the youngest a t  the top. To show some broad descr ip t ive  c l a s s i f i c a t i o n  o r  geographic 
subdivision, there  may be more than one v e r t i c a l  column of boxes, fo r  example, separ- 
ate columns fo r  crater materials, mare materials, and terra materials, o r  fo r  a 

mare province and a terra province. 

Each map u n i t  is represented by a box, usua l ly  colored, containing 
To s h o w  age r e l a t ions ,  these boxes are arranged i n  chronologjc order ,  

The Survey is curren t ly  (mid-1972) changing the format f o r  map explanations. 
Formerly, on nearly a l l  lunar maps, age r e l a t ions  and descr ip t ions  were shown by a 
s ing le  a r ray  c f  boxes ( f ig .  6). Unit t i t l es  appeared beneath the  boxes, and t ex t  
descr ip t ions  beneath the t i t l e s .  
by  braces. 
t e ly  ( f ig .  7 ) .  In the upper pa r t  of the shee t ,  the  age r e l a t ions  are shown by the 
arrangement of colored boxes, each containing a map symbol as usua l ,  but without a 

t i t l e  or other words outside the box. 
pa r t ly  by v e r t i c a l  overlap of rectangular boxes. 
u n i t s  shoul4 not touch; those tha t  designate subdivisions of a map a n i t  may touch. 
System 3,id series names a re  wr i t ten  horizontally and the i r  braces a r e  t o  the r igh t  
of a l l  boxes ( s e r i e s  braces formerly were on the l e f t ) ;  these names should read 

Overlapping o r  uncertain age r e l a t ions  were shown 
On present Survey mps, age r e l a t ions  and descr ip t ions  a r e  shown separa- 

Age r e l a t ions  are shown p a r t l y  by braces en5 
Boxes tha t  designate d i sc re t e  map 
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Imbr ian 

IIIBRIAN SYSTEM 

PRE-IMBRIAN 

DESCRIPTION OF MAP UNITS 

WTERIAL OF RAY CRATERS 
Comments as required 

R I M  WTEBIAL 
Characteris t i c s  
Interpretation 

WAU WTERIAL 
Charac teria t i c s  
Interpre ta t ion 

M U E  WrERIAL 
Charac ter is tics 
Interpretation 

CRATER MATEBW 
Character i a  tics 
Interpretation 

CRI\TER HILTERW 
Characteristics 
Interpretat ion 

TERRA MATKRIAL 
characteristics 
Interpretat ion 

TERRA MATERIAL 
Charac ter is  t ic  s 
Interpretat ion 

Figure 7 . - -New U.S. Geological Survey map-explanation format. 
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from youngest t o  o ldes t  (ages formerly read from oldest  t o  youngest, opposite from 
the order of letters in  the map symbol). Ent i re ly  below t h i s  a r ray  is a second 
ar ray  f o r  the un i t  names and descriptions.  The colored boxes with the map symbol 
are repeated, but a l l  are placed in  a s ing le  v e r t i c a l  column. Box t i t l e s  are t o  
the r i g h t  of  these boxes, and descr ip t ive  material  starts to the r i g h t  of the t i t l e s  

and continues indented below. In  both the cor re la t ion  a r ray  and the descr ip t ion  
a r ray ,  colored boxes should be placed as c lose  t o  the map as possible,  i n  order 
to u t i l i z e  new e lec t ronic  color-scanning devices that have a l imited reach. Be- 

cause d e t a i l s  o f  the new format are s t i l l  being worked ou t ,  i t  w i l l  not be de- 
scribed i n  d e t a i l  here;  a supplement w i l l  be sen t  later t o  r ec ip i en t s  of t h i s  
manual. 

Unit descriptions.--After the box t i t l e  is a paragraph on physical character-  
i s t i c s ,  followed by one on genetic in te rpre ta t ions ,  which must be c l e a r l y  separated 
from the  cha rac t e r i s t i c s ,  though of crurse based on them. ("Characterist ics" 
has come t o  mean "description," not the s t r i c t  l i s t  of defining proper t ies  implied 
by the word "characteris tics. ") 

For each major and new map un i t ,  a type area, i n  which the u n i t  is most d i s -  
t i nc t ive ,  and i f  possible,  where contact r e l a t ions  are c l ea re s t ,  should be given 
in  the "characterist ics" paragraph; fo r  newly named formal un i t s ,  the "should" 
becomes a "must." 
possess most of the cha rac t e r i s t i c s  of the type area. Definit ions of new u n i t s  
should follow the Code of S t ra t igraphic  Nomenclature, with allowances f o r  lunar 
differences,  and must include announcement of in ten t  t o  e s t ab l i sh  a new name, 
bounding coordinates and descr ip t ion  of type area, Specification of the name- 
giving geographic fea ture ,  and r e l a t ion  t o  subjacent and superjacent units. 
(Defining a new formal un i t  is a weighty matter t h a t  should be undertaken only 
when a widespread s t r a t ig raph ica l ly  important u n i t  requires a name fo r  convenient 
reference. ) 

To be correlated with t h i s  occurrence, o ther  occurrences must 

In the explanatory mater ia l ,  use a telegraphic s t y l e ,  and pa r t i cu la r ly  avoid 
not,  "The u n i t  is of  high albedo and has a r t i c l e s  and forms of t he  verb "to be": 

a rugged o r  pa r t ly  smooth topographic expression," but #'High albedo; rugged o r  
pa r t ly  smooth." In  long descr ip t ions ,  group similar cha rac t e r i s t i c s  i n  sentences-- 
albedo in  one, topography i n  another, d i s t r ibu t ion  i n  another, etc. Elements 
of these sentences can be separated by semicolons. 
does not  put a period o r  any other punctuation a t  the end of an explanation 
paragraph, even i f  the paragraph includes sentences t h a t  do have periods. 

For some reason, the Survey 

Keep the explanation as shor t  as possible,  and shoot fo r  a 3,000-word l i m i t  

on tex t  mter ia l  (complete-sentence prose). 
f an ta s t i ca l ly  expensive. 

The stick-up type used on maps is 

Material t o  Submit 
The following materials are required from an  author when he submits a map t o  

the Survey: 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 
9.  

10. 
11. 

Stable-base copy of or ig ina l  d ra f t ing  i n  ink. The base must be translucent;  
i t  is normally a p l a s t i c  such as cronaflex o r  mylar, preferably about .004" 
th ick  ( th i cke r  sheets produce poor copies, thinner ones are insu f f i c i en t ly  
scale-stable). The r e l i e f  base (imprinted photomechanically on the p l a s t i c )  
must not be i n  black, or i t  w i l l  i n t e r f e re  with the black geology l ines  when 
the two together are copied photomechanically onto the scribecoat t o  be 
scribed; we have always used brown. The bes t  s t r a t egy  is t o  imprint the 
base on the back of a double-frosted s!.eet ( " l e f t  reading") and d r a f t  on the 
f ron t ,  so t ha t  erasures do not a f f e c t  the base. 
A separate shee t  fo r  overlays such as ray pa t t e rn  and dark mantling material. 
(Note: some authors,  i f  they an t i c ipa t e  numerous changes, compile letter 

symbols and l i nes  on separa te  shee ts ;  but t h i s  makes ozaliding d i f f i c u l t ,  
SO combine symbols and l i n e s  before submission.) 
A completely accurate colored oza l id  of the map. This is ca l led  the "mi l l  
copy" and, a f t e r  approval by the Director, is used by the Branch of Tech- 
n i c a l  I l l u s t r a t ions  (BTI) as t h e i r  d ra f t ing  guide; i t  even supersedes the 

author 's  o r ig ina l  stable-base inked copy. 
Text: 
obtainable :rum the Survey (u l t imate ly  the  General Services Administration). 
Explanation: two possible format:. : 
a. 
b. Single-spaced copy on a s ingle  la rge  sheet of paper, layed out i n  cor rec t  

double-spaced typed copy, preferably on 25-line manuscript paper 

Double-spaced typed copy l i k e  the  text. 

format. 
descr ip t icns  are c l a r i f i ed ;  but i t  is more d i f f i c u l t  t o  construct t h i s  
la rge  shee t  than the  page-sized package.) 

( I  prefer  t h i s  style because format and inconsistencies among un i t  

Colored explanation layout, i f  not i n  the form of 5b. 
Marginal notes,  index maps, etc. ( see  sec t ion  on format). 
Cross sec t ion  (optional)--stable base. 
Cross sec t ion  (optional)  --colored oza l id  m i l l  copy.2' 
Duplicate uncolored copies of map, cross sec t ion ,  t e x t ,  and explanation. 
And of course, save a copy of everything yourself. 
reference i n  telephone discussions with reviewers; and the mails do lose 
things. 

You w i l l  need these for 

Note: 
I n  draf t ing ,  BTI w i l l  l abe l  only as many patches as i t  believes necessary, because 
the color of a pubiished map carries most of the  story.  This point is commonly 
not understood by authors when they check co lor  proofs; they waste a l o t  of t i m e  

pointing out  missing Labels. 

On a l l  material the  author submits, he must labe l  every patch of every unit. 

DO'S and Don't 's 
i >llowing is a l is t  of guidelines tha t  w i l l  help you prepare b e t t e r  maps. 

You should consider t h i s  l i s t  and the Ones tha t  follow i n  a l l  s tages  of your 

T A l t h o u g h  not always included with the f i n a l  map package, cross sections (Survey 
ed i to r s  c a l l  them "geologic sections") should always be drawn, as In t e r res -  
tr ial  geology, to  test the map relations.  
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mapping--befnre. during, and a f t e r .  
c l iches ,  b u t  a r e  derived from observations made repeatedly in t t e  caurse of re- 

viewing and ed i t i ng  lunar maps. 

The l i s t ed  items a re  not supposed t o  be 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Make a reconnaissance of the whole area before s t a r t i n g ,  and decide tenta- 
t i ve ly  on un i t s ;  I do th i s  by making T. nearly complete map in pencil  on 

a paper copy of the base, before committing ink t o  a stable-scale copy 
of the base. This reconnaissance is necessary fo r  in te rna l  consistency. 
Lay out and wr i te  the explanation while mapping--not a f te r .  
Watch embayment re la t ions ;  a t  a t r i p l e  point,  the contact of the youngest 
un i t  is the continuous one; tha t  is, the contact between the two older un i t s  
must terminate abruptly a t  the young one. 
Remember tha t  you are mapping mater ia l s ,  not topoqraphic forms. This means, 
fo r  example, tha t  the  contact bounding matertals of a c r a t e r  must be di-awn 
not a t  the rim c r e s t ,  but a t  the outer l i m i t  of deposits thought t o  t e  
.associated with t h e  crater; these w i l l  commonly be expressed only a s  
slope having no d i s t inc t ive  topographic texture. ( i f  in doubt what to  
map i n  an old c r a t e r ,  look at a young cra te r . )  
In draf t ing ,  remember t h a t  you a r e  communicating both to  other geologists 
and to  draftsmen who know no geology. 
You must color out your own map a f t e r  you think you a r e  f in i shed;  
you w i l l  catch dozens o r  hundreds of errors.  
Compare and discuss the geology on your map with authors of adjoining maps; 
resolve a l l  major conf l ic t s .  
bring the compromise tha t  is essen t i a l  fo r  consistent portrayal. 

This w i l l  both c l a r i f y  your mapping and 

O r  t o  put i t  negatfvely, following is  a p a r t i a l  l i s t  of e r ro r s  tt.at keep 
cropping up on lunar naps. 
I. 

2. 

3. 

4. 
5. 

6. 

7. 

Inconsistency between map and explanation in  the following respects : 
a. Units shown on one but not the other. 
b. Different un i t  and s t ruc tu re  symbols (commonly caused - y  a 

change of mind during mapping tha t  is  not completely incorporated). 
c. Age re la t ions  as shown in  explanation d i f f e r ing  from those shown 

on map by the  overlap and embayment relations.  
Units not f u l l y  or accurately described in  explanatfon (usu6lly because 
of being copied from other maps o r  wr i t t en  a f t e r  completion of the mapping). 
Conclusion drawn in  in te rpre ta t ion  paragraph from re l a t ions  not mentioned 
i n  cha rac t e r i s t i c s ;  or significance of a cha rac t e r i s t i c  not s t a t ed  i n  

in te rpre ta t ion  paragraph. 
Reason fo r  age assignment not stated.  
Inconsistency between map and cross sectLon. 
Urieven portrayal i n  d i f f e r e n t  pa r t s  of the map (commonly caused by t ry ing  
to  map too much d e t a i l  ea r ly  i n  a projcct,then giving up). 
Too much a t t en t ion  t o  2 i rcu lar  c r a t e r s  and the i r  subdivisiol:s, and too 
l i t t l e  to  i r regular  c r a t e r s  and non-crater units. 
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8. 

9. 

10. 

11. 

12. 

13. 
14. 
15. 

16. 
17. 

Incompleteness ("leave i t  to  the reviewer to fix:'). 
Ambiguous layout of un i t s  i n  the explanation (very common). 
Confusion between contacts and s t ruc tu ra l  symbols, espec ia l ly  between 
dashed contacts snd lmeaments, and where f a u l t  and scarp symbols are 

a t  contacts. 
Lines not closed of:. 
Joins between l ines  made in  the space between dashes ra ther  than on a dash 
(how can the draftsman t e l l  where t o  close the l ine?).  

Units without symbols. 
Overprints of symbols and lines. 
Ind i s t inc t  leaders ( sho r t  l ines  f r r s  l e t t c r  symbol t o  u n i t ) ,  including 
confusion with contacts and s t ruc tures .  
Ambiguous dash length. 
Queried un i t s  on the map tha t  are not explained i n  the explanation (always 
must say "queried where could be younger" o r  some oth,-r spec i f i c  reason 
f o r  que ry inp -no t  j u s t ,  "queried where doubtful"--thougi you may say t h i s  
f o r  s t ruc tures  and contacts). 
And as another way of describing e r ro r s ,  I l is t  below two, equally wrong, 

extremes--because we beek happy mediums. 

ONE EXTREME 
Excessive s p l i t t i n g  of u id t s  tha t  ob- 
scures the b ig  picture.  

Excesbively contorted l ine drawing 
tha t  (while accurate) crowds the map 
and obscures the  ove ra l l  relations.  

Too-careful, time-consuming l i n e  draw- 
ing. 

Excessive expression of doubt and quali-  
f ica t ion ;  f o r  example, ignoring the 
grea t  l ikelihood that c r a t e r s  l i k e  
Tycho are of impact origin. 

Too deta i led  or too far-out new idr - 
more a por t raya l  of the mind than the  
Moon. 

Overinterpretation tha t  causes contacts 
to  cross objec t ive  boundaries o r  t o  be 
drawn where no d i f fe rences  occur. 

Leroy or other time-consuming template 
le t t D r  ing. 

Recalculating posit ions and ignoring 
the base. 

THE OTHER 

Excessive lumping t h a t  ignores s i g n i f i -  
cant differences. 

Excessive "cartooning" tha t  ignores s ign i f -  
i can t  de t a i l .  

Sloppy l i n e  drawing. 

Insuf f ic ien t  expression of doubt and qua l i -  
f i ca t ion ;  f o r  example, assuming tha t  a l l  
c r a t e r s  are of impact origin.  

Too feis new ideas--just  another map sheet 
l i ke  a l l  others. 

Underinterpretation t h a t  r e su l t s  in  an  
"objective" t e r r a in  map. 

Unreadable symbols ( too  f a i n t ,  too non- 
standard, o r  too sloppy) . 
Attempts t o  match base where the base is 
very inaccurate. 

Compl'te re-invention of the wheel ( r e -  
sultr.ig from poor scholarship). 

Copying other maps. 
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Oh2 mRmE THE O n t E R  

Not thinking of implications of the Developing own set of  comp1etel.r new COY- 

symbols and conventions fo r  un i t s  and ventions. 
s truc turee. 

Repeating a l l  .raterial b-itueen tex t  and No t ie .  or inconsistencies 
explanation ( t h e  t ex t  s h m l d  runmarire 
tnd h l t  the  highlights;  the explanation 
is a dictionary). 

Cuing back t o  f i r s t  p r inr ip les  (needed 
once, but no longer). gmiog is ts. 

Extensrve l ist  of characteristics tha t  Brief list of un i t  cha rac t e r i s t i c s  that 
conveys no mental p ic ture  (especially.  
a l i s t  contrived to f i t  a tortuous in- 
tnrnre t ive maze). 

between t e x t  
and explanation 

Addressing work only to other lunar 

conveys no mental picture. 

Reviewing and Editing 

ing of  manuscripts.Y This process necessarily de l rys  the publication of manu- 
sc r ip t s ,  but u s i a l l y  improves them. ; a a r  maps, i n  par t icu lar ,  have gone through 
an agonizingly long period of examination and reworking--particularly the  bad 
ones, but a l s o  the  good ones, fo r  we have t r i e d  hard to maintain consistency and 
achieve c l a r i t y  i n  the face of continuing scepticism about the v a l i d i t y  of our 
product. 
a to r s ,  1 believe it had to  be done. When you have finished a job, a l l  the time 
you have spent on i t  is largely forgotten; but the map remains there  forever with 
your name on i t ,  and the name of your organization. 

The Survey b . a long t r ed i t i on  of thorough reviewing, ed i t ing .  and rework- 

Althougk the job has not been pleasant for reviewers or mapping coordin- 

For lunar maps, the  Survey review and e d i t  process is  as follows: (1) Branch 
Chief's approval of authors' ip ,  t i t l e ,  and scope; (2) coordinator 's  check of u n i t s  
and P o - a t ;  (3) a t  least two technical reviews, preferably sequential  with author 's  
a l t e r a t ions  i n  between, but sometimes necessarily simu!taneous; (I) coordinator 's  
and Lunar Geologic Names (Standards) Cornittee f i n a l  check; ( 5 )  Branch Chief's 
review; (6) Technical Reports Unit (TRU) edit of map and (usually) e d i t  of 
tex t ;  (7)  Survey Geologic Names Committee's check; ( 8 )  Direc tor ' s  approval (seldom 
any changes; sometimes de le t ion  of excess material) ; ( 9 )  t ransmi t ta l  t o  Branch 
of Technical I l l u s t r a t ions  (BTI), a t  which time a l l  changes must cease or be 
charged monetarily against  the author 's  project .  
papers, bu l l e t in s .  and outside publications),  an addi t iona l  exasperating s t e p  
comes after approval: 
Book reports thus go through two independent m i l l s - - T R U  (Geologic Divisicn) and 
Branch of Texts (Publications Division). 
BMR) p r in t s  maps; the Government Printing Office (GPO) pr in t s  book reports.2' 

For book reports (professional 

Branch of Texts e d i t  and preparation f o r  the r r in t e r .  

Tbe Survey (Branch of Map Reproduction-- 

I /  Reviewing means technical reviewing fo r  content and organization by a colleague; 
ed i t ing  mehns checking fo r  mechanical defec ts ,  spe l l ing ,  gramnar, format, and 
departure from standards. - 2/  Additional information on Survey prac t ice  and standards is contained in  the manual 
"Sugpestions to  Authors of the Reports of the United S ta t e s  Geological Survey" 
(U.S. Geol. S:wey, 1958). 
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Technical reviewing is probably the most ioportant s t e p  in  t h i s  rill. Not 
even the best  author can coaarnicate per fec t ly  to  a reader, because he can never 
put himself comle te ly  i n  the reader 's  place; there is always s o r t h i n g  the author 
knows that he subconscfously a s s m s  the reader knous, but doesn't. Also,  authors 
a r e  seldom consistent throughout the whole rap.  t ex t .  and explanation. For bad 
mappers or writers. of course, the review process w i l l  i lluminate even worse short-  
comings. So I cannot emphasize s t m q l y  enough the importance of thorough reviews. 
A review of a map is a mjor job; it should take several  days. 
be complete unless the revieuer colors out the map himself uh i l e  examining the 

photographs upon which the rap was based. 
between photos, map, and explanatioa, So i f  you are going t o  uadertake a planetary 
[or any) wnp, you mast be prepared t o  r e  i e w  heavily and be reviewal heavily. 
Dividends are inorovereat of your oya rap by colleagues' reviews, and improvemat 
of your 0v1l mapping by your review of other  maps; you learn both the geology o f  

other areas and t te  techniques of other workers. 

A review w i l l  not 

H e  mst constantly go back and fo r th  

Review c o p e n t s  should be he lpfu l ,  not cons i s t  of query marks or sa rcas t i c  
c-nts. 
he would have expressed himself d i f f e ren t ly ;  so te l l  him your objection spec t f ica l ly .  

I f  the author thought he uas wrong or uas not c-nicating, presumably 

C-nts on oaps, including color proofs, are t o  be wr i t t en  i n  the margins. 
with leaders in tu  the body of the map pointing c l ea r ly  to the place in  question. 

A l l  cocments by reviewers must be responded to ,  either by accepting them or 

r e j ec t ing  them i n  writ ing,  usuaily in  notes next t o  the o r ig ina l  caauent. 
And f ina l ly ,  the f a s t e r  you turn to  the review job  when it  is given you, 

the f a s t e r  the map w i l l  be published. 
Survey's reputation for delayed publication. 
Survey ru l e  that when one receibes a review job, he drops a l l  other work. 

Slow reviews are the biggest reason for the 
Because of t h i s ,  i t  is now a general 
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PART IT1 

HISTORY OF THE 1T.S. GEOLOGICAL SURVEY LUNAR GMmfC WPING PWRAN 

Before the space age begar. i n  1957, eOst inves t iga tors  concentrated on topi-  
cal s tud ies  of selected lunar fea tures  ( c r a t e r s ,  lineament pa t te ras .  etc.) f o r  
the purpose of deducing t h e i r  o r ig in .  or confirming a prejudice f o r  e i t h e r  ex- 
c lus ive  impact or exclusive v o k a n i c  o r i g i n  of lunar features. 
s tud ies  were perfcrmed, including extensive ones by people with a b ias  f o r  in- 
term1 or ig in  (Shaler. Spurr. von BGlou, !Chabakov), and less e labora te  ones by 
those favoring impact or mixed o r ig ins  (Gi lber t .  Baldwin, Kuiper)$' Feu lunar 
student2 looked sys t eaa t t ca l ly  f o r  s t r a t ig raph ic  sequences ir. lunar rocks, and 
a h s t  a l l  thought i n  LOZS of physiographic forms (craters) not materials 

( c r a t e r  r i m  materials). What was  lacking was a syscesacic,  :tr:*'oraohicallv- 
based geologic mapping e f f o r t  t h a t  incorporated as strict a separation of in te r -  
p re t a t ion  and observation as possible;  t h i s  c d i n a t i o n  has been the  char te r  of 
the Survey's program. 

S- whole-Noon 

lbo pr inc ipa l  Survey products stimu1a:ed by the  dawning space age breceded 
the  main mapping program. 
geologist  Robert J. Hackman drew a map a t  a scale of 1:3,800.000 showing three 
s t r a t ig raph ic  units--pre-Pare, mare, and post-mare ( H a c k  and Mason, 1961). 
This map was accompanied by maps showing rayed craters and physiographic provinces 
( ch ie f ly  Hac-) and by ra ther  bold t e r r a i n  evaluations and geologic in te rpre ta -  
tions ( ch ie f ly  Mason). In the course of t h i s  work Hackman suspected the t ime l a g  
between the formation of the Imbriu.  bas in  and its f i l l i n g  by mare material. be- 
cause of the  excess of f a i r l y  f r e sh  (so presulllably post-basin) craters on the 
terra (Hackman, o ra l  coumunication, 1971). In a concurrent and independent e f f o r t ,  
Shoemaker was systematically mapping the copernicus region in  g rea t e r  s t r a t ig raph ic  
d e t a i l ,  a t  the sca l e  of 1:1,00@,000. Except i n  its use of i n t e rp re t ive  un i t  names, 

t h i s  map w a s  t o  become the prototype fo r  the  44 lunar quadrangles of  the main 
Survey systematic e f for t .  A small experimental ed i t i on  was pr in ted  in  co lor ,  bu t  
not released t o  the public,  by the  U.S. A i r  Force Aeronautical Chart and Informa- 

In the f i r s t ,  for t h e  Army Corps of Engineers, photo- 

t ion  Center (ACIC). 

- 1/ I n  a l l  European lunar geological publications I have seen, an in t e rna l  o r i g i n  
The hase was a prototype shaded r e l i e f  cha r t  made by ACIC. 2i 

is fzvored fo r  a l l  or nearly a l l  lunar fea tures ,  and the same was t rue  i n  koerica 
before the space age; exceptions were the  works of Ciilbert, Barrell, and Dietz. 
I t  was the astronomers who favored the impact hypothesis, and they were scorned 
as "caLastrophists" by the geologis t s ,  probably s t l l l  defending themselves aga ins t  
bible-based pre-geology. 
impact as a msjor--but. emphatically nc t  sole--lu.lar process is probably due to 
Shoemeker, who s a w  the v a l i d i t y  of the arguments of Gilbert  and Baldwin, and who 
helped discover new terrestrial impact c ra te rs .  
geologists apparently s t i l l  prefer  t o  explain nearly a l l  lunai phenomena by 
analogy with t e r r e s t r i a l  phenomena fami l ia r  to  them. 

The cur ren t  acceptance among American geologists of 

The Soviet -rrd o-her European 

- 21 bee i -x t  page. 
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(The map a l s o  appeared in  color  i n  the Sovember 1963 e d i t i o n  of "Fortune.") 
While oappiig.  Shoemaker recognized the fundamental s t ra t igraphic  succession: 
Ilnbrium basin - mare material - Eratosthenes - Copernicus. This map delmnstra- 
ted,  against  considerable skepticism and opposition, the v a l i d i t v  o f  t he  geologic 
mapping approach to  lunar studies.  
ac t ive  support of John O'Keefe ( U S A  Headquarters). mnf red  Eimer  (JPL) , Rabert Carder 
(ACIC). and l o r i n  S t i e f f  (USCS),  the systematic mapping program began under NASA 
sponsorship. 

As a r e s u l t  of t h i s  demonstration and the 

The s t ra t igraphy tha t  Shoemaker had worked ou t ,  a statement of s t ra t igraphic  
principle: that underlie lunar geologic mapping, and a black-and-vhite vers ion 
of the Copernicus prototype map were published in  a j o i n t  paper by the two pioneers 
(Shoemaker and Hackman, 1962) and in  a paper on in te rpre ta t ion  of craters by 
Shoemaker ( 1962). 

The f i r s t  three uaps published i n  the systematic progrzi&--Kepler, Letronne, 
and Riphaeus Xountains--showed e s s e n t i a l l y  three types of uni ts--crater  materials, 

mare materials, and terra mater ia ls ;  only the crater materials vere extensively 
subdivided by age and facies.  
pr inciple  of separat ion of in te rpre ia t ion  and observation, smooth p la ins  and huamocky 
twterials were both assigned to  a u n i i  which w a s  believed to  be the  ejecta blanket 
of t he  Imbrium basin.1' 
mapping even i f  they ul t imately prove to  have similar origins.  The maps, l i k e  t h e  

e a r l y  stratigraph!c system of Shoemaker and Hackman (1962), also f a i l e d  t o  separate  
c l e a r l y  rock-stratigraphic and time-stratigraphic uni t s .  such as the rock u n i t  
"mare material" and the  t ime-strat igraphic  u n i t  "Procellarian System." An impor- 
t a n t  advance was recognition of the prcser.ce of  Imbrian-age craters, those t h a t  

are younger than the Imbriui S t s i n  but o lder  than the  mare material. 

On one of the maps i n  an e a r l y  v io la t ion  of  the 

Such d i s t i n c t  u n i t s  should always be dis t inguished i n  

In late 1962 and e a r l y  1963 a group of new mappers w a s  recrui ted by Shoemaker 
to  augment and p a r t l y  replace the  quar te t  uf hinsclf ,  uackman, Marshall, and 
Eggleton; a year later the newcomers were ready t o  pressure the  establishment t o  

uake cer ta in  changes. (These young Turks a re  now, of course,  the establishment.) 
Good agreement w a s  reached a t  a s t ra t igraphic  conference of a l l  mappers i n  November 
1963. Rock-stratigraphic and time-stratigraphic u n i t s  were f i rmly separated 
1/ For a discussion of t h i s  u n i t ' s  nomenclature bis tory,  see Uilhelms, 1970, p. F23-PZ7). 9 (Prom preceding page). The Copernicce base char t  by ACIP was the  prototype 

of  t h e i r  highly useful  and w e l l  executed series of  44 Lunar Astronaut ical  Charts 
(LAC) which are the bases for a l l  the Survey 1:1,000,000 geologic maps and vhicb 
give t h e i r  names t o  the maps. The a i rbrush  technique proposed by ACIC, l i k e  otir 
geohgfc  mapping technique. was a t  f i r s t  regarded as unsc ien t i f ic ,  old-fashioned, 
and impossible t o  do systematically. However, the technique was successful ly  
demonstrated on the prototype, and ACIC began i ts  systematic production of thc 
maps under Robert Carder in St. Louis and W i l l i a m  Cannel1 a t  Love11 Observatory 
in Flagstaff .  
was concluded i n  e a r l y  1969. The cooperation between ACIC has continued. ar..i a l l  
Survey lunar maps have been pr fn ted  on ACIC bases except a few large-scale maps 
of po ten t ia l  Apollo landing s i tes ,  pr inted on Army Map Service (Topocom) photo- 
mosaics, 

Tt:is very productive and a t  times b r i l l i a n t l y  e f f e c t i v e  e f f o r t  
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(NcCauley, 1967, p. 437; Wilhelms, 1970, p. F11, F23, F30-F32); formational names 

uere introduced, and the s p l i t t i n g  of un i t s  was accelerated. The bas ic  time- 
s t r a t ig raph ic  uni t s  and the general  mapping philosophy agree3 on a t  t h i s  meeting 
have proved adequate f o r  completion of  the rest of the  1:1,000.000-scale program 
and the recent compilation of  the whole area of 44 quadrangles at  a scale of 
1:5,000.000 (Wilhelms and McCauley, 1971). Subsequent changes i n  conventions 
became increasingly minor as the mapping progressed. %XI addi t iona l  meetings 
of a l l  mappers =re necessary to ad jus t  some of the mapping conventions. 
changes are handled by f i l t e r i n g  them through the mapping coordinator, who 

listens t o  ideas and then passes them i rmnd  t o  th: o ther  mappers f o r  approval 
or rejection. 

Nou, 

The ronveptions adopted a t  the  1963 meeting have proved f l ex ib l e  Jumgh t o  
permit a s l i g h t  apparent retrogression; formational names have been down-playrd 
on re-ent maps and informal designations substi tuted.  
Fo.me'.im and Apennine Sench Formation a r e  now usua l ly  ca l led  "light p la ins  
material," and the Gassendi Group of crater mater ia l s ,  younger than the  Humorum 
basiu but older than the mar% material, is  now ca l led  "crater materials." This 
is done because it is each individual occurrence of a type of material, not the 

aggregate, t h a t  is equivalent t o  a terrestrial formation, but each cannot be 
given a name. 
system are grouped together and designated informally. 

For examp'le, t he  i y k y  

So a l l  p la ins  patches o r  craters i n  a given t ime-stratigraphic 

The downplaying of formational names became pa r t i cu la r ly  necessary when 
the mapping moved from the mare and circumbasin regions, with t h e i r  l a t e r a l l y  
extensive marker un i t s  usefu l  i n  regional cor re ia t ions ,  to  the southern c ra te red  
highlands, which seemed t o  o f f e r  no such c learcu t  stratigraphy. 
based on telescopic photography and v i sua l  observations, revealed e s sen t i a l ly  
three  types of topography: craters, p la ins ,  and h i l l y  intervening t e r r a in  ("moonite"). 
Most authors s a w  rru good l a t e r a l l y  continuous un i t s  i n  the h i l l y  t e r r a i n  which 
showed a more patchwork tex ture  than the circumbasin un i t s ,  although some (Cummings;, 
a f f i e ld )  believed it to  be mantled by extensive beds of volcanic material. Plains 
u n i t s  were segregated according t o  c r a t e r  density,  but only three d i s t i n c t  classes 
of completely f l a t  p l a ins  were recognized. 
d i sc re t e ,  a l t e rna t ing  rock-stratigraphic groups of c r a t e r  materials and p la ins  
materials (Cozad and Ti t ley ,  unpublished), but the s t ra t igraphy proved too com- 
p l ica ted  for t h i s .  Highland geologic s tud ies  did not progress much u n t i l  Lunar 
Orbiter photographs became ava i lab le  (1967). Textures of the h i l l y  un i t s  could 
then be b e t t e r  evaluqted, and as a r e s u l t ,  severa l  un i t s  of possible terra vol- 
canics and one addi t iona l  d i s t i n c t  basin e j ec t a  blanket (Nectaris)  were d i s t i n -  
guished; but some h i l l y  t e r r a in  has not been separated in to  cons is ten t ly  recog- 
nizable un i t s ,  and may never be ( s t i l l  "moonite"). 
nized p la ins  un i t s  was  found t o  be pre-Zmbrian in  age, and most other p la ins  
were seen to  form a f a i r l y  uniform Imbrian assemblage. 

Early txamination, 

An ea r ly  attempt was  made t o  set up 

One of the previcusly recog- 

Craters came t9 be ranked 
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s t r a t ig raph ica l ly  according to  t h e i r  morphology and t o  serve as "guide fos s i l s "  
(Pohn and Off ie ld ,  1970; Wilhelms and McCauley, 1971). A f a i r l y  good understand- 
ing of the highlands is now i n  hand; although indeed without many l a t e r a l l y  
continuous unite,  t h e i r  geology is explainable in  terms of basins or absence of 
basins,  accumulations of p la ins  materials wherever there  are depressions,  and 
possibly, local superposit ion of pos i t ive  volcanic landforms. 

A word in  re t rospec t  about the u t i l i t y  of v i sua l  telescopic observations. 
ACIC used them t o  grea t  advantage, overcoming the i n i t i a l  scepticism mentioned 
earlier, and improved grea t ly  on the photographic data. Some geologic mappers 
a l s o  used them successfully to  "field check" re la t ions  t h a t  appeared ambiguous 
on photographs, f o r  example, the age of a c r a t e r  r e l a t i v e  t o  the adjacent mare 

material (determined from the presence or absence of secondary impact c r a t e r s ,  
which are comonly very small). 
telescope than on the ea r ly  primitive telescopic photographs--though not always 
more than on the exce l len t  series taken by G. H. Herbig a t  the  Lick Observatory 
120-inch reflector--and got a good impression of the important e f f e c t  on fea ture  
de t ec t ab i l i t y  of changing illumination. 
that we were spending too much t i m e  t o  gain too l i t t l e  information. Only a few 
cr i t ical  re la t ions  were ever tes ted  a t  the telescope, and most geological ins ights  
were gained from protracted s tudies  of large regions on photographs. 
when we compared our telescopic notes with Orbiter photographs, most of us rea l ized  
tha t  we had not seen things accurately enough f o r  good geologic in te rpre ta t ion ;  
l i nes  of "volcanic c ra te rs"  became miscellaneous semi-alined depressions or spaces 
between h i l l s ;  "faults" became ragged scarps. Much of t h i s  w a s  due to the r a r i t y  
of good seeing. But i n  any case, v isua l  observations are seldom te s t ab le ;  even 
va l id  observations are not s c i e n t i f i c a l l y  acceptable unless o thers  can confirm 
them. 

And a l l  mappers saw much more d e t a i l  a t  the 

B u t  as work progressed we began t o  r ea l i ze  

And l a t e r  

Mapping a t  scales la rger  than 1:1,000,000 began i n  1964 on the bas i s  of 
Ranger photographs (Trask. i n  press). Four black-and-white maps were incorporated 
in  another repor t ,  seven black-and-white ozalid preliminary maps were made, and 
Six maps were published i n  co lor ,  the last in  late 1971. The long t i m e  lag 
between the f l i g h t s  of the Ranger spacecraft  and the publication of t h e  last  

Ranger maps is due t o  the low p r i o r i t y  given these maps when b e t t e r  da ta  from 
Lunar Orbiter were ac,uired.l' 

Maps based on photographs from Lunar Orbiters I,  11, 111, and V i n  support 
A grea t  many (27)  were pro- of Apollo landings were produced s t a r t i n g  i n  1966. 

duced quickly f o r  screening reports printed by the Langley Research Center, 
where the (highly competent) Lunar Orbiter Project Office was located. Seven of 
the areas were remapped f o r  the Manned Spacecraft Center a t  two sca l e s ,  1:25,000 
and l : l O O , O O O ,  and in  several  versions each, fo r  use in  planning Apollo missions 
to  the maria; f ive  of these maps a t  1:25,000 and seven a t  1:100,000 have been 

- 1/ Haneon f1970) and McCi11 and Chizook (1971) have prepared use r ' s  guides t o  
Orbiter photographs, and Bowker and Hughes (1971) have compiled a complete 
atlas tha t  includes a user ' s  guide, 
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printed in  color. (Two of the areas became landing s i t e s . )  The 1:100,000-scale 
maps have the g rea t e r  s c i e n t i f i c  i n t e re s t ,  largely because they show more 
s t ra t igraphic  va r i e ty  and place the geology of the s i tes  i n  a broader context. 

Currently, maps a t  la rge  sca le  have been o r  are being prepared fo r  landings 
s t a r t i ng  with Apollo 14. the (predominantly) non-mare missions. These maps are 
more in te res t ing  to  make and read than those of the mare siLes 5ecause they cover 
geologically more d iverse  t e r r a in ,  and, s ign i f i can t ly ,  because most of them include 
r e l a t ive ly  f resh  features.  
subdued-appearing and becomes diverse only i n  young fea tures ,  whose d i s t inc t ive  
textures have not ye: become degraded. 

A t  large sca les ,  most of the Moon is qu i t e  uniform and 

Another way of seeing a diverse Moon is t o  look a t  i t  from a distance. The 
mapping based on Lunar Orbiter IV photographs ( s t a r t i n g  May 1967) has probably 
been the most in t e re s t ing  and producti-re of a l l .  

used to  modify 20 of the 36 1:1,000,000-scale quadrangles p a r t l y  mapped a t  the 
telescope and t o  map 8 more quadrangles in  t h e i r  en t i re ty .  
near-side map (Wilhelms and McCauley, 1971) w a s  s a t i s fy ing  t o  make and is a good 

medium of communication fo r  the important things,  though i t  is a l i t t l e  crowded. 
The time, money, and base maps tha t  are agailable coincide with t h i s  preference, 
and mapping of the two-thirds of the Moon not covered by the near-side map is being 
done a t  the 1:s ,000 ,OOO-scale.L' 

These photographs have been 

The 1:5,000,000-scale 

A sho r t  account of the effectiveness of the ea r ly  quick-look work versus the 
later, drawn-out, inductive mapping w i l l  be of i n t e r e s t  to  mappers atcacking a new 
planet. 
thought out ea r ly  i n  the  game by Gi lber t  (1893). Hackman and Mason (1961), Shoemaker 
(1962), Baldwin (1949, 1963), and Kuiper (1959). They saw tha t  most craters and the 
basins were of impact o r ig in ,  but t ha t  the basins were f i l l e d  in  a r e l a t ive ly  br ie f  
time by volcanic mare material. 

Hackman ( s e e  above) perceived the important f a c t  t h a t  a time gap intervened be- 
tween basin formation and f i l l i n g .  
were the recognition of the l i gh t  terra p l a i r s  as a major u n i t  t h a t  apparently be- 
longed ne i ther  t o  the basins o r  the naria, and the t en ta t ive  recognition, on Lunar 
Orbiter photographs, of terra volcanics (b r igh t ,  pos i t ive  r e l i e f ) .  The impact 
or ig in  of the basins was clinched by s tudies  of the Orientale basin and the d i s -  
covery, through systematic mspping, of the Orientale,  Imbrium, and Nectaris secon- 
dary c ra te rs .  Moreover, the fundamental ro le  played by the basins i n  nearly every 
way became c l ee rc r ,  including t h e i r  influence on volcanism and the  major contribu- 
t ions  by buried and degraded basin e j ec t a  to  the t o t a l  volume of lunar surface 
materials. 
of mare formation i s  br ie f  i f  the  t o t a l  numbei of lunar feature-forming events is 

taken as  the sca l e ,  b u t  tha t  subs tan t ia l  mare formation ac tua l ly  occupies a con- 
- 1/ Given the best  possible photography I believe tha t  a sca le  of 1:2,500,000 would 

be optimum for  mapping the Moon. Smaller sca les  are crowded and do lose some 
da ta  of i n t e r e s t ,  such as small fresh fea tures ,  whereas the information t h a t  can 
be shown a t  la rger  sca les  is not very s ign i f i can t  in  most regions, because of the  
smooth appearance of most Lerrain. 

Some of the basic f ac t s  about the Moon's s t ruc tu re  and evolution were 

Also, qu i t e  ea r ly ,  Baldwin (1949), Shoemaker,and 

Important contributions of the later mapping 

Apollo radiometric da tes  have shown tha t  the " re la t ive ly  br ie f  time" 
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siderable portion (half  a b i l l i o n  years) of the t o t a l  most ac t ive  pa r t  of iu-r 
h i s tory  ( the  f i r s t  1 1/2 b i l l i o n  years). The impact-volcanic controversy f o r  
c r a t e r  o r ig in  has sh i f t ed  i n  favor of impact, but some craters a re ’ce r t a in ly  of 
volcanic origin. 

In sumary, the ea-ly work deduced some origins, and the later work documented 
these or ig ins ,  charted the ex ten t  of the various un i t s ,  deduced the  three-dimen- 
sional s t ruc tu re  over much of the  c rus t ,  and discovered new fundamental un i t s .  
This has resu l ted  i n  a good model of the s t ruc ture  and evolution of the Moon tha t  
puts each crustal component i n  perspective of the whole. 
phasizing or ig ins  is that nearly everyone plays with only ce r t a in  ones. 
people t h a t  did t h i s  may have been r igh t ,  but many o thers  were wrong f o r  one 
reason or another--including se lec t ion  of analogs that contain only those elements 
t h a t  nourish spec ia l  prejudices. 
but these must be tes ted ,  modified, and amplified by systematic study, which forces 
examination of the geometric r e l a t ions ,  areal d i s t r ibu t ion ,  and sequence of forma- 
t ion  of a l l  c r u s t a l  elements. 

The problem with em- 

Sevezal 

So ins ight  can es t ab l i sh  working hypotheses, 
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Systematic geologic mapping of the near side of the Moon has prmided the 
basis for defining and delineating the major geological provinces of thr? near side. 
From the nature of the provinces and their distribution patterns a general 
historical sequence evolves. Five main surface-shaping periods are recognized : 
( 1 )  one of intense early impact cratsring; (2) another, probably overlapping the 
first, during which the impact basins were formed; (3) a prolonged period of varied 
terra volcanism; (4) a short period of mare volcanism that resulted in filling of the 
mdtiring basins ; and (5) a period of diminishing volcanic activity continuing up to 
the time of formation of the last ray craters. 

The relative sequence in which most of 
the Moon’s major surface features formed 
has been determined from systematic 
lunar geologic mapping begun by the U.S. 
Geological Survey in 1961 (Shoemaker and 
Hackman, 1962; McCauley, 1967; Wil- 
helms, 1970). The data used were almost 
exclusively photographic, starting with 
the best available telescopic photographs 
and later supplemented by the Ranger, 
Surveyor, and Lunar Orbiter photographs. 
The most productive of these flights from 
the standpoint oc an improved regional 
understanding of the Moon was Orbiter IV 
which provided nearly uniform 80-m 
resolution coverage of most of the near side. 
Pi-qmration of a geologic map of the near 
si& at 1 : 6,000,000 scale commenced with 
thP  final acquisition of the Orbiter IV 
cl.,ta late in 1967. This map (Wilhelms and 
McCauley, 1971) is a synthesis built upon 
the results from the 44 quadrangles of the 
US. Geological Survey’s 1 : 1,000,000 scale 
systematic program and it summarizes our 
current understanding of the regional 
geology of the near side. It was completed 
in manuscript form prior to Apollo 1 1 ;  
preliminary Apollo 1 1  and 12 results were, 
however, incorporated during manuscript 
processing. These data are consistent with 
the previously determined relative strati- 

1 Publication authorized by the Director, U.S. 
Geologirii I Survey. 

graphy and the lithologic interpretations 
presented in the text that  accompanies the 
map. 

Various derivative products that  depict 
certain aspects of the Moon’s crustal 
evolution have been prepared from the 
near side map. One of these to be published 
at the 1 :10,000,000 scale shows the major 
geologic provinces as now recognized 
(BIcCauley and Wilhelms, in preparation). 
It is reproduced in generalized form and 
at reduced scale in Fig. 1 which represents 
an interim product pending review and 
publication of the 1 :10,000,000 scale map. 

As in the case of terrestrial geologic 
province maps, each unit consists of a 
related rock assemblage and is charac- 
terized by a similar inferred origin or a 
distinctive history. The provinces dii€er 
markedly in relative age and regional 
distribution pattern ; it  is these differences 
tha t  lead to a general understanding of the 
sequential evolution of the near side. 

A descriptive name and a generalized 
order of formation, from the youngest to  
the oldest, is given in the caption of 
Fig. 1. The younger provincial units lie 
mostly in depressions and are interpreted 
as volcanic in origin. These include the 
dark mantles (dm) which cover terra units 
of lighter albedo and frequently lie acroas 
mare-terra contacts. They are interpreted 
as thin veneers of pyroclastic mat,erials 
that  formed contemporaneously with some 
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of the mare basalts but which are mostly 
later than the main pulse of mare flooding. 
Their very dark albedo suggests a distinc- 
tive coniposition and posaibly a more deep 
seated origin than for the maria. The 
plateau units (mp) within the maria, of 
which the Marius Hills region is the largest 
and beet example, consiet predominantly 
of aggregates of cones and domes that lie on 
broadly elevated plateaus or shield-like 
structures. These plateaus are later than 
the adjacent maria and are interpreted to 
consist of pyroclastics and relatively 
viscous flows of the same or more probably 
slightly different composition than the 
maria (McCauley, 1369). They may repre- 
sent the late stage fractionation products 
of mare flooding, ard thereby be more 
felsic in composition. The younger mare 
(my) is generally darker, less cratered, and 
more patchy in its distribution than most 
of the older mare exposed on the near side. 
Contacts tend to be gradational or are 
diffuse became of superposed ray cover. 
Some boundaries, however, are coincident 
with faint color differences (VcCord, 1969). 
This unit is interpreted to consist of 
relatively thin flows with possible sub- 
ordinate pyroclastic deposits present. The 
unit niqped probably resembles petro- 
logically the rocks sampled by Apollo 12. 
The older mare (mo) is of dark to inter- 
mediate albedo and lies almost exclusively 
v.: thin +,hc major near side multiring basins 
or in concentrically positioned structural 
troughs that are part of their associated 
“ring” systems. The surface of this unit 
marks the end of the main pulse of mare 
flooding aiid it defines the top of the 
Isibrian System (Wilhelms, 1970). Repre- 
seatative samplesof this unit were collected 
ti iring the Apollo 11 mission. The young 
I h n s  rpyj of light albedo partly fill some 
& the basins, irregular terra depressions, 
awi % l e  flocire of large ancient terra craters. 
WherP in contact with the mare they are 
embaJed and, therefore, older than the 
mare; they also show a demonstrably 
higher frequency of small craters. This unit, 
although subordinato in areal extent to the 
mare materials on the near side, is of 
considerable significance as a Moon-wide 
depression filler ; on the far side i t  occupies 

the fioors of most of the multiring basins 
and large craters. Its origin remains 
unclear. It could consist mostly of impact- 
lightened older mare or compc,. ’ tionally 
distinct volcanic flows that preceded 
the main pulse of near-side magmatic 
activity. 

Two distinct types of terra that appear 
to modify older more densely cratered 
surfaces are now recognized and their 
distribution pattern shown on the map 
(units hf and hp). The first, which is 
described mostly as hilly and furrowed, 
consists of closely spaced linear structures 
with interspersed equidimensional hills. 
The linear structures show furrows along 
their crests and closely resemble terrestrial 
fissure cones. The second unit consists of 
rolling plain; and plateaus which show 
numerous uiosely Rpaced rimless or smooth 
rimmed pits, mostly in the 2-6km size 
range. Within these provinces few largt 
pre-Imbrian craters are present ; those that 
do occur appear to be embayed or partly 
covered by these units. Both are inter- 
preted as volcanic in origin and as the 
products of a pre-mare episode of terra 
volcanism that is probably compositionally 
distinct from the later basalt flooding of 
the near side basins (Wilhelms and 
McCau! y, 1969). One patch of hilly 
and furrowed material in the Descartev 
region is the current target for Apollo 
16. 

The terra of the younger basins (tb) 
consists of the recognizable ejecta blankets, 
the elevated and most prominent parts of 
the encompassing structural rings, and the 
radially lineated terrain surrounding the 
three youngest near-side basins-orien- 
tale, Imbrium, and Nectaris. Also inc1ude.d 
is the most prominent ring around the 
Crisium basin although it does not show a 
now recognizable ejecta blanket. This unit 
is interpreted as ic lithologically complex 
mixture of shocked and unshocked breccias 
excavated from deep within tha central 
parts of the basin and redistributed as 
much aa a 1OOOkm or more over t,he Mom’s 
surface. Rocks of this type were sampled in 
the Fra Mauro region during the Apollo 14 
mission. They clearly should consist of 
relatively primitive lunar materials-some 
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of which may be magmatic-and the re- 
worked ejecta of the older basir blankets 
and impact craters that were located within 
the region of the crater produced during 
multiring bain formation. Heavily cra- 
tered plains (po) fill several large depres- 
sions in the southeast quadrant of the near 
side. Most of the superposed craters appetlr 
to be of Imbrian age and many are probable 
secondary impact craters of the Imbrium 
baain. These plains gencrslly resemble 
those of unit py but were emplaced before 
the Imbrium event whereas ucit py 
truncates many TTbrium related struc- 
tures. These older plains are, however, 
younger than the Nectaris event which is 
of pre-Imbrian age. Their general similarity 
to the younger plains suggests a common 

The most extensive near-side terra 
province (tu) coiisists of nondescript blocky 
hills and unevenly filled irregular to some- 
+imes linear depressions along with what 
appear to be segments of mantled craters. 
Probable volcanic landforms are sparsely 
distributed and the unit most likely 
consists largely of erosionallj degraded, 
interlayered ejecta from the more ancient 
near-aide baains such as Crisium, 
Humorum, and Serecitatis. Craterzd terra 
(tc) occupies most of the south-central 
part of the near side. This unit was named 
the macro-crater province by Hackman 
and Mason (1961): It consists mostly of 
closely spaced 60-160km craters of early 
pre-Imbrian age ; probable volomic mater- 
ials, except for the terra plains in crater 
floors, are absent aa are recognizable basin 
related deposits. The almost shoulder to 
shoulder amay of ancient craters which 
chmacterizes tlis province suggests that, it 
represents a very primitive surface little 
modified by later internal activity or 
basin-forming events. It lies outside the 
range of deposition and structural dis- 
lowtion associated with multiring basin 
formation, which probably accounts for it,s 
preservation. 

The definition and delineation of $hese 
major near-side provinces yields the follow- 
ing general hiAtorical sequence: (1) An 
early period of intense bombardment that 
produced a surface essentially saturated 

Origin. 

with craters in the 60-16Okm size ran:’?. 
(2) A period of impact basin formation, 
probbly overlapping the first period, 
during which ejecta blankets were em- 
placzd around all of the muitiring basins; 
older bwin structures and blankets were 
catwtrophically eged by the newer. (3) A 
period of terra volcanisn: which began 
during basin formation and continued at 
least until after +,he Imbrium event. Some 
of the younger plains, appear to postdate 
Orientale. (4) A main puise of basaltic 
voloaiiism, also of relatively short duration, 
which flooded the depressed parts of the 
near-side basins t.0 varying levels. (6) 
Diminished volcanic activ ity, possibly of 
distinct composition, continuing up 
through the time of formation of the last 
ray craters. Contemporaneously with these 
last four major evolutionary episodes, 
impact cratering continued but probably 
at a progressively diminishing rate, for 
simplicity these craters have not been 
included; where present and of large size 
(on the order of 100km) the major Fro- 
vincial boundaries have been extrapohted 
beneath these younger features. 
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N75 13742 
Two Former Faces of the Moon 

Received Ju!y 23,197 1 ; revbed July So, 197 1 

Spttmaticgeologic mapping of the lunar nearsidehas d t a d i n t h e ~ ~ t  
of dative ages to moBt visible fmture8. As a derivative ofthis work, gedogic end 

Moon's appearslice at two significant points in ite history. The recOoBtRDcfiOns, 
although generalized, show the Moon (1) as it pdxably appeumd about 3.3 billion 
years ago after mat of the mam materials bnd accumulatm, and (2) about 4.0 
billion yeam ago after formation of the youngest of the laqp multkbged basins, 
but prior to appreciable &roding by more mateid. 

anistie interpretations k:e been combined to pmdum - ofthe 

Two reconstructions of the visual appear- 
ance of the Moon at geologically significant 
pink in its evolution have been derived 
from the results of the US. Geological 
Survey's lunar geologic mapping program 
as recently summarized in a 1 : 5,OOO,ouO- 
scale map of the nmr side (Wilhelms and 
McCauley , 197 1 ; McChley and Wilhelms, 
1971). Geological and artistic interpreta- 
tions have been combined to produce 
these geological visualizations. The p-nt 
Moon and the features discussed in this 
paper are shown in Fi. 1. The artist, 
Davis, working principally under the 
g u i d L s  of Wilhelms, used the 1 : 5,000,000 
geologic map k~ Jentify features younger 
than the top of the mare 'basalt sequence 
that fills to varying levels the near side 
multiring basins. These younger features 
were then removed from the Moon's 
present -face for the first reconstruction 
(Fig. 2). An older stratigraphic datum- 
the top of the Orientale ejecta blanket 
(the Hevelius Formation)-was similarly 
used for the second mnstruction (Fig. 
3). Feqtures older than these stratigraphic 
horizons were danced or fresh( lied 
according to their position in the relative 
stratigraphic sequence determined during 
the geologic mapping. Most of the older 
major craters are assumed to have had an 
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initial morphohgy like that of the young 
craters copernicus or Tycho. In the second 
reconstruction, where visible evidence 
was lacking because of mare flooding, 
the interior parts of the multiring brrsins 
were assumedto be similar tothoseofthe 
,voungest of these mctm, Orientale, 
the geology of which has been summarked 
by Mutch (1970, pp. 143-156). Also by 
a n d w  the nature of the now partly 
buried ejecta blankets recognized around 
the Imbrium (Fra Mama Formation) and 
Nectaris (Janssen Formation) brrs'ns were 
assumed to be similar to the better p- 
served blanket around Orientale. 

The first reconstniction (Fig. 2) repre- 
sents the Moon after deposition of most 
of the mare material but before the forma- 
tion of the major post-mare depsits and 
craters-that is, at the end of the Imbrian 
Period or the beginning of the Era- 
thenian Period. Dating of Apollo 11 and 12 
rocks, whose relative stratigraphic position 
had previously been determined photo- 
geologically, suggests that this time was 
about 3.3 billion years ago. The Moon's 
appearance at this time is relatively 
easy to reconstruct because p t - m a r e  
materials obscure only a small percentage 
of the surface. The underlying topography 
is partly visible through all but the inner- 
most deposita of the Eratosthenian (ray- 
less) and Copernican (rayed) craters, 
and these collectively cover only about 

245 









Liaiikets of the multiringed basins is 
strikingly revealed. Predominant among 
these is the Imbrium basin whose deposits, 
the Fra Jlauro Formation, were probably 
sampled during the Apollo 14 mission. 
Although the artist necessarily had to add 
details for which there is no direct evidence, 
the pre-mare appearance of the Imbrium 
basin can be reconstructed with a fair 
degree of accuracy from the present 
appearance of the relatively nonflooded 
Orient,ale basin. Those features associated 
with the Imbrium basin now exposed a t  
the surface appear to  be the erosionally 
degraded equivalents of similarly posi- 
tioned features of the Orientale basin. 

Craters shown in regions now covered 
by mare materials were reconstructed 
where a partial rim crest or ghost-ring 
structure is present,. Incipient mare fill 
is shown where the greatest present 
concentrations presumably exist-in t,he 
deepest depressions, especially those basins 
that contain “mascons.” The amount of 
mare material portrayed in Fig. 3 is 
dependent on the depth of the basin or 
depression, not upon the age, because 
several lines of stratigraphic evidence 
imply that mare age is independent of 
basin age. 

Light plains, which appear to  be mostly 
older than the maria, are shown at  each 
locality where now present but in somewhat 
diminished amount. Some light plains 
are also shown in deep places now buried 

by mare material in the multiringed 
circular basins. Possibly more light 
material is present than is shown. This 
would be true if the plains were formed 
by extensive Moon-wide eruptiom of 
“terra-type” (felsic) magmas. In this case 
even this very ancient lunar face would 
closely resemble the present-day Moon, 
except for the higher albedo of the basin- 
filling plains. 

Reconstruct,ions farther back into the 
Moon’s past are possible, though they 
would be increasingly speculative in de- 
tails, particularly because of our present 
ignorance of the role of volcanism in early 
lunar history. A reconstruction in pre- 
Imbrian time would show a Moon much 
like that of Fig. 3, but without the Imbrium 
basin and with the older basins appearing 
considerably fresher. Successively older 
faces would lack increasingly more of the 
presently known basins and craters, and 
would contain others now obliterated or 
unrecognized. 
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MULTI-RING BASINS AND MASCONS 

Keith A. Howard 
U. S. Geological Survey, Menlo Park, Calif. 94025 

The significance of huge circular or multi-ring basins on the Moon was pointed out by 
G. K. Gilbert (1893). He interpreted the basins as impact scars, and all the most recent evidence 
agrees. Gilbert was followed by several volcanic enthusiasts, but an impact origin was again favored 
for the basins by the detailed descriptions of Baldwin (1963) and Hartmann and Kuiper (1962). 
Apollo samples of breccias from basin-related materials seem to  c o n f i i  an impact origin. The 
distribution of identifiable basin ejecta, as mapped by Wilhelms and McCauley (1971), is shown in 
fmre 1. 

The Soviet spacecrafts Lunik 3 and Zond 3 showed that dark maria were uncommon on the 
lunar far side, but as shown in figure 2, basins are as common there as on the near side (Stuart- 
Alexander and Howard, 1970). This relation emphasizes the important concept (Shoemaker and 
Hackman, 1962; Wilhelms, 1970) that basins are distkzt from the mare rocks that fill them. 
Post-basin filling by mare rocks has hidden much of the Imbrium Basin from view. The sequence of 
modification of Imbrium is depicted by f w r e s  3-6. The early geography of the Imbrium Basin 
(fig. 3) was reconstructed by comparison with a fresher and less flooded example, the Orientale 
Basin (fig. 7). 

The Orientale Basin has served as a type example for studies of basin stratigraphy and structure 
(McCauley, 1967, 1968; Masursky, 1968, Mutch, 1970). Older basins are similar but more degraded 
and more heavily cratered (fig. 8) (Stuart-Alexander and Howard, 1970; Hartmann and Wood, 
1971). Geologic mapping of Orientale (fii.9) reveals several stratigraphic units. Crackled floor 
material in the inner basin may be a thick layer of impact melt (fig. 10(a)). Knobby material 
between the third (Rook) and fourth (Cordillera) mountain rings is puzzling but may represent 
slumped ejecta. Radially lineated ejecta outside the basin is named the Hevelius Formation. The 
Hevelius covers preexisting craters and is distributed widely, thus demonstrating a catastrophic 
origin for the basin. Parts of the Hevelius have been compared in texture to turbidites, to  ava- 
lanches, and to pyroclastic flows. Patterns in the Hevelius thus suggest deposition as a ground- 
hugging flow, likened to a base surge by McCauley (1968) and Masursky (1968). This base-surge 
concept remains controversial because the source of any interstitial fluids is unknown. Lunar 
samples of probable basin ejecta at the Apollo 14 and 17 sites (table 1) show evidence of high 
temperature and suggest the ejecta was hot. Many hundreds of kilometers outside the basin, the 
Hevelius grades outward to smooth mantles and plains deposits. Clusters of craters 5 to 25 km 
across radiate from the basin and are confidently interpreted as secondary impact craters. The basin 
formed quickly and required such enormous energies (estimates range from lo3 to lo3 * ergs) that 
any internal origin is inadequate. The basin must be the product of a very large impact. 

The bullseye structure of Orientale is made by several concentric mountain rings with steep 
inward-facing scarps (fss. 7, 10(a)). The two main hypotheses for these rings are that they are fault 
scarps formed by collapse into the transient basin (Hartmann and Kuiper, 1963; McCauley, 1968) 
or that they are 
ses are correct. 

frozen tsunamilike waves (Van Dom, 1968; Baldwin, 1972); possibly both hypothe- 
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Uplift of the rim (Baldwin, 1972) favors a wave origin, whereas the steepness and freshness of 
the wall scarps favor a fault origin. A fault origin for at least the outer scarp is also favored by 
comparison with small 2-ring basins such as Schriidinger and Antoniadi (fig. 1 l(a)). At these small 
basins, the wall scarp clearly represents a series of slump terraces, just as in large craters (fa. 1 l(b)). 
Peak rings in the center seem t o  be transitional with central peaks of large craters (fig. 11) and may 
be bedrock uplifts. Experience with terrestrial impact and explosion craters shows that downward 
and inward movements along slump faults at the crater margin are expressed in the substructure. 
These displacements are matched by inward and upward movement under the cynter of the crater. 
These adjustments apparently occur during or immediately following crater formation (Milton and 
Roddy, 1972). If the analogy can be extended to multi-ring basins (Dence, 1972; Howard et uf., 
1974), then downfaulting at the basin margins may go together with huge uplifts of the lunar 
mantle under the basin center (fig. lO(b)). Such a geometry would be consistent with the observed 
gravity profde at Orientale (fig. 1 O(b)). 

Large positive gravity anomalies characterize all obvious mare-faed circular basins on the near 
side. The gravity field was identified from anomalous acceleraticns of Lunar Orbiters (Muller and 
Sjogren, 1968). The positive free-air anomalies represent mass concentrations nicknamed mascons. 
Most mascons seem best explained as thin discs of dense mare basalt (Cone1 and Holstrom, 1968); 
the relative contributions of mantle uplifts (Wise and Yates, 1970), such as is depicted in fa- 
ure I q b ) ,  is uncertain. Mascons represent loads in excess of isostasy that have existed since the 
undeformed mare lavas were emplaced approximately 3.5 b.y. ago. Recent studies of mare stratig- 
raphy and’structure in the Serenitatis basin reveal that the early mare lavas(c.a. 3.7 m.y. o1d)sagged 
into the basin but the youngest lavas are relatively undeformed (fig. 12). This sequence may record 
a progressive stiffening or thickening of the lunar lithosphere. 

Recent geologic mapping of the lunar limbs and far side, together with Apollo results, appear 
t o  confirm that multi-ring besins account for most or all pre-mare regional deposits and structures 
expressed in the lunar landscape (Howard et af., 1974). Highland deposits of plains, furrowed and 
pitted terrain, and various hiUs, domes, and craters that were interpreted before the Apollo missions 
as volcanic can now be interpreted as basin-related. A province map of the whole Moon (fa. 2) 
shows that the relatively young Orientale and Imbrium basins imprinted and rejuvenated much of 
the Moon’s surface; older basins must have also. The most primitive cratered surface remaining is 
mostly on the far side, distant from Imbrium and Orientale and other large relatively young basins. 
All fne lunar landings in the highlands sampled stratigraphic units probably related to  basins 
(table 1). 

Several nearly obliterated basins have been discovered recently, including a deep one on the far 
side that is as wide as the Moon’s radius. The presence of these ancient basins suggests that the 
surface is effectively saturated by basins and that many others were completely destroyed by later 
impacts. The visible basins formed after solidification of the lunar crust. Basin impacts may have 
churned the crust to large depths. Tiow that multi-ring basins are known on the Moon, Mars 
(Wilhelms, 1973), and Mercury, it seems likely that such basins were important in shaping the early 
Earth’s crust also. 
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NEAR SIDE 

nEvEuus FRA MAURO CORMAilON, JANSSLN 
FORMATION ALPES FORMATION AND MATERIAL FORMATION 

OF MONTES APENNINUS 

Figure 1. - Near side of the Moon showing textured basin ejecta as identified by Wilhelms and McCmrley (1971) of 
the three freshest basins. Lambert equalurea projection. 
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Oppcsite: 
Rgu. J.- 7he first of a series of f a r  views of the northern hemhphere (turn 

illustration so that the limb is at the top) of the Moon. 7hfs and the following 
sketches by Don Davis under the direction of Don Whelms (U.S.G.S., Menlo 
Pnk, Wit) are based on geologic maps made at the U. S. Geological Suney. 
7he l u w  su&e fs shown as it appeared approximately 4 FUlion yeam ago. 
7he mmt irominent feature is the Sere4tatis Basin (upper right) and a 
slightlj larger and older multi-ringed basin nu? the center. Courtesy of Don 
Whelms. 
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With permission, reprinted from 1CARUS. vol. 12. 
1970, pp. 440-456. 
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Lunar Maria and Circular Sasins-A Review 

I S T ~ W  L) t- CTIO s side. and litter by gra\-imetric data from 
Lunar Orbiters (Jluller and Sjogren. 1968) Moon-wide distributloll Of nlilri,? iilld ir,dicatd large nlaSS collce,,tratiol,s 

majoi structural features can now be r,nder of the circular Illaria on the studicd in detail with the photograph?- of Pre-Orbiter sunln,aries of the 
distribution of basins and maria hare been the Lunar Orbiters. Mariit. the dark plilins 

of the Moon. corninonly occur in circular Hartmal,n 1966n) and Lipski)- multiringed hisins. arid whether these IArge baqins de\.oid of maria 
hilve been called t hiili1syoids by Lipkiy basins and t h e  mare inaterial are ~ eneti- 

call?- related and how they are distrihted 
(, 

Our oh.;cr\-i1tions support the view that arp of fundameirtal importance to ..iter- 
the mark are volcanic fields. and the cir- prr tations of lunar history and processes. 

This p a p r  cwnlmes the morphology ilnd culi1r basins impact scars that in all cases relative ages of circular basins 300 krn wide I)rcdate the maria that occul)J. them. 
or wider and examines the relations =\]though the great of rocks re- 

turned by Apollo 11 (Lunar Sample Pre- between tlicsc. basins illid mare material on 
both the n ~ a r  and ~~n,~l , i l ry  ~;san,inatioli T ~ ~ " , ,  lnc,g) s,lg- 

gcst.s that the diff(wnces in  absolute age of ,An c*xce':cnt description oft  he basins on 
events and rocks may be small. the the near side of the JIoon is that of Hart- 

arid origin of maria h; 'e been tliScUSSed iml,ortant key to u,lderstandil,g the 
often i n  the  literature. SCU. stimulus to the basills and maria ,le\ eloped. yoo much 
diwussion H'RS added by the Russian pic.- confusion has dek-eroped i;l thc literature 
tiires returned from Luna :3 and Zond :3 from the failure of some ,iutltors to ,listin- 
thi:t sho\vctl a sc;trcity of maria on the far guish between circular hasins and thc marc 

sides ofthe Moon. 

mallll and Kuil)er ( 1"'). The distri'lutiol1 seqllel,ce of et-ents is clear and re",ains 
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the S,L\SA Lunar Orbiters are a\&lable 
from the  Satioiial Space Sciencv Data 
Ctwter. Code 601. C.S. Goddard S p a c ~  
Flight Center. Greenbelt, Jlaryland W i i  I .  

CIRCVLAR BASISS 

Large circuiar basins are fundamental 
elenients of the lunar tectonic franiework, 
and the niajor lunar mountain ranges are 
circumferential to these hasins. The basins 
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across (Fig. 2), and a basin 300 km 
across on t,hc far side near the south pole 
(Fig. 3). 

Form 

A high mountain ring forms the outer- 
most boundary of most basins and one or 
more lower mountain rings occupy con- 
centric positions within the basin. A scarp 
generally makes the outer mountains 
asymmetric, with the steep side facing 
inward toward the main basin. Lowlands 
within the basin typically consist of an 
inner basin flooded by plains-forming 
material and hummocky benches between 
the concentric mountain rings. Some of 
these benches si;̂  flat ; others slope gently 
outward. Outside the rim crest of the 
freshest basins ar? rim deposits (McCauley, 
1968; Saunders, 1968; Wilhelms, 1970; 
Shoemaker and Hackman, 1962), satellitic 
craters, and radial valleys (Baldwin, 1949 ; 
Hartmann, 1963, 1964). 

The number of inner mountain rings is a 
function of basin size : large basins, such as 
Orientale, have two or more (Hartmann 
and Kuiper, 1962), nearly ail basins below 
600 km in diameter have only one inner 
ring, and fresh examples below 150 km 
have no inner mountain ring but instead 
a central peak or peaks. Basins or craters in 
the diameter range :%QO to 150 km are transi- 
tional ; some h;ve multiple mountain rings 
and some have central peaks. To ensure 
that only one major structural type is 
considered, we will discuss only basins 
300 km wide or wider. 

Gentle exterior rises and depressions 
encircle the large Imbrium and Orientale 
basins and also the smaller Crisium and 
Humorum bas;ns (Baldwin, 1949, Chap. 2 ; 
Hartmann and Kuiper, 1962; Wilhelms, 
1964, 1968); the rises may be incipient 
scarp-bound2d mount zin rings. Crisium is 
atypical by being less circular than most 
basins of comparable freshness and by 
having an uniisually sinal1 spacing be- 
tween concentric scarps. Thus while most 
basit,s were formed similar to those shown 
in E'igs. 2 and 3, some deviations occurred. 
ConceivaE!y, Crisium may have a different 
origin from the rest. 

16 

Origin 

An impact origin was suggeted for the 
Imbrium basin by Gilbert in 1892 and is 
generally favored for the basins today, 
although some workers still take exception 
(Lipskiy et d., 1966; Khabakov, 1962; 
Green, 1967). Compelling arguments for an 
impact origin of the 90-km crater Coper- 
nicus were presented by Shoemaker ( 1962), 
and it is now apparent that there is a grada- 
tion in form from crateF like Copernicus 
to larger basins such as shown in Fig. 3 
and to very large basins like Orientale 
(Fig. 2). The salient features favoring an 
impact origin can be siimmarized as 
follows: The extensive hlankst of coarsely 
braided rim deposits around the Orientale 
basin suggests rapidly deposited ejecta 
(McCauley, 1968 ; Saunders, 1968). Beyond 
the rim deposits are numerous smaller 
craters, many arranged in radial rows, that 
have the character expected of secondary 
craters produced by ejecta flung from the 
basin. The radial sculpture or lineaments 
around many of the basins, whether they 
are fractures (Hartmann, 1963, 1964) or 
gouges made by projectiles (Gilbert, 1593), 
suggest a very violent event in the center 
of each basin. Other factors fa.-oring an 
impact origin are the vast size and sym- 
metry of the basins compared with know 
volcanic structures, and the gener91 simi- 
larity in form between so many of the lunar 
basins. 

The sequence of events upon the collision 
of a large comet or asteroid with the Moon 
is thought to be as follows (McCauley, 
1968) ; excavation of a deep crater, forma- 
tion of small secondary craters by material 
ejected at  fairly low angles, deposition of 8 
thick ejecta blanket by material ejected at 
very low angles or transported in a base 
surge, and gravitational collapse of the 
crater along normal faults to produce a 
wide basin with concentric fault scarps. 

Aging 

Continuous modification of basins 
through time is indicated by a range in the 
extent to which similar structure, 1-2 
degraded in various basins, by differences 
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in frequency of superposed craters,' and by 
the stratigraphic evidence of the ejecta 
from the three youngest basins superposed 
on older basins. Figures 2 through 6 
illustrate successive stages in modification 
of large circular basins. The Mare Australe 
area (Fig. 6) is included here became we 
believe that it represents the Adest 
discernible impact basin. We concluded 
that Australe was initially like the other 
basins because (1) its mare patches occupy 
a circular area that appears to be depressed 
(Mills and Sudbury, 1968), and (2) high 
mountains rim a short section of the 
southeast perimeter. 

The processes that subdueandeventually 
obliterate old basins and their encircling 
mountain rings are varied and the rates are 
unknown. The most significant processes 
appear to be superposed impact cratering' 
and, for some basins, flooding by plains- 
forming materials, especially mare. Other 
processes that probably are important are 
deposition of ejecta flung from other 
impacts, mass wasting (McCaulej-, 1968 ; 
Gold, 1955; Rowan, 196S), building of 
volcanic landforms (Wilhelms and Mc- 
Cauley, 1969), isostatic rebound (Masursky, 
1964), and perhaps tectonic deformation. 
The absolute rate of the aging is uncertain ; 
even interpretations of the rate of impact 
events differ widely. If most of the Moon's 
features formed early in its history, as 
suggested by the 3 0.7 b.y. ages reported 
for rocks from Tranquility Base (Lunar 
Sample Preliminary Examination Team, 
1969), then the flux of colliding objects was 
highest early in the history, as suggested by 
Urey (1956) and Hartmann ( 1 9 6 5 ~ ~  b,  
19663), and the difference in absolute age 
between the oldest and youngest basins is 
small. 

The basins can be arranged in an approxi- 
mate relative age sequeace (Table I) based 
on the degree of modification from those 

We share the common belief (e.&. Shoemaker. 
1962; Baldwin. 1963; Hartmann, 19666). sug- 
gested by crater distributions and morphologies 
that most hnar craters are of impact origin. atid 
thus frequency counts can be used as age indi- 
%tors. Chain craters and other craters of pro- 

bable volcanic origin appear to be considerably 
less numerous. 

basins of Figs. 2 and 3, assuming similar 
initial forms. \Ye have ranked them by 
evaluating several factors that suggest age: 
completeness of the outer mountain ring; 
circularity; recognition of rim deposits, of 
inner mountain ring or rings, and of a 
scarp on the outer mountain ring; size of 
the largest superposed craters' ; and a 
subjective estimate of the overall degree of 
destruction. Each factor was assigned a 
numerical rating from 10 (fresh) to 0 
(obliterated); the total of these num- 
bers indicates approximately the rela- 
tive youth of each basin. Although this 
technique yields a range of numbers, the 
basins are here grouped into four broad 
age categories (Table I) to avoid a mis- 
leading impression of precision. In any case, 
revisions can be expected with the appli- 
cation of more refined techniques such as 
morphology of superposed craters (Offield 
and Pohn, 1968) or detailed crater counts. 

The sequence of morphologic changes 
follows a general pattern, although indivi- 
dual basins do not fit perfectly all aspects 
of the pattern. Among the first features to 
become obscure are rim deposits. They are 
prominent around the basins in Figs. 2 and 
3, but have not been recognized around 
basins regarded as older (age groups 1-111). 
Secondary craters also are obliterated 
quickly; clear examples are present only 
around Orientale. Radial valleys are 8950- 

ciatecl with the youngest (group IY) basins 
and have been recognized only around a 
few older basins. 

Mountain rings are persistent features. 
The prominent outer mountain ring lasts 
longest ; it generally remains intact until 
broken by craters more than 50 km wide, 
and only in the oldest basins is it nearly 
obliterated. The steep inward-facing es- 
carpment of the outer mountain ring 
degenerates more rapidly than the moun- 
tains themselves; it is vague in group I1 
basins and unrecognizable in group I. The 
scarp appears to degrade rather steadily, 
and its state of preservation is probably a 

* we arbitrarily measiircd the niiir largest 
craters ailperposed on each hnsin not flooded by 
mart-. discarded the largest as accidental, 
averagrd the diameters of the rmiiaiiiing eight, 
and conipared this average to the hnsin diameter. 
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Distritmt ion 

Twenty-nine basins wider than 300 kni 
have been recognized by us (Table I). Most 
are clearly circular basins, but a few are so 
extensively modified that their identity as 
such is questionable, particularly Fecundi- 
tatis, East and West Tranquillitatis, and 
Nubium. The existence of several other 
questionable basins has been proposed by 
Baldwin (1919, p. 38; 1963, p. 194), 
Hartmann and Kuiper (1962), and Camp- 
bell et al. (1969). The distribution (Fig.1) 
appears random to us, contrary to pre- 
Orbiter suggestions (Lipskiy et nl., 1966 ; 
Khabakov, 1962; Alter, 1956) that the 
bwins are distributzd mainly in a broad 
girdle. 

A histogram of relative age as a function 
of basin size (Fig. 7) summarizes the basin 
distribution and shows that there is no 
marked concentration on the near or far 
side with regard to  age or total number. 
The number of basins is too small for 
statistical analysis, and the apparent size 
discrepancy between the near and far 
sides would be reduced if the questionably 
identified basins were excluded. The dis- 
tribution on near and far sides has no 
definite pattern, and seems most easily 
explained by random impact events. 
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MARIA 
The dark or low-albedo plains known as 

maria form one-sixth oftlie Jloon's surface, 
mostly in the prominent patchy dark band 
across the near side (Fig. 1). Blare rock 
occupies depressions and has obviously 
embayed and flooded older structures 
through some kind of surface emplacement. 
Most authors agree that the maria represent 
volcanic rocks, though a sedimentary origin 
has also been suggested. Dark domes and 
plateaus closely associated with the maria 
are commonly interpreted as shield vol- 
canoes (Pickering, 1908 ; Baldwin, 1963 ; 
McCauley, 1967). Lobate scarps in Mare 
Imbrium are interpreted as flow fronts 
(Strom, 1965; Kuiper, 1965; Whitaker, 
1966; Fielder and Fielder, 1968). The 
crystalline rocks returned from Mare 
Tranquillitatis by Apollo 1 1  have igneous 
textures, and compositions similar to 
terrestrial basalt but enriched in some 
refractory elements, particularly Ti and 
Zr, and depleted in alkalies and some 
volatile constituents (Lunar Sample Pre- 
liminary Examination Team, 1969). An 
approximately basaltic cornpositmion is also 
indicated for mare rocks a t  the Surveyor V 
site in Mare Tranquillitatis and the Sur- 
veyor VI  site in Sirius Medii (Turkevich et 
al.,  1968, 1969; de Wys, 1967, 1968). The 
nearly uniform appearance of the various 
maria suggest they are all similar in origin 
and composition, and an approximately 
basaltic composition for all mare rocks is 
supported by remote sensing (Hapke, 1968 ; 
Vinogradov et al., 1968; Adams, 1068). 
Thus the accumulated evidence indicates 
that maria are volcanic fills of basaltlike 
composition. 

A map of the mare areas on an equal-area 
projection (Fig. 1 )  shows that they are 
distributed unevenly. Thirty percent of the 
nea- side is mare in contrast to only 2 % of 
t h e  i ~ r  side. In  1003 Shaler had predicted a 
significantly lower quality of mare on the 
far side than on the near side based on his 
observations that the quantity of mare 
decreases on the near side as the limbs are 
approached. The great maria concen tra- 
tion on the near side lies mostly north of the 
equator, whcreas the sriiall mare areas of 
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the far siue lie mostly south of the equator. 
The north polar area and the adjacent 
northeast quadrant of the far side lack 
mare altogether, and a smaller empty area 
caps the south pole and covers the southern 
highlands of the near side. l h e  maria tend 
to  be concentrated along a crude global 
belt that approximates a great circle 
(Lipskiy et al., 1966). 

Maria occupy depressi3ns, and their 
surface elevations, though variable, aver- 
age lower than the terra (Arthur, 1966; 
Mills and Subdury, 1968). Some deep 
depressions, however, contain no mare. 
Many maria occupy large circular basins 
but the largest mare area is the irregular 
Oceanus Procellarum which is not circum- 
scribed by ring structures (Fig. 1) .  Smaller 
mare patches occur in smaller craters and 
irregular depressions. 

Superposition relations indicate that all 
mare surfaces are rolatively young com- 
pared to other lunar features even though 
their absolute agas may be great. These 
relations include the filling and embayment 
of relatively fresh features by mare material 
and the youthfulness of all craters that are 
superposed on maria. Crater counts, star- 
ting with Young’s in 1933, show that the 
maria are all of similar age and are younger 
then most highlands. Subsequently many 
mare surfaces have been separated into 
relative age sequences (Lyubarski, 1961 ; 
Dodd et al., 1963 ; Fielder, 1963 ; Carr, 1966 ; 
U’ilhelms, 1968). By extrapolation from the 
lunar geologic maps publis1:eil by the US. 
Geological Survey, the oldest surfaces that 
are usually classified as mare are probably 
younger than the Orientale basin. The 
restricted range in age of the maria suggests 
that they were produced during a relatively 
short period of extensive mare volcanism. 

Differences in reflectivity in mare areas 
are clearly visible a t  full Moon (the albedo 
ranges from 0.07 to 0.12 ; Pohn and Wildey, 
in press). In  many local areas the darker 
maria are concluded to  be the youngest 
(Carr, 1966; blccauley, 1967; Morris and 
Wilhelms, 1967), suggesting that albedo 
car1 increase with time. Good examples of 
this age relntion are seen in Mare Australe 
(Fig. 6), which is an arts of partly coales- 
cing patches mainly of relatively light 

mare. The dark mare covering the floor of 
the well-formed crater with a central peak 
(arrow, Fig. 6)  is younger than the crater 
it fills, and that crater in turn is clearly 
superposed on surrounding lighter mare. 
Also, some satellitic craters from the large 
crater Humboldt (top center, Fig. 6) are 
superposed on light mare (S) and yet others 
are inundated by dark mare. Evidently 
there was a relatively prolonged sequence 
of mare formation in the Australe area. 
Although accurate albedo values are not 
known for the far side, most mare patches 
there appear to  be comprtratively light, like 
most of Mare Australe, suggesting that 
they are among the older maria; a notable 
exception is the floor of Tsiclkovsky. 

Older equivalents of maria may be some 
light plains that are similar to  mare except 
for a higher albedo and greater crater den- 
sity. Lighter plains such as the floor of 
Ptolemaeas are not included as mare, nor 
are dark uplands, but both these types of 
terrain may be closely related to  mare. If 
someof the light plainsweremaria that have 
been lightened by age, then thedistribution 
of maria has varied through time (Sukhan- 
ov et al., 1967; Wilhelms, 1970) and what 
we call maria may represent only the 
youngest deposits of a more complicated 
crustal flooding sequence. 

RELATIONS BETWEEN MARIA AND 
CIRCULAR BASINS 

Most major maria occupy large circular 
basins, but not all basins contain mare 
(Fig. 1) .  The hishgram shoMn in Fig. 8 
reveals that all basins wider than 500 km 
and most basins wider than 400 km contain 
some mare, whereas two-thirds of those 
between 300 and 400 km contain none. 
However, thc quantity of mare is dispro- 
portionately distributed among like-sized 
basins : nearly all near-side basins within 
the mare belt are flooded whereas similar 
brtsins outside the belt and on the far side 
are only partially flooded or unflooded. 
Most of the mare areas on the near side are 
in circular basins or near them. The mare 
material of Oceanus Procellarum is con- 
tinuous with that which fills the Imbrium 
basin, but the vast area of Procellarum 
suggests it is not related to the Imbrium 

286 



No more filling Contains more filling 

a 

900 
c w 

700 0 1 :  UI 
I I I -  

* B A S I N  F R E Q U E N C Y  --m 

FIG. 8. Histogram of the size frequency of 
circular basins with and without IT- re filling. 
Patterns indicate basin age as in Fig. 7 .  

basin. Furthermore, the crude east-weft 
band of mare patches across the south- 
central far side (Fig. 1) also shows indepen- 
dence from large circular basins and indi- 
cates some other control on the ger-eration 
of mare. 

Among the circular basins, the partly 
filled basins show a preference for mare to 
be located first centrally in the inner basin 
and second in concentric valleys between 
mountain rings (e.g., Figs. 2 , 5 ) ,  suggesting 
this was the order of filling of the more 
complet4ely flooded basins also. The initial 
stage of mare flooding in smaller craters 
such as Humboldt (at the top center of 
Fig. 6), is generally along the outer and 
apparently lawest part of the crater floor. 
Thus mare is emplaced preferentially in 
certain structural positions of craters and 
basins, and these positions coincide with 
the lowest depressions. 

Large positive gravity anomalies indi- 
cate mas8 mcentrations, “mascons,yy in 
those large .narc-filled basins having well- 
developed ring structures on the near side 
(Muller and Sjogren, 1968). However, no 
mascons are associated with the maria 
Trat: yullitatis, Nubium and Fecunditatis, 
which we suggest may occupy nearly 
obliterated circular basins (Table I), nor 
with Oceanus Procellarum. These weas 
must differ in some respect from the mascon 
basins, the possibilities varying with the 
interpretations placed upon the cause of 
the gravity anomaly, The mascons may be 

dense metallic objects (Jiulle*- ttnd Sjogrei 
1968; Urey, 1956), layet-. of dense mat? 
rock (Cone1 and Hoixtrom, 1968), dense 
subcrustal rock (ultrabasic?) at a shnllow 
level beneath the basin (\l’ise an? Yates, 
1969), or some combination. The circular 
mare areas that, ?ick mascons may record 
impacts of low-density bodies. They may 
instead merely contain a lesser thickness of 
mare than the well-form4 Circular impr.c*t 
ba-ins, either because they are old impact 
scsrs that rebounded before the mare 
flooding, or, alternatively, because they 
are not, due to impact. 

The wide range in age of the large circular 
basins contrasts with the general roncor- 
dance in age of their mare fillings. I t  is 
particularly int,erest,ing that mare rocks 
oczur unpreferentially in basi1.s of any age. 
and conversely that t’here are both old and 
young basins that contain no i.me (Fig. 8). 
However, the light plains-forwing mater- 
ials that occur in the basins devoid of mare 
(e.g., Fig. 4) could have been mire material 
now lightened through aging. On the other 
hand, basins can apparently remain as 
potential loci for mare flooding long after 
they are formed. Mare Aust,rale, for 
example, occupies a very ancient. circular 
basin (Fig. 6). Ahhough the mare patches 
of Australe vary in ape, all are considerabl? 
younger than the i m p  5t scar, whose topi. 
graphic expression has been nearly oblittr- 
ated. It is conceivable, though unlikely! 
that even Oceanus Procellarum is anala- 
gous to  Australe and occupies an eren 
older and larger impact scar. 

POSSIBLF EXPLASATIOXS OF MARE 
DISTRIBL-TIOX 

The following distribution p t t e rns  of 
mare rocks have become appelent: (1) 
Maria are associated with circular basins 
of all ages. (2) Mwia are topographicail? 
low. (3) Maria tend to  lie in a crude global 
belt that  contains regional concentrations 
such as that in the south ce.itra1 part of the 
far side. (4) Most of t,he mare are; is on the 
hemisphere facing Earth. Several expluna- 
tions for these patterns can be entertaineti 
as working hypotheses the t will have to be 
tested critically as more data become 
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available. 1 L  swiiis lihriy that some (mi- 
biittit ion of proi-esscs fiiiictiotid toget her. 

nonc by it.;clf .oc~eniQ sirlticient to cs;dain 
all the known feat u r n  ~ ~ ~ ! i i a l y  diatribut:-,!.. 

1 k4:i;-d t-olcarii:,w itidr:rvd b) impn,.r 
was sugg~sted by ('itrr (I!Nir) a ~ i d  is 
attrrit*tive bCi1il.w it ca~? ttctoulit for both 
the wnrvntration of niare r w k s  i n  large 
'0;wins and for the zipparent ycxth of the 
mare co inpad  with t h e  enclosing bas: .s. 
,An impact prduivs  transient heat so that 
local melting midit twsil>- occur (Ciim, 
1964: Konca. 1966). Carr turicliidd. how- 
ever. that lorig after the h!)act very c sten- 
F i v e  me!ting might occur ;is a result of a 
slow rise in geothermal gradient, cauwd b\- 
the insull;:ing effects of breccia and of high 
transient temperatures caused by the 
impact. Tbus as much as a tilliori years 
might have el.tpsed bet-seen the imbriuni 
event and the forniatron of Mar Imhri---n. 

The low elevations and ap~~are*i+ c9m- 
mon level of many :iearby mare 'wes 
that are riot connected hare silo.'# 
Shoer.iaker ( 196-4) and Sukhancv ( 1968) 
that mare material was ernp!aced 8s a 
fluid to an approximate hj-dmtatic level 
during widespread melting. Exempli[\-ing 
thisapparent ~.i-.Jn>statir€ql";,brium is the 
crater .4rcl,imdes. whase interior is filled 
with mare rocks to nearly the same level cs 
'adjacent Mare Imbriirni (Turner, 1961). 
Exceptionis are ilte reported limb height 
differeyce of 3 kni between JlaR Smythii 
and nearby Mare Jfarginis (Arthur, lO6S), 
and some deep untfooded pre-mare craters 
surh as Lansberg. \\'hett;er most. maria 
share a common low hypsometric lev4 
remains to 1) shown hy better selenodetic 
data than arp i r m -  avwrable. 

Isostatic. compmsation may account for 
the low- elevation cif thr maria (Baldwin, 
1!)4!), iWi. 1 G t i ~ :  O'Keefe I96P) if the 
rnaria ;in' thinner or denser than t.he high- 
lands. Su& a density difference is suggt:sted 
by the Siirvcyor chemical analyses (Gault 
nf nl. ,  196s) a. 1 - d I  as the high densities of 
:I..t:e rocks from Tranquillity Bast. 'Lunar 
Sa n? p'c Prelim i n :try Exam i I la t ion Team. 
! 9W), and perhaps by the presumedgreater 
trecciation in t,hc older and . a  heavily 
impacttrl highlirndr,. The pea: !mar mas 
con7 (Mulier and Sjogrerr, I!%S) d? pot 

.o 

appitr to be canrper4ed. but the lack of 
fn.e-uir gravity anomalies over Oceanus 
I'rwellarum arid the maria Trzrnquillitatis, 
Fecundi?stis. and Subiuni (\liiller and 
bjL8gIV11. 196s) suggest these maria may be 
(.ompensated H ith respect to adjaent  
highlands. 

Regional concentrations of maria mieht 
be accounted for by lateral heterogeneities 
in  the Muon. such 8s might be due to accre- 
tion of chemically different lumps of 
.,,aterial (c'rey et al., 1959) or to some 
internal processes. Volcanic provinces of 
conipositions different fmm maria Sttem 
likely in the highlands, m-here a variety uf 
probable vu!canic landforlns S t ' m  as the 
Kan: plateau (Milton, 1968) are now recog- 
nized on Orbiter photos (Wilhelms and 
,)lcCauleJ-. 1969). Surveyor analyses a h  
suggest sane differences in chemical make- 
c p  for highland and mare rocks (Jackson 
and IViIshin, 1968). The differences be- 
+ween mare and highiand volcanism may 
reflect different source compositions. 

Convecticn in the lunar interior (Run- 
corn. 1962, 1967: Fielder, 1964) might 
eap1,:in some regional volcanic differences 
such as the cc.icent-ations of mare rocks 
within a crude global beit (Fig. 1). It has 
been suggested to explain a province of 
ridges and volcanic plateaus along the 
nor, hwest axis of Oceanus Procellarum 
(JlcCau!ey, 1968). However, the Moon 
lacks tertonic mountain chains such as are 
commonly interpreted as products of 
mantle convection on Earth (Dietz and 
Holden, 1965) so that convection, if it  
existed, mal- hm-e been very sluggish. 

The concentration of maria facing the 
Sarth suggests a terrestrial influence in 
their emplacement. although Sash  (1963) 
postulated that the uneven distribution 
might predaie and be respotisible for the 
Moon's pr-sent orientation. Kopal (1966) 
suggested that the near-side lunar surface 
was disrupted by the Earth's gravity a t  a 
time whep the Moon so closely apprc ached 
Earth that the Moon's near side dipped 
within the Roche limit-that distance from 
a plrnet within w;.rch a satellite cannot 
apr mch without disruption. Any close 
a )poach, eren if not to the Roche limit, 

mild generate considerable heat (AlfvCn 
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and h h e n i u s .  1969). The generally con- 
cordant age of xnost maria suppxts t h e  
concept of a brief interval of uare  volcan- 
ism during a close approach to  Earth. 

Thus the mare distribution patterns 
seem ti, require some combination of two 
or more causes. The association of maria 
with circular basins can be explained by 
impact -induced volcanism. "I'he generally 
low elevations of mare surfaces suggest 
that the mare rocks were extruded approx- 
imately t~ hydrostatic level: some ma\- 
be lcm- because they *-- isosteticelly corn- 
pensated. Regional cor.wntrations of mare 
rocks u.irrlated to impact basins, and the 
contrcrst between maria and probable vol- 
canic landforms in the highlands, suggest 
volcanic provinces related to c o r n p i t  ional 
diffeences in the subsurface: or perhaps 
subcrustal convection. Finally. the xAear- 
side concentration of mare rocks is so 
striking that it strongly suggests an  
influence of Earth's gravity in mare 
volcanism. 
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VOLCANISM AS A PLANETARY PROCESS 

Ronald Gteeley 
University of Santa Clara, Santa Clara, Calif. 95053 

I. INTRODUCTION 

Planetary surfaces result from the complex interplay of several geological processes, including 
impact craterina igneous activity, tectonism, and gradation. These are general processes that prob- 
ably are operative on all terrestrial planets, but their relative importance varies with the emriron- 
ment and evolutionary history of each planet. Thus, a thorough knowledge of these processes, their 
relative importance, and d t i n g  surface features is required to understand the geological history of 
the terrestrial planets. 

Although the role of volcanism on Earth has long been recognized as important, it was not 
until data were gathered for the ocean basins, showing extensive basaltic lava flows, that its full 
significance was realized. The role of volcanism on other planets is also beginnine to emerge. Data 
from unmanned lunar missions, returned samples, photographs, and astronaut observations show 
that volcanism also played a signifkant role in shaping the surface of the Moon. In addition, Mtrn.net 
missions to Mars have shorn: that volcanism dominated several regions of Mars, evidenced by 
tremendous shield volcanoes, dome volcdnoes, flood-type lava flows, and fmres. Thus, it is obvious 
that for at least three out of the fnre maior terrestrial planetary bodies, volcanism as a planetary 
process is very important. 

Comparative gzologic studies offer one r.ieans for understanding geologd processes on other 
planets. Three steps are involved in such comparative studies: 1) determine the morphology and the 
conditio& of formation for possible terrestrial analogs (ea., impact craters); 2) through theoretical 
considerations, determine the ways in which the morphology and process of formation might be 
different under different planetary conditions (eg., gravity differences, presence of an atmosphere, 
etc.); and 3)  apply the results to the interpretation of features on extraterrestrial bodies. Unfor- 
tunately, most geological processes are too complex to be completely understood, even on Earth. 
Comparative field studies, however, can result in diagnostic criteria for the identification of extra- 
terrwtrial surface features and provide clues to formative processes. 

This paper is a brief review of the more common volcanic features that have been identified on 
the Moon and Mars and offers some possible terrestrial analogs. The features desmied include 
volcanic vents, Eood-type lava flows, volcanic rilles, and lava domes. 

An excellent descriptive and illustrated catalog of terrestrial volcanoes is Volcanic Landforms 
and Surface Features: A Photographic Atlcs and Glosrwy, by N. Short and J. Creen (1972). This 
reference is particulvly useful for comparhg terrestrial and planetary volcanic features. 



11. VOLCANIC VENTS 

Prior to  the recognition of impact cratering as a significant g e o h g d  process (before about 
1900), most scientists believed that craters on the Moon were volcanic. Later, SelenologiStS were 
split into two camps, the “impactors” and “volcanists.” Nith the tremendous wealth and quantity 
of data returned by the Apollo mtssions, most investigators now recognize that both processes were 
important on the Moon out that the mJority of craters are impuct-ptoduced. The belief, howem,  
does not exclude some volcanic craters The problem depends on the ability to  reccgnize and 
distinguish variocs types of craters, A further distinction to be made is that between volcanic and 
tectonic events - both processes are responsible for cratedike depressions. Because the selenologist 
works m a t l y  from photographs, identification of crater types must be based primarily on  mor- 
phologic characteristics. 

On Earth, volcanic vents occur in a wide variety of forms and sizes, depending primarily upon 
type, duration, and magnitude of eruption. The resulting landform is typically an irregular crater 
thpt has developed through multiple events. In contrast, impact craters *-esult from single events and 
are usually symmetrical. The foflowinq table summarizzs the general differences between impact 
craters and volcanic craters: 

Impact 
1. 
2. 
3. Symmetric ejecta blanket 
4. Overturned rim (inverse stratigraphy) 
5. Sh-d ter cones 
6. High temperature-high pressure minerals 
7. Centnl peak(s) (some casesj 

C i u i  ar or symmetrically elongate 
Floor lower than surrounding plain 

Volcanic 
1. Non-circular 
2. 
3. 
4. Normalstratigraphy 
5. 
6. 

Often aligned with similar maters 
May not have raised r ims 

Lack of shatter cones and high temperature-high pressure minerals 
Small (typically less than a few kilometers) 

Common to  both 
1. Basesumtypedeposits 
2. Brecciation 
3. Secondary craters 
4. Concentric fractures 
5. Rock-melt flows 

One auantitative technique to  aid in separating craters is to detennine their circulmity. 
:i 3 tc::knQ!e is not deft.litive in itself, it can be used with other criterion for separating 

i contrast t o  terrestrial calderas and ring complexes which deviate widely 

6’ - 
1 . . c. , cl-t:rs of other origins. Known impact craters and most lunar craters tend to  be 

’ plr 
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Opposite: 
F i e  6.- Lunm lova flows in Miue hnbrium. (a) (LOV-161-M} and Martian 

lava flows, (6) (MTVSII 79-30; DAS6966008). on the floorof the Amazoldo 
basiw- me sheets of lava indicate low viscm*ties of the flom 
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V. CONCLUSIONS 

Volcanic features have been identified on the Earth, Moon, and Mars. Through comparative 
studies, it is possible to interpret the form, structure, and origin of many extraterrestrial volcanic 
features, whose ibntification and classification are essential to  the derivarlm of regional geology 
and the general geological evolution of planets. 
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IDENTIFICATION, DISTRIBUTION AND SIGNIFICANCE 

OF LUNAR VOLCANIC DOMES* 

E U G E N E  1. SMITH** 
Dept. of Geology. University of New. Mexico, Albuquerque, N.M.. U.S.A. 

(Received 21 March, 1972) 

Abstract. Over 300 previously unrecognized volcanic domes were identified on Lunar Orbiter photo- 
graphs using the following criteria: (I) the recognition of land forms on the Moon similar in mor- 
phology to terrestrial volcanic domes. (2) structural control, (3) geomorphic discordance. and (4) the 
recognition of land forms modified by dome-like swellings. Many terrestrial volcanic domes are simi- 
lar in morphology to lunar domes. This analogy suggests that some lunar hills are in fact extrusive vol- 
canic domes. Many of the domes identified in this paper seem to be related to basins and craters, and 
with the exception of local tectonic grid control few domes are related to any observable Moon-wide 
pattcm. Domes are not uniquely found on maria. Dome formation probably spans a wide range of 
lunar time and activity in areas where domes are located may be continuing to the present as revealed 
by the close correlation of dome distribution with the distribution of lunar transient events. The over- 
all morphology of a lunar dome is a poor indicator of the composition of the rock that forms the 
dome. 

1. Introductim 

The form and distribution of lunar volcanic domes bear on the problem of the nature 
0: lunar volcanism. Furthermore the distribution of domes and other probable 
volcanic features may provide clues to structural patterns controlling volcanism. 

The Lunar Orbiter missions provided good high resolution photographs of most of 
the Moon and revealed over 300 previously unrecognized domes and other probable 
volcanic land forms. This paper discusses the criteria established for identification of 
lunar volcanic domes and the significance of dome distribution. Domes identified by 
methods presented here vary greatly in morphology from broad mare domes to 
irregular steep-sided cratered domes. The irregu!ar steep-sided features are of particu- 
lar interest because many resemble extrusive volcanic domes in terrestrial volcanic 
fields. For example, Holocene rhyolite domes in the Mono Craters in California are 
similar in morphology to some steep-sided lunar land forms. This analogy suggests 
that extrusive volcanic domes are indeed present on the Moon. Many lunar domes 
seem to be associated with basins and craters, and with the exception of local tectonic 
grid control i’ew are related to any Moon-wide pattern. 

Apdlo orbital photography is now being studied to re-examine domes identified 
on Lunar Orbiter photographs and to survey areas where high resolution Lunar 
Orbiter coverage was not satisfactory. Most interpretations have not changed by 
viewing domes on Apollo photographs. 

Contribution No. 33 Planetary Geology Group, University of New Mexico. 
*@ Present address: Division of Science, University of Wisconsin - Parkside, Kenosha, Wis. 53140, 
U.S.A. 
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In this paper, I have adopted the definitions of mare material, mare and basin 
established by Hartmann and Wood (1971). They define mare material as "relatively 
smooth dark material .. . can occur in basins, craters or irregular depressions". 
Mare is defined as **a large deposit of mare material whether in a circular basin or 
irregular depression", and busin "is used to designate the largest circular depressions ... 
Basins may or may not be flooded by mare material". 

2. Defioitions of Terrestrial and Llurnr Domes 

On Earth, the term volcunic dome has been broadly applied to basalt shield volcanoes, - 
Pelean spines, tumuli and felsic extrusions. Williams (1932a), however, restricted the 
definition to include only "steepsided, viscous protrusions of lava forming more or 
less dome-shaped masses around their vents (Williams, 1932a)". Examples of volcanic 
domes of this type are in the Mono Craters, California (Putnam, 1932; Smith, 1970) 
(Figure I ) .  These rhyolite domes vary in diameter from less than 100 m to more than 
2 km and are commonly associated with flows and craters. Flows rarely travel more 
than 2 km from their source. Collapse craters are shallow sags wi:h depth-diameter 
(d/D) ratios varying from about I : 5  to about 1 : 10. Explosion craters on the other 
hand are deep cone-shaped craters (d/D about I : 3) up to 2 km in diamcter. 

VIII,! Flow banded rock of dome 
Brecciated and fractured rock 

*-*.*.*** Debris 
Fig. 1. Diagramatic crus section of a terrestrial volcanic dome. 

In this paper, the term lunar volcanic dome is used in its broad sense. That is 
swellings on the maria, irregular swellings and steep-sided hills are referred to as 
domes, even though many of these features may not be true volcanic domes. Some, in 
fact, may be cinder cones, stratovolcanoes and shield volcanoes. 

Previous lunar dome definitions are inadequate in that they only describe mare 
domes (Westfal!, 1964). A typical mare dome is a low blister-like feature, circular to 
irregular in shape with diameter ranging fiom the limit of telescopic resolution to 
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about 35 km. The average mare dome diameter is about 4 km (Brungart, 196)4. 
Slope angle rarely exceeds 5" on the flanks of mare domes. 

3. Literature Review 

Previous studies of lunar domes were based primarily on telescopic observations and 
detailed studies of Earth-based photographs. Most of these studies described broad 
mare domes and various hypotheses were presented for their origin. Shaler (1903) 
and Spurr ( 1944) indicated that domes might be formed by trapping gas beneath the 
surface, uparching surface layers. Pickeripg (1903) and Baldwin (1963) showed 
similarities between basaltic shield volcanoes and mare domes, and Herring (1960) 
and Fielder (1962) advanced the idea that domes were laccolithic intrusions. Beswick 
(1962) suggested that domes may develop into craters. Domes mapped by, the -U. S. 
Geological Survey, Branch of Astrogeology, were interpreted as laccoliths, shield 
volcanoes and extrusive domes. 

Arthur ( 1962) and Baldwin (196.1) stated that domes are on the maria and noticeable 
clustered on both sides of the lunar equator, and Brungart (1964) substantiated this 
observation. BCilow (1964) indicated that domes probably existed on the lunar 
highlands. but could not be seeil from Earth. Lunar domes were catalogued by Moore 
and Cattermole (1957). Abbey and Both (1958). Brungart (1964), Rae (1963, 1966) 
and Jamieson and Rae ( 1965). 

Features other than mare domes were interpreted as endo, ;nit land forms on 
Ranger, Orbiter and Apollo photography. Kuiper et al. ( 1965) on Ranger photographs 
compared several domes to tumuli on basalt flows, and Elston (1967) interpreted 
spines with summit pits on the northeast wall of Alphonsus as extrusive morphologies. 
On Lunar Orbiter photographs, McCauley (1967, 1969) interpreted hills in the 
Marius Hills as domes and cinder cones. 0' Keefe et al. (1967) suggested that the 
Flamsteed structure was the surface expression of a ring dike, with domes and flows 
exposed, and Smith (1969) interpreted the Rumker Hills as a dome complex and 
suggested analog of domes in the Mono Craters, California to some lunar cratered 
domes (Smith, 1970). Eggleton (1970) suggested that several features in the Riimker 
and Montes Riphaeus quadrangles are stratovolcanoes. Apollo Orbital photography 
has revealed several probable domes (El Bar and Wilshire, 1969; El Baz, 1971; 
Scott et ul., 1971). 

4. Criteria for Identification of Lunar Volcanic Domes 

A. INTRODUCTION 

Domes on Lunar Ortiter photographs were identified by application of a set of 
objective criteria whim are based on ( I )  the recognition of land forms modified by 
dome-like features, (2) structural control and geomorphic discordance, and (3) 
characteristic surface morphology and the shape and dimensions of summit pits. 
Features identified by thcse criteria are interpreted as endogenic and not as features 
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related to meteorite or asteroidal impact. The number of domes identified as volcanic 
by these criteria is probably a conservative estimate of the total number of lunar 
domes, becaiiv dome identification is extremely difficult in the iunar highlands where 
many positive topographic features occur. A summary of criteria used to identify 
domes is given on Table 1. 

TABLE 1 
Summary of Criteria for Identification of Lunar Volcanic Domes 

A. Land forms modified by dorrle-like swellings 
I .  Swellings on crater walls, rims and floors. 
2. Swellings on mare ridges, and associated with rilles. 

B. Structural control 
I .  Swellings at the intersection of mare ridges. 
2. Swellings at the intersection of rilles. 
3. Swellings at crater intersections. 

C. Geomorphic discordance 
I.  Land forms superimposed on regional trends. 
2. Land forms with fresh looking appearance in areas where other features are subdued. 
3. Land forms atypica! of the local terrain. 

D. Moiphologic criteria 
I .  The presence of analogous land forms on Earth and Moon. 
2. Identification of volcanic craters associated with positive topographic features by depth- 

diameter technique (Smith, 1971) or crater circularity (Murray and Guest, 1970). 

8. LAND FORMS MODIFIED BY DOME-LIKE SWELLINGS 

Deviation from typical crater morphology, that is a distinct deviation from the shape 
which is typical of the majority of craters of the same size and age, is considered 
evidence for modification by endogenic processes. Examples are oversized central 
peaks, large swellings on crater walls and rims, and hills on a crater floor not related 
to the central peak or wall slump blocks. Swellings on mare ridges probably have an 
endogenic origin, since mare ridges themselves are interpreted as intrusive and/or 
extrusive features (Strom, 1971). Strom (1971) also noted the presence of swellings 
and small hills on mare ridges and interpreted them as post-mare volcanic hills. 
Swellings associated with rilles are also interpreted as domes. 

Examples of domes in craters are: ( I )  a crater 8.9 km in diameter north of Mare 
Serenitatis enclosing a cratered central dome 3.5 km in diameter (Figure 2); (2) a 
crater in western Ocean us Procellarum 5.6 km in diameter with a cratered dome 2.8 km 
in diameter (Figure 3); ( 3 )  craters in Aitken filled with bulbous domes (boytroidal 
fil l)  (Figure 4); (4) domes in large fresh craters (Tycho, Aristarchus, Copernicus). 
An example of a swelling on a mare ridge is in southeastern Oceanus Procellarum 
(Figure 5 )  and domes associated with rilles are in southern Oceanus Procellarum 
(Figure 6) and near the crater Gruithuisen. 
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TABLE I I  
List of Lunar Domes 

Locatim - I V  HI08 (988. 19 L) indicates that the feature is located on Lunar Orbiter 4 high resolution 
photograph 108. framelet 988, 19 cm from the left margin of the photograph. 

R - Reliability of dome identification on A to E scale. 

Location Description R 

M33 

M 75 

MI20 
MI21 

HI99 

HS 
H6 

H8 
H9 
H IO 

HI7 
HI8  
H27 

H38 
H52 

H53 

H60 

H65 
H66 

H67 

Orbitcr 2 
(946, 19.5L) 
(941, 19.5L) 
(446, 7.2L) 
(439. 8.4L) 
(443, 18.6L) 

Orbiter 3 
(762, 13L) 
(900,21 L) 
(724, 1 I .9) 
(711, 17.4L) 
(692, 5.5L) 
(658, 20L) 

Orbiter 4 
(20, SL) 
(180, 16.3L) 
(182, 9L) 
(201, 19L) 
(227, 10.5R) 
(483, 9R) 
(578, 12.7R) 
(672, 5L) 
(696, 141 ) 
(623, S.5L) 
(755,3L) 
(983, 5L) 
(983, 9.5L) 
(415, 20L) 
(216, I1.5L) 
(262, 21 .SL) 
(265, 17L) 
(373, 19.5L) 
(385. 16.SL) 
(283, 9L) 
(285, 23L) 
(277, 17L) 
(935, 7L) 
(040, 10R) 
(157, 19L) 
(148, 17L) 
( I  69, 6L) 
(255, IOR) 
(214, 18L) 

Hills on crater floor 
Botryoidal fill 
Double ring 
Hills on crater floor 
Double ring 

Two cratered cones with summit pits 
Cratered cones and botryoidal fill 
Cratered cones on floor of Tsiolkovsky 
Cratered cones on floor of Tsiolkovsky 
Dome in crater with sinuous rille 
Cratered cones 
Flamsted Ring 

Dome on mare ridge 
Dome on crater wall 
Cratered cone 
Domes on crater floor 
Isolated flat-topped domes 
Domes on crater floor 
Flat dome within irregular crater 
Domes on mare ridge 
Cratered cone within crater 
Textured dome in crater 
Cratered cones 
Hill on rille 
Hill at intersection of three rilles 
Dome on mare ridge 
Cratered flat-topped dome in crater 
Domes in three craters 
Rounded ridge in crater 
Aligned domes in crater 
Domes in crater 
Dome in crater 
Dome on mare ridge 
Double crater 
Dome associated with rille in crater 
Hummocky mass on crater floor 
Dome in the Palus Somnii 
Elongated domes in crater 
Double crater with domes in moat 
Flat-topped dome in crater 
Cratered dome 

C 
B 
B 
D 
D 

C 
B 
C 
C 
A 
A 
A 

A 
B 
C 
C 
C 
C 
A 
C 
C 
D 
D 
C 
C 
B 
C 
A 
D 
B 
C 
C 
B 
A 
C 
D 
D 
C 
A 
C 
B 
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Table I1 (Continued) 

Location Dexript ion R 

H68 

H70 
H7 I 
H72 

H74 
H76 
H77 
H78 

Ha3 
H84 

H86 

H88 

Ha9 

H90 

H91 

(322. 16R) 
(368. I3.5R) 
(368, 4.8L) 
(548, 4.5L) 
(714,9L) 

(815, 19L) 
(818. 3.4) 
(819, 13.5L) 
(887, 15.5L) 

(816. ISL) 
(816. 2R) 
(838.4.5L) 
(839, 16.5L) 
(855, !OL) 
(072, 20.5L) 
(378. 2.5L) 
(526,aR) 
(637, 19L) 
(593, IOL) 
(611, 16R) 
(643.7l-I 
(259, I5L) 
(41 1, 7.5R) 
(432.8L) 
(397, 18.7) 
(641, 14L) 
(699.3L) 
(678, 8.5R) 
(681, 13.5L) 

(813. IOL) 

(889.5.7~) 

(6a2,19.7~) 
(683, 1.52~) 
(699-685) 
(924.9L) 
(904,15.5R) 
(0.35, 9.5L) 
(046, 14L) 
(0.39. 7.5L) 
(0.53, 4.5L) 
(059, 10.5L) 
(063.2L) 
(099,9R) 
(074, 5L) 
(200, 12R) 
(215, 14L) 
(324, 1OL) 
(336, 7L) 
(357, 2L) 
(357,6L) 
(349, 5.5L) 
(345, 2L) 

Cratered cone on crater wall 
Double crater 
Broad dome on ridge 
Dome in crater 
Domes in Fabricus associated with rille 
Cratered domes associated with rille 
Domes in crater 
Dome at crater intersection 
Large dome on crater floor 
Cratered cone 
Cratered cone 
Cratered cone associated with rille 
Dome field 
Dome in double crater 
Six domes on mare ridge 
Dome on crater rim 
Three peaks in crater 
Oversized central peak 
Irregular domes associated with r i l le 
Dome on mare ridge 
Pear shaped dome on mare ridge 
Cratered hill on crater wall 
Domes on mare ridge 
Swelling on ridge in crater 
Domes on floor of Thmphilus 
Domes on crater rim 
Cratered ellipsoidal hill 
Dome field 
Aligned hills 
Small domes 
Dome at crater intersection 
Cratered hill 
Cratered cone on crater wall 
Lacus Somniorum Dome Field 
Cratered hills in crater 
Cratered hill on crater wall 
Pear-shaped hill with summit crater 
Domes in crater 
Cratered cone 
Cratered hills on crater wall 
Three aligned hills 
Hills on crater wall 
Dome at crater intersection 
Domes on crater floor 
Domes associated with rille 
Domes in crater 
Dome Field, Lacus Mortis 
Dome Field, Lacus Mortis 
Dome associated with ridge 
Cratered dome in crater 
Cratered cone 
Dome associated with r ide  

A 
A 
A 
C 
B 
B 
B 
A 
A 
D 
C 
C 
D 
C 
A 
A 
D 
D 
D 
A 
C 
A 
B 
D 
C 
D 
A 
E 
E 
D 
D 
D 
D 

C-A 
D 
C 
C 
D 
D 
C 
D 
D 
C 
C 
C 
D 
B 
C 
B 
A 
A 
C 
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Table If (Cunrinued) 

H94 
H95 

H96 

H97 

H98 

KlOl 

H102 

H103 

H108 

H109 

H110 

H112 

H113 

(318, 19L! 
(343, 2.5L) 
(322, 14.2L 
(324. 14.7L) 
(329, 5.2L) 
(338, 8.5L) 
(349,7L) 
(321. 2L) 
(364, 5.5L) 
(717, 9.5L) 
(840,O.SL) 
(838,O.SL) 
(859,4L) 
(010, 3L) 
(014.2L) 
(0.28, 12R) 
(940,m-I 
(958-956) 
(993,6L) 
(99-304) 
(127,4L) 
(128. 10.5L) 
(155, 18L) 
i l W  5L) 
(23, 
(266.9L) 

(621, 13L) 
(623, 5.5L) 
(671, 17L) 
(762, 18L) 
(788,6R) 
(810,6L) 
(888, 13L) 
(909.13L) 
(928, 11L) 
(953, 1L) 
(577,lOL) 
(583, 12.5L) 
(676) 
(683, 19R) 
(7 16) 
(713, 14.5L) 
(737, 12L) 
(807.7l-I 
(867, 3L) 
w i , z i )  
(808, 1.5L) 
(091, 16R) 
(092, 11R) 
(063, 19L) 
(188, 1L) 

(270, 

Cratered cone in crater 
Cra tered cone 
Cratered cone 
Cratered cone 
Pear shaped *ratcred hill 
Cratered cone 
Cratered cone 
Cratered cone 
Cluster of irregular hills 
Off-center central peak 
Dome on crater wall 
Dome on crater wall 
Dome in crater with fracture 
Flat topped hills 
Cratered hill on crater wall 
Double crater 
Cratered cones 
Dome Field 
Domes in crater, dome cratered 
Dome Field 
Mare dome, cratered 
Cratered cone 
Domes in craters 
Four domes in crater 
Botryoidal fill 
Dome in crater 
Dome in crater 
Double crater 
Flat topped dome with summit sag 
Cratered central peak 
Dome field 
Swelling on mare ridge 
Domes in crater 
Low hills 
Cratered hills 
Cones to southeast of Cassini 
Three domes 
Oversized central peak 
Dome on wall of Arzachel 
Dome field 
Cratered dome 
Dome field 
Cratered cone 
Double crater 
Cratered cone 
Dome associated with rille 
Cratered cone 
Flat topped dome on crater wall 
Dome associated with rille 
Domes on crater floor 
Cratered cecltral peak 
Dome associated with rille 

C 
B 
B 
C 
C 
D 
C 
B 
E 
C 
C 
C 
B 
E 
C 
B 
B 
C 
B 
C 
D 
D 
C 
D 

B 

B 
B 
C 
C 
B 
C 
E 
C 
D 
D 
D 
C 
C 
D 
C 
C 
A 
E 
D 
C 
C 
C 
C 
C 
A 
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Tobk I1 (Continued) 

Location Description 

HI 14 

HI15 

HI I6 

HI19 
HI20 

HI21 

HI22 
HI24 

HI25 

HI26 

(I 88-193) 
(225, 14L) 
(238, 1 I L) 
(240. 10.5L) 
(263, ISL) 
(269, IL) 
(317, !OR) 
(317, 7.SR) 
(341, 16L) 
(340. IOL) 
(350, 1.SL) 
(354. 14L) 
(362, 10.5L) 
(346 51) 
(376. 1.5L) 
(405, 13R) 
(464, 8.2L) 
(470. 2 S L )  
(520, 17.SL) 
(SO7, 18.5R) 
(510, 19.SR) 
(472, 6R) 
(471,21L) 
(468, 16R) 
(47 1 , 5R) 
(461, 6.SL) 
(443, 8.SR) 
(639, 12L) 
(641, 19R) 
(604, 12L) 
(010,7L) 
(159, 17.5L) 
(101-108) 
(111, 15.5L) 
(107, 1.SL) 
(304, 14L) 

(299,9R) 

(402, 19.5L) 
(636,4.5R) 
(640, 17L) 
(647, 42R) 
(649.7L) 
(b54,4.SL) 
(836, 3.2L) 
(773, 16R) 
(786, S.SR) 
(798. 3L) 
(941, 1.6L) 
(942,0.6L) 
(941, 1.8L) 

(209, 2L) 

(307-3 18) 

Five elongated domes 
Cratered cone 
Dome on mare ridge 
Swelling on mare ridge 
Flat topped irregular dome 
Three domes on crater floor 
Hemispheric dome 
Cratered cone 
Oversized central peak 
Cratered dome 
Cratered hill associated with ridge 
Domes in Eratosthenes 
Domes assxiated with ridge 
Oversized central peak 
Flat topped dome 
Irregular hill with summit sag 
Cratered cone 
Double crater 
Domes on mare ridge 
Cratered cone 
Dome associated with ridge 
Cratered cone 
Cratered cone 
Cratered cone 
Cratered cone 
Cratered cone 
Humrnocky terrain 
Dome associated with rid& 
Cramed cone 
Dome cluster 
Domes on floor of Tycho 
Swelling on mare ridge 
Dome field in Fra Mauro Fm. 
Cratered cone 
Four cratered domes 
Cratered cone 
Domes on floor of Copernicus 
Elongated domes 
Dome field 
Dome on mare ridge 
Cratered dome in double crater 
Domes on crater door 
Dome associated with rille 
Cratered hills and noncratered hilb 
Cratered cone 
Cratered cone 
Dome on mare ridge 
Cratered ridge on mare ridge 
Dome with summit rift 
Cratered cone 
Two cratered cones 
Cratered cone 

R 
- 

D 
A 
B 
A 
C 
C 
D 
C 
C 
D 
D 
D 
D 
E 
D 
B 
B 
B 
D 
C 
B 
D 
C 
B 
B 
B 
E 
D 
C 
C 
B 
C 
C 
A 
C 
B 
B 
C 
C 
D 
B 
c 
B 
B 
B 
C 
B 
B 
B 
C 
B 
B 
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Table I1 (Continued) - 
Loc tion Description R 

HI27 

HI30 

HI31 
HI32 

HI33 

HI33 

HI34 

HI37 

H138 

HI39 
HI42 

H I43 

HI45 

HI48 

(933, 11 SL, 
(940.4L) 
(942,O.SL) 
(944.9l-I 
(044,lOL) 
(017, IIR) 
(440. 7.8L) 
(441, 5.5L) 
(445. 8.4R) 
(433, 7R) 
(542, 4.3L) 
(686.27L) 
(693, 17.8L) 
(741, 13.51) 
(563. 13L) 
(863, IOL) 
(838, 19.5:) 
(868-87 1 ) 
(865. 14L) 

(862, 9L) 
(860,5L 
(854, 13L) 
($71. 1.7L) 
(961, 6.8L) 
(224, 14L) 
(383, 2L) 
(353, 11.2R) 
(353, 7R) 
(353, 15.5R) 
(544, 13.5L) 
(513, 7L) 
(528, 18L) 
(598, 2R) 
(939, 11L) 
(965, l3L) 
(995.8l-1 
(008,4L) 
(012, 51,) 
(992, 9L) 
(134, 17.5L) 
(1 25-1 28) 
( I  39, 9.4L) 
(140,IOL) 
(255 
(488, IL) 
(444,7L) 
(443, 24.5L) 
(445, 12.71) 
(387. 71) 
(784 
(773 

(879-888) 

C; itered cone 
Crztered cone 
Cratered cone 
Irregular dome 
Dome associated with mare ridge 
Swelling on mare ridge 
Cratered cone on crater rim 
Crateied cone 
Chain of domes in Moretus 
Irregular domes 
Cratered cone 
Small hemispheric hill with depression 
Swelling at mare ridge intersection 
Cratered cone at rille-crater intersection 
Mare dcme, Milichius Dome 
Flat topped domes 
Six irregular hills 
Hortensius Domes 
Dome on mare ridge 
Hummocky Terrain 
Mare dome 
Mare dome 
Mare dome 
Cratered cone 
Dome on mare ridge 
Dome-incrater morphology 
Domes ;n Gassendi 
Dome on mare ridge 
Hill on mare ridge 
lrreguiar dome 
Dome on mare ridge 
Three domes 
Hummocky Terrain 
Oversized w. tral peak 
Ridge assoc: ted with rille 
Dome associated with ridge 
Mare dome associated with rille 
Flat topped dome 
Cratered hill, textured 
Four aligned hills 
Four elongated domes 
Crater rim 
Mesa on mare ridge 
Flat topped hills forming circuJ-r pattern 
Harbinger Mountains 
Domes in moat of double crater 
Gruthuisen domes 
Domes on mare ridge 
Domes on mare ridge 
Flat topped domes 
Domes in crater 
Textured dome 

B 
C 
B 
B 
D 
C 
D 
c 
B 
B 
C 
C 
A 
B 
A 
B 
B 
A 
B 
D 
A 
A 
A 
D 
B 
B 
B 
B 
B 
c 
A 
D 
D 
D 
.4 
z 
B 
B 
B 
E 
A 
B 
A 
A 
C 
A 
A 
C 
C 
D 
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T d r  I I  (Cont id )  

Location Description R 

HI49 

HI50 

HIS1 

HIS4 
HISS 

HIS6 

HIS7 

HIS8 

HI60 

HI61 

Hl62 

HI63 

(966, 15L) 
(992. 1O.SL) 
(044 
(077 
(164.8.SL) 
(165. 7L) 
(166. 19L) 
1230.21 L) 
(232.13.2L) 
(224.4L) 
(164.7.6L) 
(164.16L) 
(165,9.SL) 
(S98. 12.3L) 
(697.6.SK) 
(7S8, 19.8R) 
(692.0.7R) 
(836. SL) 
(837. ISL) 
(860. ISR) 
(86% 12R) 
{d72, 13L) 
(891, IIR) 
(999, 8.2R) 
(998, S.3R) 
(999.4l-I 
(090,3L) 
(loo. 4.SL) 
(131.17L) 
(156.7L) 
(l27,9.SL) 
(419, IIL) 
(363, 12L) 
(363, IS.SR 
(356, 13.SR) 
(406,21L) 
(504. 13.4L) 
(541.6L) 
(497, I7 i )  
(497,3L) 
(488, ICL) 
(485. 
(690,7L) 
(679,6L) 
(667.7W 
(660, 7.SR) 
(663,O.SR) 
(760, 1S.4L) 
(763, 4.8L) 
(768, 19.SL) 
(789, 
(808,lS.SL) 

Dome in Mcrscnius 
Flat toppad domes in cram 
Aristarchus Plateau 
Marius Hills 
Doubk clzter 
Uongated hill 
Flat topped hiil 
Domes associated with rilk 
crateredcone 
Mart dome 
Doubk crater 
Double crater 
Domt in crater 
Crater with summit sag 
Flat topped hill 
Elongated dome 
Dome in rilk 
Botryoidal fill 
Swelling on mare ridge 
Swelling on mare ridge 
Irrrgular hill 
Dome associated with ridge 
cratered cone 
crataed cone 
cratered cone 
crataed cone 
Three hills associated with ridge 
Inegu!ar hrll 
Mairan T, Cratered cone 
Elongated cones 
Textured dome 
Two cratered cones 
Irregular Hills 
Crataed hills 
Irrrgular hills 
Flat-topped MI 
Flat-topped cratered hill 
Dome on floor of rilk 
Domes on crater wall 
Dome on crater wail 
Hills on crater rim 
Hummocky terrain 
Cratered cone 
Domes in Cavalerius 
Mare dome 
Marc dome 
Mare dome 
Cratered hill 
Swelling at crater intervction 
Botryoidal fill 
ROmker Hills 
Mare dome 

C 
C 
A 
A 
C 
D 
D 
A 
B 
B 
A 
B 
B 
D 
C 
B 
C 
C 
B 
C 
B 
B 
C 
A 
A 
A 
D 
D 
B 
A 
A 
D 
E 
C 
E 
D 
D 
C 
c 
B 
C 
C 
B 
B 
B 
C 
B 
E 
C 
B 
A 
B 

345 



Location Description R 

HI65 

H 166 

HI67 

HI68 

H I 6 9  

HI74 

HI75 

HI76 

HI77 

HI78 
HI79 

HI81 

HI82 

HI83 

HI84 
HI86 

(798. 19.5L) 
( O R  6L) 
(066, I IL) 
(067,3L) 
(010. 13.SL) 
(011, I7L) 
(148, 8.5L) 
(148. 13L) 
(279. 1O.SL) 
(299.8L) 
(426, 105L) 
(423,6L) 
(W. 8R) 
(406.16.5R) 
(S95, 12.SL) 
(584. 13.SR) 
(573, SL) 
(237. 1S.7R) 
(205. 13.5L) 
(379, 16L) 
(378, ZOL) 
(505. IOL) 
(u)6,14L) 
(491. IIL) 
(624, 19.SL) 
(740 13L) 
(76& ISL) 
(8% 8L) 
(890, 75L)  
(888. IOL) 
( I  18,19L) 
(154.4L) 
(167, 7.5) 
(238.9.5R) 
(267,7L) 
(?!55, !?L) 
(28% 3.5L) 
(282, SL) 
(30s. 143L) 
(423,O.SL) 
(4- 1.3L) 
(416.6.5L) 
(385, 11 L) 
(409.7L) 
(420, 1.SL) 
(433. 13L) 
(446.14.SL) 
(549.W 
(759, SR) 
(770,UL) 
(806,ISL) 
1838, 16L) 

Mart done 
six cratered cones 
Textured domes in crater 
Hummocky terrain 

Flat-topped domes 
Cratered dome 
C r a t e d  cime on aatcr rim 
Domes within crater 
Flat-topped drwnes in crater 
Aligned hills 
Dome on crater floor 
Flat-topped hill 
Domes in crater 
Cratered cone associated with rille 
Domes in crater 
Domes floor of Kraft 
Law cratered cone 
Dome on crater wall 
Marc dome 
A l i i  hills 
Domes in Pythagoras 
Dome in Pythagoras 
Dome in crater 
Flat dome 
Large dome in crater 
Dome at intersection of rilk and crater 
Cratered hill 
Hill at crater intersection 
Dome on crater wall 
C r a t e d  domes 

Dmne in m a t s  
Five aligned domes 
Domes in crater 
Domes in crater 
Hill at rille intersection 
Cratered cone on ridge 
Domes in crater 
Dome in crater 
cratered cone 
Double crater 
Domes in crater 
Cratered dome 
Textured dome 
Botryoidal fill 
Aligned domes in crater 
Central peak Petavius 
Domes in crater 
Domes in crater 
Domes in mter 
Domes on mare ridge 

F’ht-twped dome 

Flat-toppad domes 

B 
B 
C 
D 
C 
C 
D 
C 
D 
C 
D 
D 
D 
D 
B 
D 
C 
B 
C 
B 
C 
B 
B 
B 
C 
C 
B 
D 
E 
C 
C 
A 
B 
B 
C 
C 
D 
B 
B 
D 
B 
C 
D 
B 
A 
B 
C 
C 
B 
B 
B 
C 
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Table II (Continued) 

Location Descripr' R 

H187 

H188 
H189 

H191 

HI92 

H193 
HI95 

H6 
Hl8 
H20 
M40 
M43 
M65 

H79 
HI03 
HI51 

MI52 
M177 
MI79 

M I83 
M2Ol 

(928. 22L) 
(938. 7L) 
(938. 8L) 
(943.5L) 
(951.9L) 
(051. 17L) 
(203. 21 .SL) 
(21 I ,  24L) 
(154. 14.5L) 
(456. 1O.SL 
(460.4.5L) 
(555, 9.5L) 
(556, 1 I t )  
(572. 1SL) 
(579. 17L) 
(718, 12L) 
(978. 15L) 
(999.14L) 
(002. 13L) 
Orbiter V 
(295, 14L) 
(869. 14R) 
(122, 8.4L) 

~304,lO.SL) 
(189, 11.5L) 
(180. 13L) 
(187, 1lL) 
(81 1.4.3L) 
(944.21 L) 
(252, 18L) 
(250. 17L) 

(901.12L) 
(147, 8L) 
(154.26L) 
(451, 18L) 

Domes in crater 
Mare dome 
Mare dome 
Mare dome 
Cratered domes 
Domes in Einstein 
Double crater 
Textured hill 
Botryoidal fill 
Flat-dome in crater 
Flat-topped dome in crater 
Cratered cone 
cratered cone 
Dome in crater 
Domes in Geminus 
Domes in crater 
Domes in crater 
Dome and flow. Mare Orientale 
Layered mare dome 

Dome at crater intersection 
Dome in crater 
Cratered cone 
Comes on floor of Stevittus 
Domes in crater 
Do.nes on mare ridge 
Dome in crater 
Dome in crater 
Cratered cone 
Two double craters 
Cratered cone 
Hill associated with rille 
Domes on floor of Copernicus 
Domes on mare ridge 
Dome at rille intersection 
Dome in crater 
Three domes in crater 
Domes on floor of Kepler 

D 
C 
C 
C 
B 
B 
B 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 
A 
A 

D 
D 
C 
C 
E 
B 
B 
C 
C 
C 
B 
C 
A 
B 
C 
C 
C 
A 

origin of sinuous rilles is controversial; but their origin is probably related to an 
endogenic process (Greeley, 1970; Schumm, 1970) and dark halo craters have been 
interpreted as volcanic features (Kuiper et a/., 1966). The association and similar 
distribution of domes, sinuous rilles and dark halo craters suggests that they have a 
similar origin (all are related to endogenic processes). 

(3) Domes are rarely found in the central portions of the circular basins (for 
example, Mare Imbrium and tiurnorurn). 

(4) Dome are in general concentrically arranged about circular basins. Few domes 
are related to radial sculpture. This suggests that concentric patterns may be related 
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to deep-seated fractures which are in places controlled by the lunar tectonic grid (see 
point 5) .  Radial sculpture, on the other hand seems to represent a surficial layer with 
no deep-seated connections. Hartmann and Wood (1971 ) reached a similar conclu- 
sion by observing that radial structure is obscured faster than concentric structure as 
a basin ages. This occurs because radial systems are primarily surficial, of low relief 
and easily blanketed by ejecta and regolith whereas concentric systems have greater 
relief and possibly deep-seated structural control, and as a result retain topographic 
relief longer( Hartmann and Wood, 1971). 

( 5 )  Domes are locally controlled by the lunar grid (Strom, 1964). Domes are on  
mare ridges and rilles elongated in a grid direction; in several places domes themselves 
are aligned in a grid direction and in places location may be controlled by grid inter- 
sections. Grid control around basins may be secondary, that is grid lineaments were 
present before the formation of the basins and were subsequently rejuvenated or 
activated by basin formation. With more data, cancentric patterns about basins m2y 
resolve into grid directions. For example, concentric mare ridge patterns in Mare 
Imbrium can be resolved into segmentscontrolled by the lunar grid (Elston er a/., 1971). 

(6) Dome formation spansa wide range of lunar time. Presently observed domes are 
associated with old mare materials in Mare Smythii and Tsiolkovsky and are on the 
floors of young craters such as Tycho and Copernicus. Domes were probably not 
formed during one great lunar effusive event, but each dome-forming episode is proba- 
bly related to the formation of individual craters and mare basins and to basin-filling 
episodes. Activity in areas where domes are located may be continuing to the present 
as seen by the close correlation between dome distribution m d  the distribution of 
lunar transient events. Middlehurst ( 1967) concluded that lunar transient events 
occur (a) near the border of the maria especially about Marc Imbriurn, Seren- 
itatis, Crisium and Humorum; (b) associated with ray craters (e.g., Tycho, 
Copernicus, Aristarchus and Kepler); (c) in ring craters with dark mare or 
partially dark floors (e.g., Plato, Grirnaldi and Alphonsus). Transient lunar events 
have not been reported from the central parts of the circular basins. Transient events 
therefore occur in the same general areas as domes, rilles and dark halo craters. 
Middlehurst and Moore (1967) previously recognized the correlation of sites of lunar 
events with the distribution of dark halo craters. Moore (1971) added 313 additional 
events to Middlehurst's list of 400; however these additional data do not change the 
distribution. This correlation does not necessarily infer that domes, sinuous rilles and 
dark halo craters are presently active; however one may speculate that the areas 
where these features occur are the sites of recent activity; perhaps in the form of iso- 
lated gas discharges. 
(7) Domes are not restricted to the equatorial areas of the Moon or maria as 

sugdested by Arthur (1962) Baldwin (1963) Brungart (1964) and otheis. This illusion 
was due to the fact that on Earth-based photographs domes were more easily observed 
on the maria and the fact that more mare material is present near the equator than 
elsewhere on the Moon's Earth-side. 

(8) Dome distribution does not correlate well with gravimetric and acceleration 
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data (Muller and Sjorgen, 1968), deviation frdm the best fitting ellipsoid (Runcorn 
and Shrubshall, 1968) or infrared thermal anomalies (Shorthill and Saari, 1966). 
Domes are on the margins of basins with gravity highs of 60 mgals. Other than this, 
no other agreement between dome distribution and gravimetric data is obvious. A poor 
correlation exists between dome distribution and deviation from a best fitting ellipsoid 
(Runcorn and Shrubshall, 1968). Domes are o n  highs (positive deviations from the 
ellipsoid) in Oceanus Procellarum, Sinus Medii and Mare Tranquillitatis; otherwise 
no obvious correlation is observed. The alignment of the Riimker Hills, Aristarchus 
Plateau and Marius Hilkalong the axis of the Oceanus Procellarum on a 0.5-1.5 km 
bulge has been suggested as evidence that the area overlies an up-welling convection 
cell (McCauley, 1967). The distribution of domes does not correspond to locations of 
infrared thermal anomalies other than the fact that fresh craters which contain domes 
may be hot spots and vice versa. 

(9) Domes at times group into volcanic complexes; for example the Riimker Hills, 
Aristarchus Plateau and Marius Hills. In these complexes, domes are commonly 
i ssociated with flows, rilles and dark halo craters. 

6. Conclusions 

This paper presents criteria for the identification of lunar domes based on modification, 
location and morphology and shows: 

(1 )  Many terrestrial volcanic extrusive domes are similar in morphology to some 
lunar domes. This analogy suggests that extrusive volcanic domes are indeed present 
on the Moon. 

(2) Over 4oc domes are present on the lunar surface, and are interpreted as having 
formed by endogenic processes. 

(3) Many domes and other endogenic features on Figure 17 are related to basins 
and craters, and not to any observable moonwide pattern. Local control by the 
tectonic grid is, however, an exception. Domes are not uniquely found on maria. 

(4) Activity in areas where domes are located may be continuing in the form of gas 
emissions to the present as revealed by the correlation of dome distribution with 
reported transient lunar events. 

( 5 )  The rock type and chemistry of domes is difficult to ascertain from study of 
Orbiter photographs. Earlier workers (McCauley, 1967, for example) assumed that 
low mare-type domes were basaltic and that lunar domes with steeper slopes and 
textured surfaces were formed by intermediate and felsic rocks. Even though this 
relationship may be true in some instances, a general rule can not be applied. For 
example, on Earth both basalts and rhyolites form broad shields and both form cone- 
shaped extrusions with slope angles on the flanks between 30-35" (Smith, 1970). 
Many domes are composed entirely of debris or mantled by rubbie which stands at or 
near the angle of repose and controls the outward appearance of the dome. In these, 
morphology is essenr i d l y  independent of composition. Too many variables exist there- 
fore to make suggestions about dome rock type based on photogeologic studies alone. 
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Abstract. The Marius Hills region. a volcanic plateau in Oceanus Procellarum, contains numerous 
rilles, rille-like structures, and chains of elongate craters. Most of these structures characteristically: 
(1) originate on or near irregular shaped craters associated with features previously interpnxd as 
volcanic domes, (2 )  trend downslope onto Plateau Plains, (3) generally taper in width and become 
shallower, (4) are often discountinuous. (5) occupy the center, or apparent crest of a broad ridge, (6) 
may contain cut-off branches and distributary structures, and (7) may have local reversals in longi- 
tudinal slope. Structures having these characteristics are interpreted to be lava channels or partly 
collapsed lava tubes. Terrestrial lava tubes form exclusively. and commonly, in fluid basalt flows. 
Recent evidence indicates that viscosities of lunar mare ‘basalt’ lava flows were conducive for lava 
tube formation. 

Terrestrial analogs are offered for structures described in the Marius Hills. The analogs are com- 
parable in qualitative and quantitative geomorphic aspects, excluding that of width. Scaling consider- 
ation of lunar reduced gravity accounts for increased width of the lunar structures. Linear znd 
curvilinear rilles trending along equal elevations are interpreted to result from fracturing or faulting. 

1. Introduction 

This paper presents quantitative and qualitative geomorphic evidence for the existence 
of lava channels and partly collapsed lava tubes in the Lunar Marius Hills region. 
Analogs are offered as terrestrial counterparts to the lunar structures described. 

Marius Hills is one of several lunar areas of inferred igneous and volcanic activ- 
ity. McCauley (1965) described the area as a southward-dipping volcanic plateau 
comprising about 35 OOO km2 in the middle of Oceanus Procellarum (Figures 1 and 2). 
McCauley later (1967) proposed the Marius Group as new rock unit and assigned it to 
the Eratosthenian System. He described the area as a smooth undulating region of low, 
uniform albedo with prominent ridges, scarps, and local plateaus. Two types of domes 
(the Marius ‘hills’) were described (Figure 2): low domes with convex profiles and gen- 
tle slopes (2-3 degrees), and steep domes with steep concave slopes (6-7 degiees). 
Steep domes are often situated on low domes and both types may be elongate in a 
NNE-SSW orientation and have small summit pits. McCauley attributed the difference 
between the two dome types as possibly resulting from magmatic differentiation, with 
low domes as mafic and steep domes as intermediate to felsic. He also considered the 
possibility that they resulted from different eruptive processes with lavas of the same 
composition. 

Because the region offers a variety of inferred volcanic structures, Marius Hills is 
considered a prime Apollo landing site. Karlstrom et al. (1968) and Elston et al. (1969) 
presented detailed exploration plans for about 75 km2 of t h t  Marius Hills region 
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linear rilles, however, are much smaller and may represent small faults, fractures, or 
fissures. Large lincar rilles are probably analogous to terrestrial grabens. In contrast, 
sinuous rilles appear to be topographically controlled and generally trend around 
topographic highs. Sinuous rilles range in size from less than a few kilometers long and 
less than a hundred meters wide to structures exceeding tens of kilometers long. 
Tightly meandering rilles are charcaterized by their extreme sinuosity and often re- 
semble old age fluvial channels. The three types may grade one into another (particu- 
larly linear and sinuous rilles) and there appear to be numberous sub-types, each with 
a distinctive morphology. It is likely that there are several different modes of origin, 
each producing different types of rilles. 

A. DESCRIPTIVE TECHNIQUE 

1. Sinuosity 

Meandering is a salient characteristic of sinuous rilles. Leopold and Wolman (1960) 
described a quantitative means of comparing sinuosity of individual channels : 

S, = a/+L 

where S1 = sinuosity, u = arc length and L = meander or wave length for individual 
segments of a channel. Thus, a straight segment would have a sinuosity of one. Over- 
all sinuosity of a channel from end to end may be defined as: 

s2 =d2ld, 

where S2 = overall sinuosity, d,  = straight-line distance and d2 course-line distance, 
end to 2nd. A straight channel would have an overall sinuosity of one. 

2.  Cross Sections 

Cross sections perpendicular to the channel axis and longitudinal profiles aid in des- 
cribing rilles. Most lunar areas lack topographic control suitable for detailed cross 
sections. However, the Army Topographic Command (TOPOCOM) has performed 
preliminary photogrammetry for the Marius Hills from stereoscopically overlapping 
Lunar Orbiter 5 photographs. The cross sections presented in Figures 4 and 5 were 
prepared from TOPOCOM data. Errors in elevation, attributable to photographic re- 
solution and inherent uncertainties in spacecr ift  parameters, range from & 126 m to 
& 162 m in the area considered. A manuscript topographic map (contour interval, 
200 m) prepared by TOPOCOM was employed for regional topography. TOPOCOM 
data was supplemented by height determinations from shadow measurements on 
steep slopes. 

3.  Crater Circularity 

Murray and Guest (1970) showed that circularity of "raters may give an indication of 
endogenetic or exogenetic origin for craters and described several techniques for deter- 
mining circularity. They noted that terrestrial impact structures and explosion craters 
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Fig. 3. Circularity index (after Murray and Guest, 1970) for terrestrial impact and volcanic craters 
compared with craters in the Marius Hills. Circularity index of 1.9 generally separates internally and 
externally produced craters, Data for some terrestrial craters from Murray and Guest (1970). Crater 
identification: 1-10. Marius Hills (identified in Figure 2); 11, head of Rille A; 12. head of Rille B; 
13, head of Rille C; 14, summit crater, Fissure Cone 1 ; 15, summit crater, Fissure Cone 2; 16, Mauns 
Loa; 17, Kilauea; 18, Menengai, Kenya; 19, Makaopuhi; 20, Deep Crater, Calif., 21, Alae; 22, 
Haiemaumau; 23, Mammoth Cra:er, Calif.; 24, Pauialua; 25. Modoc Crater, Calif,; 26. Giant Crater, 
Calif.; 27, New Quebec, Canac‘ 75, Brent, Canada; 29, Holleford, Canada; 30, Meteorite, Arizona; 

31, Wolf Creek, Australia. 

are more circular (lower circularity index) than terrestrial endogenous craters. Circu- 
larity indexes (Method Cl, Murray and Guest, 1970, p. 149-150) were obtained for the 
large craters in the area, including craters associated with, or at the head of, sinuous 
rilles. Circularity values are shown in Figure 3 for Marius Hills craters and terrestrial 
craters. Of the terrestrial examp!es, all craters with a circularity index above 2 are 
endogenet ic. 

Crater circularities are not considered definitive in separating impact craters from 
endogenous craters. Some impact craters produced in the laboratory by projectiles 
fired into targets at oblique angles are noticeably noncirculat (personal communica- 
tion, D. E. Gault). However, when considered with other factors, circularitv may aid 
in determining crater origin. 
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4. Photographic Coverage 

Lunar orbiter 5 provided photographic coverage of the Marius Hill region with 8 ste- 
reoscopically overlapping Medium Resolutior, Frames ( M R  210-216) at a scale of 
about 1 : 202000 (ground resolution -2.5 m). Sun angle at time of eYposure. about 
15.2" above the horizon, is  rather low and many interior crater and rille sti uctures are 
in shadow. The photographs are slightly oblique with the camera axis tilted about 10" 
from the nadir; however, this amount is negligible in determining crater circularities. 

B. RILLE A 

This rille (Figure 2). the longest channel in the area (Table I), originates in an irregu- 

TABLE I 
Rille dimemions and characteristics 

Rille Length Width, m Depth Sinuosity Gradient 
km ave. 

Max. Min. m SI (ave.) Sz 

A, total 48.0 
A,upper 35.7 
A.lower 12.3 
B, total 360 
B,upper 6.8 
B.lower 29.2 
C 12.5 
c- I 6.3 
D 4. I 
E 0.8 
F 2.6 

a m  LcII1muciyI 

1400 
1400 
980 
665 
665 
450 
895 
146 
171 
40 

160 

560 56 
750 80 
560 29 
66 35 

415 95 
66 30 

187 46 
83 I I  

- 15 
5 

140 17 
- 

1.21 
I .21 

1.16 

1.16 

- 
- 

- 
- 
1.09 

I .26 
- 

1.17 0'38' 
1.42 0'29' 
1.08 1'08' 
1.26 0'32' 
1.02 1 " 1 0  
1.17 0'25' 
1.04 1'30' 
1.32 - 
1.15 - 

1.22 - 
- - 

Fig. 4. Topographic profile along axes of Rilles A and B; vertical exaggeration X3.5. Topographic 
control from unpLolished TOPOCOM data and from photographic detail (k 126 to 162 m). 
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lar. 2 kni in diameter crater (circularity : d e x  = 2.59) formed in Plateau Pleins lava 
flows adjacent to a Icw dome (McCauley, 1968) on the east side of a prominent wri~?kle 
ridge. Rille A passes through the ridge, trends westward c'ownslope with the regionill 
dip of th; Marius Hills Plateau and terminates indistinctly in the mare plains. The 
terminal end of the channel is less than hall the width of the channel at the source. 
Rille A can be divided into two parts, an upper sinuoxi section and a lower linear sec- 
tion. 

In profile (Figure 4), the iille maintains about the sarce elevition as it passes through 
the wrinkle ridge. West of the ridge (Station I ) ,  the rille is partly buried by ejecta 
from Crater I (circiilarity index, I .49) interpreted to be impat  (McCauley, 1968). 
There is a slight depression about 4 km long in the foor, about midway dowr! the rille 
(Station 2). The depression coincides with a segnlent of the channcl that is sub-perpen- 
dicular to the regional topographic slope. At Station 3, the channel makes a 98" turn 
to the south and continues downslope I5 km in a fairly straight course comprising the 
lower sxtion. Overall slope along the rille floor is 4.3 m km-'(0"15'); overall slope 
along the channel rim is 11 m km-'(O038'). 

RILLE "n" 

0 5 kin - 
WOR'ZONTAL SCALE 

VERTICAL EXAGGERATION a 15 

SOUTH RILLE 

1 
I I - 

E I 2  E' 

RILLE%" 

WEST EAST 
RILLE 

A-A' 

NEST EAST 
RlLiE 

B 
RILLE 

WEST 
WE57 BRANCH && EAST 

Fig. 5. Transverse cross sectioas for RiLes A and B, showing rille on or n e a r  a ridge crest and devel- 
opment of levees near the rille source. Topographic control from unpublished TOPOCOM data (ac- 
curacy 1 126 to 162 rn) photographic detail (rille depths determined from shahw mcmrements), and 

from McCsuley (1968, section D-D'). 

Figure 5 shows cross sections perpendicular to the chnnnel axis, constructed from 
photogrammetrcally derived elevations (TOPOCOM, and McCauley, 1968). Near the 
source (section D-D'), the channel is rather deep dnd has prowinen' levels along both 
sides. Downchannel at the next cross section (E-E'), the rille is ceiitered on a ridge and 
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thc channel floor i s  well above the general ground level. The rille Hoor is Hat along most 
of the course. Hoheber, the upper section from the source t'lrough the wrirlkle ridge has 
a more'V' shaped cross section, probably rzsultin; from slumping of the higher channel 
walls. 

C. RILLE B 

Rille B is the second largest rille in the area (Table I )  and as with Rille A. c;+*iginlit,s in 
Plateau Plains lava flows on the east side of the wrinkie ridge, skirts around (or crosses) 
the ridge. then trends northwest. The ri!lr can be divided into two parts. an upper sec- 
tinn ox the east s d -  nC the ridge and a lower section to the west of the ridge. The upper 
sectiorl is fairly bttu16;';. wide, and appears to originate in an elongate cleft. The cleft 
has an irregular. hummocky floor and a prominent rim on the southeast side. 

In profile(Figure4) the floor of Rille B does not maintain !he same elevation at the 
juncture with the ridge; rather, it appears to ride up and over the ridge. This may be 
due. in part, to slumping of the end 6, ,he ridge into the rille. Station I marks a shallow 
depression in the riile floor. upslope f ro r  the ridge. As the rille crosses the ridge. the 
channel turns abruptly northwest into the lower section. The lower section of the rille 
is slightly narrower than the upper section and is locally more meandering (51 = 1-30, 
maximum). Station 2 marks two elongate craters in the rille floor that may be of en- 
dogenetic origin. At Station 3 the channel displays a small cut-off channel about I .6 km 
long on the northeast side of the main channel. The subsidiary channei is about half 
the width of the main channel and is on a higher elevation. The lower section of Rille B 
trends generally downslope to Stziion 4 within 7 km of its apparent terminus. Here, 
the slope reverses and the rille occupies a low dome. At this same point. the rille divides 
into at least two small (about 180 m wide) channels, East Branch and West Branch, 
both of which become discontinuous and fade into the mare plains. 

In crms SeSion (Figuix 5 )  many segments of Rille B occupy ridge crests or have 
lateral levees, similar to Rille A. In the upper eectior! new h e  apparent source-cleft the 
rille has prominent levees (sectit-? A-A'). Belnw the ridge the rille is centcrLd on  a 
broad topographic iigh (section B-B'). Near the terminus East Branch and West 
Branch cross a low dome (section C-C'). 

Wallsalong Rille A and Rille B have slumped over the chanriel floor. Sections of the 
walls exhibit boulders up to 40 m in diameter that have westilered from their appar- 
ent o'itcrop source very near the surface. 

D. RILLE C AREA 

This area (Figure 6) contains at least five distinct structures: (1) a combinatio, -inuous 
rille - elongate crater chain (Rille C) (2) an inferred impact crater, (3) a prominent 
steep dome superposed on a low dome, (4) a small sinuous rille, and ( 5 )  a small linear 
rille. 

Rille C originates in an irregular shaped crater (circukrity index = 3.76), about 
1.66 km in diameter on the southeast flank of a cratered dome complex. There is no 
indication of a raised rim on the southeast :,ide of the crater (the rest of the crater rim 
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Rille D marks the contact between McCauley’s (1968) Plateau Plains unit  and the 
low dome on which Fissure Cone 1 is situated. The rille is at least 4.07 km long and 
171 m wide. In cross section the rille is broadly rounded without a well defined wall- 
floor contact. Depth appears to be variable and is difficult to determine because the 
walls are not steep enough to cast sharp shadows. 11.. one area, however, the rille 
appears to be about 15 m deep. ,Ilthough the exact rille termini are not readily ap- 
parent, the west end is at a higher elevatiop than [he east end and is about halfway 
between Fissure Cone 1 and a shpilow 1.21 ..J in diameter crater. 

Fissure Cone 1 is about 2.6 km long x 1.85 k m  wide and has an irregularly shaped 
summit depression abou; 1170 m long x 650 m wide x 85 m deep (maximum). The 
north end of the crater has a low rim with a broad depression trending from it north 
500 m before hooking toward the northeast. 

Rille E was described by McCauley (1968) as a ‘subdued trough or rille-like d-p 0 res- 
sion’. Similar to Rille D, it is on the dome-Plateau Plains contact and is scheduled as 
an Apo!lo investigation station. The rille is 790 m long x 39.5 m wide x about 5 m 
deep. I t  is composed of three fairly linear or curvilinear segments meeting at angles, 
and doe: dsot have the usual appearance of a smoothly meandering sinuous rille. The 
nilddle of the rille is a& a lower elevation than the ends. 

About 400 m northeast of Rille E is a series of NKW-SSE trending fractures. The 
fractures are about 2 m wide and are in discontinuous, en echelon sections, with the 
longest section about 1.8 km. Although McCauley (1968) described these structures 
as S ~ I I U O U S  rilles, the linear, en echelon character of the structure is not typical for 
sinuocs rilles. 

Fissure Cone 2 is in the southern sector of the proposed landing site. It is 1.6 km 
wide x 3.4 km long and has a central linear depression with a depth exceeding 135 m 
in the deepest area. The south end of the depression has a very low rim leading towaid 
(but separated from) Rille F by a gentle topographic swale about 240 m long. Interior 
and exterior walls of Fissure Cones 1 and 2 are steep and exhibit ‘tree bark’ textures. 

Rille F is a sinuous structure about 2.6 km long x 160 m wide x 17 m deep, leading 
downslope away from Fissure Cone 2. I t  tapers to about 104m and becomes shal- 
lower toward the south where the rille ends nearly perpendicular to a wrinkle ridge. 
The wall-floor contact is better defined than in Rille D and the floor in places is wide 
and flat 

3. Terrestrial Analogs Compared with Lunar Features 

Several hypotheses on the formation of lunar sinuous rilles have been proposed in the 
last several years. Oberbeck er ai. (1969) discussed some of the various proposals and 
presented evidence that at least some sinuous rilles result from collapse of lunar lava 
tubes; possible formation by other mechanisms, particularly that bq L, .i channel 
formation, were noi excluded. Morphological similarities between certain lunar rilles 
or rille-like structures and terrestrial lava tubes and channels are supported by recent 
evidence on the estimated viscosity and composition of lunar mare material. Apollo 
1 I and 12 mare samples closely resemble terrestrial basalt (Hess and C.!in, 1969: and 
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LSPET, 1970). Laboratory simulation of molten lunar lavas by Murase and 
McBirney (1970) indicated that viscosity is an order of magnitude less than the closest 
terrestrial counterpart and on this basis, predicted the probable existence of many 
large. long lunar lava tubes. Lava tubes from excluqively and corr.r,,only in basalt levd 
flows 2nd it is reasonable to assume that tubes have formed in lunar basalt. Under 
multiple impacts at least some lunar lava tube roofs would collapse, resulting in sinu- 
ous trenches similar to collapsed terrestrial lava tubes. 

0 

A. L A V A  TL’BE AND C f l A N N E L  FORMATION 

Observations of active basalt lava flows (Jagger. 1947; Finch and Macdonald, 1953) 
and field investigations of solidified basalt flows and lava tubes (Ollier and Brown, 
1965; and Greeley and Hyde, iY70) permit speculation on lava tube and channel for- 
mation (Greeiey. in press). 

Lava tubes form in fluid basalt flows that have cooled on the surface (forming 9 

crust) with flow of fluid lava continuing beneath the crust. As cooling progresses, flow 
is restricted to a conduit-shaped structure within the flow. Toward the flow front, the 
conduit subdivides into smaller, multiple distributaries ternied feeder tubes that lead 
molten material to the advancing flow front. As the supply of molten lava from the 
vent diminishes, the molten lava drains from beneaih the free-standing crust and 
leaves a hollow void, or lava tube. Most feeder tubes do not drain, or are sealed with 
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lava from subsequent flows. Some terrestrial lava tubes exceed 25 km in length and 
30 n~ uncoilapsed diameter. 

Lava tubes occur on slopes ranging from less than 0.4” to mor: than 6.5”. Basalt 
flows as long as 48 km with an overall slope of 0.61 m km-’ (less than 0.1 ’1 are known 
to contain lava tubes (1881 Lava Flow, Mauna Loa containing the Kaumana Lava 
Tube). In contrast, channels appear to form on slopes over a much wider range and 
develop in both viscous (aa) basalt and fluid (pahoehoe) basalt. Major lava tubes, in 
contrast, form only in laminar, fluid flows, possibly through shear plane development 
(Ollier and Brown, 1965). lrflow velocity is high (as on steep slopes) or the flow is t,Jo 
viscous (aa basalt). then the flow may become turbulent, losing the shear planes, and 
open channels may form instead of lava tubes. Channels may also form as a result of 
drainage of molten lava from beneath the crust before the crust has cooled a:id solid- 
ified to a thickness sufficient to support its wight. The width of the channel may also 
exceed the maximum span attainable by a free standing basalt roof. In either case, the 
cooled or partly cooled roof collapses as the supporting fluid drains. This type of col- 
lapse often occurs in terrestrial structures and may result in sinuous channels with 
smooth sides or as a series of elongate drainage craters (Greeley, 1970). Thus, channels 
may develope in preference over tubes when (1) the gradient is steep, (2) the lava is 
viscous (precise limiting viscosities are not known), cr  (3) the crust over the molten 
lava is not free standing after drainage of the lava. The distinction between the tubes 
and channels can. thus, be made in regard to the crust: i f  the roof i, free standing after 
drainage of molten lava, the structure is a tube; if the crust only partly develops, or 
collapses during drainage, the structure is a channel. Some structures alternate from 
tube to channel to tube, etc. 

Active lava flows containing tubes and channels with surface crssts are closed hy- 
drostatic systems. As an acvancing flow encountus a topographic obstruction. such 
as a ridge, the flow may ride up and over the obstru ion; the contained tube or chan- 
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crest of a topographic high. or to have pronounced levees. The rille floor is well above 
general ground level, intikating the structures were aggradational. 

Rilles C, F, and part of B are discontinuous and interpreted to be collapsed lava 
tubes. Because of its width and continuous channel, Rille A is considered to be a lava 
channel. I t  is considered t G  have passed through the wrinkle ridge at a relatively low 
region and have carried over topographic obstructions. Rille D is also continuous, but 
is in a size class attainable by lava tubes. Its origin, whether lava tube or lava channel, 
is not determined. Some of the rilles, particularly Rilie B, appear to have been struc- 
turally controlled by fissures and fractures. 

Rille E and the linear rille near Rille C because they are straight, cut across other 
structures, and do not trend downslope, are considered to be faults, fractures, or fis- 
swes. They may have been modified by slumping and drainage of surface material 
into the subsurface. 

Although the lines of evidence presented here in support of origin by lava tube and 
channel formation can be applied to similar lunar structures in other areas, particular- 
ly in regions of suspected volcanic activity, it is not suggested that all sinuous rilles 
have formed by this mechanism. As stated previously, there appear to be many sub- 
types of sinuous rilles, each of which may have formed in a different way. It is also 
conceivable that different mechanisms could produce similar appea;ing structures. 
However, in the Marius Hills, most of the rilles appear to have resulted from lava flow 
activity. 
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II. LUNAR INTERIOR PROPERTIES FROM SEISMOMETER RESULTS 

Results of passive seismic experiments show that the Moon is seismically much quieter than 
the Earth. Seismic data indicate that the interior of the Moon can be divided into two m i o r  regions: 
a rigid, seismically inactive outer shek about 1000 km thick (the lunar lithosphere), and a relatively 
less rigid core zone (the lunar asthenosphere) in which partial melting is likely (fig. 2, and Toksoz, 
1973). The transition between the two regions is gradual. Small moonquakcs, extremely low in 
magnitude relative to the Earth, originate near the base of the lithosphere about 800 km deep in the 
Moon (whereas nearly all k m i c  activity in theEarth occurs in the upper 25 km or so). Tidal energy 
due to the Earth’s gravitational attraction is the dominant source of energy released to moonquakes 
(fig. 3, and Latham et ol., 1973); therefore, moonquakes receive a large portion of their energy from 
an external source. It is unlikely that Earthlike tectonic activity is occurring at present. 

figure 2.- Schmtic  representation (not to scale) of lunar smcture, as dadrrced jmm lunar seismometer data 
Earthside of the Moon is to the left, Maria b d t  filing is shown in black, and the possible high-velocity zone at 
60 km depth is indicated by stippling. From Tokdz (1974). 
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figure 3,- hloonquake activity, recorded by the Apollo 14 passive seismic experiment (from Lotham et al, 1973), 
for the time period February 7, I971 to July 2 7,1972. Rmes of peak activiiy occur when the Moan is nearest to 
the Earth in its orbit (perigee) and farthest from the Earth (apogee). 
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Seismic data have yielded information about the composition of the outer 150 km of the 
Moon (fg. 4). The structure of the shallow crust has been obtained by the active seismic experi- 
ment, which has measured sound velocity pro- 
files generated from vibrations which were 
originated by an astronaut-held “thumper” and 
by mortar-launched grenades. It is found that 
the outer 1 km has very low seismic velocities, 
appropriate for loosely packed rubble rather 
than consolidated rock (Kovach etal.,  1973). 
For depths down to 25 km the velocity increases 
(Toksiiz, 1973), appropriate for consolidated 
rubble or an extensively fractured igneous rock 
such as basalt. The increase of velocity with 
depth perhaps is a function of greater consolida- 
tion and fewer cracks with depth. A transition 
occurs at about 25 km depth, where the velocity 
rapidly increases to a value similar to that of 
luna r  anorthositic gabbros Thereafter the 
velocity is relatively constant down to a depth 
of 60km. At that depth another transithn 
occurs indicating that material similar to terres- 
trial pyroxenites exists from 60 km depth to at 
least 150 km depth in the Moon. There are also 
indications that a high-velocity (9 kmlsec) layer 
may exist at 65km depth, but results are not 
conclusive. Such a layer would be quite unusual 
by Earth standards, since very few terrestrial 
minerals have such high velocities. 

Seismic results have also been used to pro- 
pose a thermal evolutionar- model for the lunar 
interior (Toksoz, 1973), assuming an accretional 

0 2 4 6 8 10 
VELOCITY. km/uc 

€@re 4.- SeismMy calculated veIoci@ profirs for 
the near-atface region of the Moon, showing 
comparisons with velocities mamred in the labe 
mtoty for samples of selected matek’ composi- 
tion (fmm Toksoz, 1974). SaUow structute at 
the ApoUo I7 Tarus Littrow site are shown in 
the inset (fmm &ta of Kovach et al, 1973). 

origin of the Moon whereby during its early history the outer portions of the Moon were hotter 
than its interior. During the first two billion years of the 4.6 billion year lunar history, the lunar 
upper mantle underwent sufficient melting to account for the differentiation of the crust and the 
subsequent lunar volcanism and mare filling. Later the mantle crust cooled while the deep interior 
temperature increased. Seismic results indicate that the deep interior may be hot enough at the 
present time to be partially molten. 

111. LUNAR INTERIOR PROPERTIES FROM MAGNETOMETER RESULTS 

Magnetic fields have been measured at a total of nine locations on the lunar surface. The 
magnetic field measurement at any site is a sum of the external (solar or terrestrial) field, the 
permanent lunar field, and the fields induced in the Moon by changes in the external field. These 
different types of magnetic fields can e x h  have relatively large magnitudes at different times, in 
contrast to the case of a magnetic measurement on the Earth, which is generally dominated (in 
magnitude) by the Earth’s permanenc field. The permanent lunar field measurements (figs. 5 and 6) 
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range (Dyal et a1.,1973) from 3 7  to 3 2 7 7  in 
magnitude ( I  7 = gauss), much smaller 
than the field of the Earth, which ranges from 
30,000 to 60,000 7. Satellite maps of magnetic 
fields and surface magnetometer measurements 
show strong evidence that the lunar C N S ~  is mag- 
netized over much of the lunar globe (Sharp 
etul.,  1973). Magnetic fields are stronger in 
lunar w a n d  regions than in mare regions, and 
stronger on the lunar far side than on the near 
side. The origin of the lunar remanent field 
remains an enigma. Possibilities are generally 
grouped under three classifications: a strong 
external (solar or terrestrial) field in the lunar 
past, an ancient intrinsic field of global scale 
such as the Earth's dynamo field, and localized 
field sources. 

Magnetic field measurements have yielded 
calculations of the iron abundance in the Moon 
(fg 7, and Parkin et ai., 1974). The free iron 
abundance of the whole Moon is determined to 
be 2.5 percent by weight. Total iron abundance 
is dependent upon the composition of the lunar 
interior. Calculations have been carried out for 
lunar  compositions of olivine and ortho- 
pyroxene; the average calculated total iron abun- 
dance is 9 percent by weight. 

Magnetic measurements (Dyal e? al., 1974) 
have also allowed an indirect calculation of the 
temperature profde of the lunar interior. The 
calculated temperature rises rapidly with depth 
to 1200' K at 250 Lm depth, then more slowly 
to about 1 800° K at 850 km depth (fQ.8). 

cmlc morwcRy 
GLO8AL PERMEABILITY: 1.012 t 0.006 

FREE IRON : 

TOTAL IRON: 

2 5 t 2.0 W t . %  
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Figure 7.- Lunar iron abundnnce and magnetic per- 
meability, calcuhted from lunar mtgnetometer 
measurements (fivm Pmkin et al, 1974). 
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Figwe 8.- Lunar temperature profue calcuhted jiom 
lunar w e t o m e t e r  maasurements (mal etal., 
1 9 74). 

IV. HEAT FLOW EXPERIMENT RESULTS 

Two heat flow measurements have been made on the lunar surface during the Apollo missions 
(Langseth et al. ,1973). The measurements have yielded a lunar heat flow of about 3X W/cm2, 
which is approximately one-half the heat flow average for the Earth. This value is somewhat larger 
than the predicted value (- l/S that of the Earth). Assuming the lunar heat value is representative of 
the whole Moon, then the measured heat flow requires that the lunar interior heat production per 
unit mass be more than twice that of Earth. This in turn implies that the abundance of lunar 
**raniurn (which, through radioactive decay, is probably the mdor heat source in the Moon's 
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interior) exists in quantities two to three times richer than in the Earth’s interior. The radioactive 
isotopes of uranium, * U, and potassium (40K) and thorium (2 *Th) probably are 
concentrated in the Moon’s outer 100 to  200 km. 

U and 

The heat flow experiment temperature sensors measure the mean surface temperature at the 
Apollo 17 site to be 216’ K. A large temperature gradient with depth is found at the site, which is 
attributed to a strongly temperaturedependent thermal condu .tivity of the surface material, at 
least in the upper few centimeters. 

V. LASER ALTIMETER RESULTS 

The laser altimeter, flown three times in lunar orbit aboard the command and service module, 
IrLasured precise altitudes above the Moon’s surface by means of transit times of a ruby laser beam 
down to the lunar surface and back. The latest results (Kaula e? al., 1974) show that the mean 
radius of the Moon is 1737.7 km and that the maria are very level and smooth, with slopes less than 
one-tenth of a degree over distances of hundreds of kilometers so that mare topographic features 
generally deviate less than 150 m from the mean. Elevation differences in the highlands, however, 
are often greater than 3 km, and the highland’s mean altitude is about 4 km above that of the maria. 
The Moon is found to deviate from a sphere in that it is flattened on the side facing the Earth, and 
the center of mass is offset from the center of fgure about 2.4 km toward the Earthside, 24’ east 
longitude. The best value for lunar moment of inertia is I/MR2 = 0.3953 f 0.0045. 

VI. OTHER ORBITAL EXPERIMENTS: GAMMA-RAY SPECTROMETER, X-RAY FLUO- 
RESCENCE EXPERIMENT, ALPHA-PARTICLE SPECI‘ROMETER EXPERIMENT 

The gamma-ray spectrometer (Arnold e? d., 1972), sensitive to gamma rays produced by 
radioactivity in the lunar soil, has revealed that the western maria on the Moon’s near side are more 
radiokcthe than other lunar regions. The eastern maria are less radioactive, and the lunar highlands 
are regions of lowest radioactivity. 

The X-ray fluorescence experiment (Adler e? al., 1973) has measured characteristic secondary 
X-ray emissions produced when solar X-rays impinged on the lunar surface. Generally, the highlands 
have been found to be high in aluminum and low in magnesium, whereas for the maria, the reverse 
is found to be true. The X-ray experiment has yielded evidence supporting the idea that the lunar 
highlands are portions of an ancient crust with composition between anorthositic gabbro and 
gabbroic anorthosite . 

The alpha particle s iectrometer (Bjorkholm e t .  1.,1973; Gorenstein et al., 1973) is sensitive t o  
*adioactive radon gas emerging from the Moon’s surface. Local areas have been found on the lunar 
surface which have high radon (222Rn) emanation rates, the most conspicuous being the 
Aristarchus crater region. Radon emission has also been seen in varying amounts around the edges 
of tne maria, implying that radon emission is a timedependent phenomenon. If there were pres- 
ently regions of strong volcanic activity on the Moon, the alpha-particle experiment would probably 
de ,.ct it; however, no presentday volcanic activity has been identified. 
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VII. THE LUNXR ATMOSPHERE 

The mass spectrometer (Hoffman et al., 1973) has measured helium, neon, argon, and possibly 
molecular hydrogen as constituents of the lunar atmosphere. It is expected that the helium and 
neon originate in the solar wind. Argon isotopes vary in abundance over the lunar day, implying 
that they condense into the lunar surface at night and release into the atmosphere at dawn. The 
total gas concentration of all molecules at lunar night (when the instrument is shielded from 
incoming particles from the sun) in the atmosphere is 2X 10’ molecules/cm3. 

VIII. DISCUSSION 

Considerable analysis has been carried out to date in lunar geophysics, and much infolmation 
has been gained concerning properties of the Moon. Although it is often said in lunar research that 
more questions than answers have emerged in the five years &ce the fust Apollo landing, the future 
looks bright for continued lunar research. NASA has launched the post-Apollo lunar synthesis 
program, inviting new scientists to synthesize the great quantities of lunar scientific data which have 
been gathered by separate experiments. The next few years may wel! bring a much fuller under- 
standing of the origin and evolution of our Moon and the solar system. 
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?'he Moon is we of the more obvious of 
OUT neighbors in space and is certainly 
the most accesjible. In spite d inten- 
s iw ahalysk and probing by virtually 
every cmceivable chemical and physi- 
cal technqw, the maneuvering mom 
for speculation on lunar origin has 
scarcely diminished as a result of the 
Apdlo program. This is not primarily 
due to  lack of information but to the 
unexpected and confusing nature of the 
newly xquired data. m a t  of which is 
3pen to multiple interpretations. 

The Moon's unique characteristics 
have become even more unique as a re- 
sult of l u n a  exploration. This strange 
body. shown partirularl? wt 'n the 
Apollo 17 phdograph (figwe 10. is like 
no other in the solar system that we 
know ahodt. either presently orbiting 
the Sun or hnving fallen on the Earth. 
It is similar to no planet M meteorite. 
Curiously. it is most like some tiny 
white iwlusks in a meteorite that fell 
spectacularly to  Earth in Mexico dur- 
ing the midst of the lunar exploration 
program- 
The most immediate scientific and 

public-interest aspects of the lunar ex- 
plwation prqmms haw heen the pho- 
tographs and the returned lunar sam- 
ples. The orbital and surface photo- 
graphs iocm the basis of detailed mor- 
phdogica1, historical and structural 
geological studies of the lumr surface. 
The samples have been subjected to a 
battery of chemical. petrological and 
p b i c a l  measurements that has re- 
siiltec! in volumes of primary data e,id 
thouc.indc of page of interpretation. 
Less publicized. and less tangible to 
the layman. is the wealth of data that 
has been returned and is still being re- 
turned by the scientific instruments 
that acmmpanie; tlle astronauts 
arnund and to  the Moon (see figure 2). 

These scientific observatories. more 
sophisticated by far than any that are 
merating on Earth. have measured the 
shape of the Moon, i ts  gravity field. 
the e1ectromqgnet;c fi. '= irh its vicini- 
ty. heat flow through rne surface. the 
seismic activity and velocities in the 
interior and the composition of the sur- 
face 2nd the tenuous lunar atmo- 
sphere. 

From these measuremonts we can 
draw conclusions about the composi- 
tion. temperature and history of the 
Moon; some of these conclusions con- 
firm what we had already g u e s d  lrom 
Fhh-based observations. but others 
are unexpected For eramde. we al- 
ready knew that the Mmo was defi- 
cient in iroq (in omparison with the 
proprtions of iron in the Earth and in 
the other ter.pstrial planets). h it from 
examination of surface samples we now 
Don L Anderson is professor of geophysics 
and director of the stlsmaloqical bborato- 
ry. California Inst-tute of fech,lo;ogy. Pasa- 
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know that it is deficient also in all ele- 
ments and campounds more volatile 
thas inm. We had guessed that the 
Moon must have a low-density crust. 
but the gna t  age and thicknes of this 
crust were quite unexpected. The 
temperature of the interior is still a 
puzzle. with new evidence codinning 
neither the hot-core nor the cdd-core 
theories-though I believe the hot-inte- 
rim model is the more likely. Likewise 
we can stili not be certain precisely 
how the Moon was formed. but we can 
make a scenario that not only fits the 
evidence we have for the Moon but also 
has useful things to s a y  about the for- 
-:ion of t i e  inner planets. 

Bulk chemistry 
It has long been known :hat the den- 

sity of the Moon is considerably less 
than that of the other terrestrial plan- 
ets. even when allowance is made for 
pressure. The terrestrial planets con- 
tain about 30% iron. which is consis- 
tent with the campasition of stony 
meteorites and the nonvolatile compo- 
nents of the Sun. They therefwe fit 
into any scheme that has them evolve 
from soh material. Because iron is 
the major dense element occurrii4 in 
the Sun. and presumably iii the pre- 
planc'.ary solar nebula. the Moon is 
clearly depleted in iron. Man:; 
theories of lunar origin have been 
based on this fact. and numerous at-  
tempts h a w  been made to explain how 
iron can be separated m m  other ele- 
ments and compounds. Density. mag- 
netic properties and ductility have all 
been invoked to rationalize why iron 
s k l d  hehave differedy than silicates 
in early solar-system proceses. 

Once samples were returned from 
:he Moon. however. it k a m e  clear 
that the Moon was not only dvficient 
in iron but in a number of o:hrr cle- 
ments a5 well. The mmmoa charac- 
tcrisiics of these elements and their 
compounds is volatiiity. The returned 
samyies showed that the Moon IS de- 
pleted in compounds more volatile 
than imn and that. tc; a first approxi- 
mation. the Moon could be m s i d c n d  
a refr3ctory body. Calcium. alumi- 
num and titanium are the major ele- 
ments invoiwd in high-temperature 
condensation processes in the solar ;le- 
hula; minor refractory elements in- 
clude barium. strontium. uranium. 
thoriun and the rare-earth dements. 
The Moon is enriched in all these 
elements and we are now sure that 
more :han simply imn-silicate sep ra- 
tion must be invo: :d in lanai origin 

&'he abundance of titanium iq the 
returned lunar samples was one of the 
first surprises of the A p c h  program. 
Titanium is  not exactly rare on Earth, 
but if is usually considered a "minor" 
or "trace" element. The first samples 
returned from the Moon contdined IO% 

of titanium-rich compounds. The sur- 
face samples were also remarkably de- 
p l e d  in such volatile elements 11s SO- 
dium, potassium. rubidium and other 
elements that. from terrestrial and lab- 
oratory experience. we would expect to 
find cornntrated in the crust. Water. 
sulfur and other volatile elements and 
compounds were also sparse. The re- 
fractory trace elementssuch a~ bari- 
um. uranium and the rare-earth ele- 
ments-were concentrated in lunar 
surface material to  an extent several 
orders of magnitude crier that expected 
on the bsis of cosmic or terrestrial 
abundams.  

Some of t h e e  elemenis. such as ura- 
nium. thwium. strontium and barium. 
are "lam-ion" elements. and one 
would expect them to be concentrated 
in melts that would be intruded or ex- 
truded near the surface. However. 
other volatilq large-ion elements. such 
as sodium and -ibidium. are clearly 
deficient. in most . -5 by a t  least sev- 
eral orders of mamitude frum that ex- 
pected from cosmic abundances. TIE 
enrichmept of refractory elements in 
the surface mcks is so pronounced that 
several georhemists proposed that re- 
fractory compounds mre brought to 
the Moon's surface in great quantity in 
the later stages of accretion. The rea- 
son behind these suggestiohs was the 
belief that the Moon. overall. must re- 
semble terrestrial. meteoritic rr solar 
material and that it was unlikely that 
the whole Moon could be enriched in 
refractories. In these theories the val- 
atile-rich materials must be concen- 
trated toward the interior. In a cwl- 
ing-nebula model of planetary forma- 
tion. the refractories condense before 
the volatiln and it was therefore pro- 
pused that MDon was made inside out ! 

Hoa~ .r . r .  it now appears that the de- 
pletion of imn and volatile ran tw 
taken at face value and that the whole 
Moon is deficient in elements and 
compounds ci:lc)r~ volatile than iron. 
Petrological considerations show that 
nut only the surface mks but .I%O 
their igneous source regions, drep in 
the Moon. are a1.w &plea d in mla- 
tiles. The !Moon is probably enriched 
in calcium. aluminum. titanium and 
the refractory trace elements through- 
out. 'l'his cornpsition wou!d explain 
the mean density of the Moon and the 
high heat flow. and it would help to 
explain why the Moon mel:ed and dif- 
ferentiated very rapidly. 

%e interior 
In :iew Jf the ablr.ldant geological 

evidence that 'he suriace rocks re- 
sdted from melting processes in the 
interior. it was no surprise that the 
geophysical evidence indicated that the 
Moon has a low-density crust. its 
great age, as measured by geochemical 
techniques. and great thickness. as re- 
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their size, or magnitude. Their times 
of occurrence appear to correlate with 
tidal stresses c a d  by the varying 
distance betwen the Moon ana the 
Earth. Compared with the Earth they 
seem to occur at great depth, about 
half the lunar radius (but we must 
keep in mind the reservations on loca- 
tion accuracy mentioned above). Both 
the age-dating evidence and the seis- 
mic data indicate thnt the Moon t d y  
is a relatively inactive body. This COII- 
clusion is consistent with the a b n e  
of obvious tectonic activity and with 
the low level of st esses in the lunar  in- 
terior implied by gravity and mdment- 
of-inertia data. 

On the Earth. most, if not all. 4 s -  
mic and ,ectJnic activity is associated 
with the movements of large plates on 
or near. the Farths surface. The driv- 

ly understcod, but the extreme mobili- 
ty of plates is probably related to their 
thinness relative to the radius of the 
Earth; the m a s  and thermal inertia of 
the lithosphere are negligible compared 
to the Earth as a whole. The ability of 
plates to break luld slide past, or drive 
beneath. one another are c o 1 1 s e ~ u e r ~ ~ 3  
of their thinness. A vanety of ohserva- 
tions can be explained if the lunar 
lithosphere is much thicker than its  
terrestrial equivalent. Be*ause the 
depth of the lithosphere is brlieved to 
he controlled by the intersectionof the 
temperature-depth cwe ai th  the "sol- 
idus" (the temperature at which par- 
tial melting occurs), a thick lithosph- 
ere means either higher melting tem- 
peratures, or a shallow temperature 
gradient, or both. Both, in fact, are 
probable for the Moon. The M m ,  
being a smaller body than the Earth, 
will cool faster; the rarity of volatile, 
includi1.q water, means that melting 
temperatures wJ1 be greater, and the 
rehctory nature of the bulk of tho 
lunar crust m i d  drive melting tem- 
peratures even higher. nbe h a r  
heat-flaw values are less than terrestri- 
al ones. and this reduction is aiso con- 
sistent with a shallower temperature 
gradient. 

The travel times of seismic waves 
generated by artificial impacts have 
been used to determine the structure of 
the outer 1.50 km of the Moon.3 To 
produce useful impacts. Saturn IV-B 
booster and lunar-module ascent stages 
were programmed to strike the surface 
of the Moon at distances as far as 1750 
km from the lunar seismic stations. 
The resu1tir.g ve!ocity structure 
applies roughly to the central portion 
of the lunar fiontside. We should keep 
in mind our previous discussion of in- 
homogeneity, particularly the rather 
strong evidence that crustal thickness 
varies substantially. Lateral changes 
in structure and velocity also compli- 
cate seismic interpretations. 

ing uY&anism of plates is only vague- 

The shallow crustal s t ruc i i ;~  has 
been determined by the active seismic 
e~pe r imen t .~  which used thumper and 
mortar-launched grenade ~oucces. and 
by surface gravity traverses. The 
outer kilometer has extremely low ve- 
locities. less than 1 km/sec. This 
value is more appropriate for rubble 
than consolidated rock. The velocities 
increase from 4 km/sec at 1 km depth to 
6 km/sec at P km (see f i i  3). The 
lower velocity is appropriate for CoILsOI- 
idated rubble or extensively fractured 
igneous ruck. such as besalt. The in- 
crease of velocity nith depth is proba- 
bly primarily the result d consdida- 
tion and crack closure. The B k m , ' ~  
velocity at the base of this layer is mn- 
sivtent with laboratory measurements 
onreturnedsamplesoflunarbasalt. 

At 20 km depth the velocity in- 
creases abruptly to about 6.7 km/sec. 
and it remains relatively constant to 
60 km depth. The constancy of veloci- 
ty means that most cracks have been 
eliminated and also that the effects of 
temperatures and pressure gradients 
are either small or they cancel. In this 
region the velocities can be matched by 
anorthositic gabbro, 'a plagiuclase-rich 
rock type that is low in iron and has 
relatively low density (about 2.9 gm/ 
cm3). This layer may be similar in 
composition to the lunar highlands. 

At 60 k s  the velocity jumps, at least 
locally. to about 9 km/sec. When all 
the seismic data are considered togeth- 
er w may find that this layer is very 
thin (less than 40 km) or it occurs only 
locally. w bbth. Perhaps it occurs 
oniy as pods or ienses under maria ba- 
sins or only under mascon basins; at 
the moment we have no way of telling. 
In any went. such high velocities were 
untxpected and are unusual by any 

COMPRESSIONAL VELOCITY 't"I/W) 

1 '  ? 2 4 6 8 1  

I Basalt rubble \ Basalt rubble 
20- 

40 - G8bofOiC anorthosite 

T 
I 6 0 .  

Refractory crystals 

80 - 
Plagioclase and/or pyroxene 

100 - I I Plagioclase and/or pyroxene 

Compressional velocHy plotteti ageinsi 
depth in the Moon. with an indication of 
possible mineral assemblages present at 
different depths (From ref 3.) Figure 3 

s t a n d d s .  They may also be ficti- 
tious, because seismic waves refracted 
by dipping interfaces can give apparent 
velocities dower or faster than real ve- 
locities. A velocity of 9 km/sec is 
much greater than the 8 km/sec veloci- 
ty typical of the Earths upper mantle 
and of rocks thought to be common in 
the upper lunar manile. Only a few 
minerals, exotic by terrestrial stan- 
dards, have such high velocities. 
These include spinel (MgAIr04). co- 
rundum (A1~03). kyanite (Al&3iOs) 
and Ca-rich garnet (Ca&SisOls). 
These are all calcium- and/or alumi- 
num-rich minerals and occur as the 
dense residual crystals when a Ca-AI- 
rich liquid partially solidifies. The 9- 
km/sec layer may therefore be related 
petrologically to the overlying crustal 
layer. 

The apparent seismic velocitv at 
greater depth is only 7.7 km/sec-is- 
termediate between the velocities we 
usually associate with the crust and 
the mantle. Thii velocity continues to 
a depth of at least 150 km (the deepest 
depth of penetration of seismic energy 
from artificial impacts) and is appro- 
priate for pyroxene or plagioclase-rich 
rocks. In the latter case we would s t i l  
be monitoring the crust and therefore 
would have only a lower bound, 1.W 
km. on its thickness. It should be .-- 
called that the crust is thicker on the 
backside. Even if the crust is only 60 
km thick, the conventional iaterpreta- 
tion of the seismic results, it is much 
thicker than the average terrestrial 
cnut, particularly in relative terms; 
this great thickness indicates that the 
Moon was extensively differentiated. 
In com5ination with the age data this 
mean= that the Moon was extensively 
melted early in its history. The source 
of this early heat is a matter of some 
controversy. 

Evidence fur the rumtitution of the 
deeper interior is very sketchy. Seis- 
mic shear waves apparently cannot 
pass eifici?c,ly below some loo0 km 
depth. T ~ I S  can be taken as tentative 
evidence for at least a hot, if not mol- 
ten or partially molten, deep interior. 

Is Ihe Moon hot or cold? 
One of the long-standing contro- 

versies regarding the Moon is whether 
its interior is hot or cold. Most of the 
newer evidence is ambiguous and fails 
to resolve the controversy that origi- 
nated with the earlier data. The wide- 
spread occurrence of basalt certainly 
indicate3 that it was at  least partially 
molten early in its history, but we are 
not sure that this ha ?ned since !hen 
Conduction a1or.t 1s only efiicient in 
lowering tRe internal temperntures of 
the oyter 300 km; on the other hand 
the process of basalt extrusion . Rn ef- 
ficient mechanism for remwing heat. 
However, ba.salb ayP unlikely to have 
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GEOLOGY OF THE APOLLO LANDING SITES: A SUMMARY 

W. L. Quaide 
h i e s  Research Center, NASA, Moffett Field, Calif. 94035 

I. INTRODUCTION 

Tius discussion is about the geology of the Apollo sites. In it, findings at each site are related 
to a generalized picture of lunar geologic history. Such a brief attempt as this can be only partly 
successful. It is hoped. however, that by highlighting the most significant findings, the present state 
of knowlzdge (and lack of knowledge) can be appreciated more fully. For those who wish to  
follow-up on this subject, only one source of information need be consulted at the outset: publica- 
tions of the proceedings of the five lunar science conferences. These publications cons:! of three 
volumes, each for every conference, and represent the most thoroughly documented studies of rock 
suites ever assembled. 

For the understanding of uiscussions presented here, standard geological backgrounds are 
adequate. Most terminology used in lunar studies has been adapted from standard geoscience usage. 
On!y a few specialized terms have grown from this work. Definitions of certain of those terms are 
given in the appendix. 

11. THE APOLLO SITES 

The six Apollo sites are illustrated in figure 1. The first three visited, 11, 12 and 14, are 
equatorially located in Mare Tranquillitatis. Oceanus Procellarum, and in the Fra Mauro region, 
respectively. Their equatorial position was dictated by early mission safety constraints. Their precise 
locations within this belt were selected partly on the basis of surface characteristics necessary for 
landing and partly on the basis of geological considerations. Both Mare Tranquillitatis and Oceanus 
Procellarum are typical mare terrains. They differ mainly in age and composition of the lavas, 
physical characteristics of the surface and regolith that are age dependent, and in the character and 
relative aburldances of exotic components. Tranquillitatis basalts ,re richer in titanium and much 
older than Procellarum ci)ui!terparts ( 2 . 5  to  6.5 X 10' years older). Furthermore, two different 
flow units were sampled in Tranquillitatis with different ages (3.65 and 3.8 B.Y.) and different 
chemistry (low K and high K types). Physical characteristics of the two surfaces differ, when large 
areas are considered, in that Mare Tranquillitatis is more densely populated with impact craters, has 
a thicker regolith, and contains v w e  products of impact (agglutinates) than does Procellarum - 
facts that are consistent with til .. . rallization ages of thc rocks. Exotic components are present in 
both, but for still incompletely t. awn reasons, the Apoilo 12 site contains an excess abundance of 
these. Exotic fragments in the Apollo 1 1  regolith indicated that an extensive source of annrthosite, 
troctolite, and norite existed on the Moon, and it was speculated that these rocks were characteris- 
tic of the lunar highlands. Exotic components at  the Apollo 12 site were found to be dominated by 
KREEP typc material, often in the form of breccias. The abundance of KREEP materials at this 
locality may be a function of provenance or it may relate to the fact that this site is crosscd by a 
prominent ray from Cop-rnicus. Some have speculated that thcse materials represent Copernicus 
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Figure 1. ~ Apollo lariditig sites. 
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ejecta, whereas others maintain that it may have been derivcd locally by large cratering events 
that 3xcavated material f ron  beneath thin mare lavas. Whatever the source - and it now appears 
to be in debris marginal t o  Procellarum or spread over its surface - this material has provided 
evidence of possible early differcntiation of crustal material (4.4 B.Y.). 

The Apollo 14 site, in contrast io Apollos 1 1 and i 2 sites, is significantly different in that it is 
not located on mare units but on terrain of the Fra Mauro Formation, a unit thought to represent 
ejecta, or intermixed locally derived material and ejecta, from the Imbrium Basin. Samples collected 
are dominated by a class of annealed polymict breccias containing fragments of noritic breccias, 
micronorites. anorthosites, troctolites, olivine-rich microbreccias, a.id a few basalts. It is conceded 
that these samples were derived, at least in part, from a complexly cratered pre-lmbriuni terrain 
containing an abundance of impact breccias (and some basalts) enriched in siderophile elements, 
unlike post-mare impact debris which perhaps are derived from impacting iron-rich planetesimals. 
Studies of these samples have provided extensive evidence that early crystalline rocks were rich in 
anorthositc. norite. and troctolite, that they had been extensively modified by impact processes 
prior to the Imbrium event, and that the Imbrium impact occurred between 3.9 and 3.95 B.Y. ago, 
resetting the radioactive clocks of the ejected debris. Whether or not the thermal metamorphism of 
the Fra Mauro rocks occurred before or after the Imbrium event is debated. Evidence appears 
strongest that the deposits were anneded after deposition at  the Fra Mauro site. 

Apollo missions 15, 16, and 17 were more explorative in nature than previous ones with the 
selection of sites based on geologic and geo$hysical critera. The Apollo 1 5  site was selected to 
sample both Imbrium mare material in the vicinity of a sinuous rille and Apennine Front material, 
thought to represent deep ejecta frcm the lmbrium Basin. The Apollo 16 s i k  in the Cayley Plains of 
the highlands was selected to  study what was thought at that time to  be highland volcanic products. 
The Taurus-Littrow site of ,4pollo 17 was chosen to sample juxtaposed Serenetatis ejecta and 
mare-like fill thought to be extremely youthful. Although premission criteria turned out faulty, a 
wealth of information was obtained from these explorations. Studies at Hadley (Apollo 15) revealed 
that the age of the last basaltic activity in that area, 3.3 B.Y., and the composition of the lavas were 
more like Procellarum rocks tFd11 Iike TranquilliLatis lavas, and that the mare there was composed of 
a sequence of flows with tbickness 1.7 tens of meters. A volcanic origin of the rille was not proven 
bait strongly supported by the visual si.ldies. Components of the Apennine Front were found to be 
enriched in anothosites. troctolites, and norites - a finding which confirms earlier less direct 
evidence that these rocks are characteristic of the highlands and premare crustal materials. Again, a 
confirmation of the 3.9-3.95 B.Y. age of the Imbrium event w a  obtained, and resetting of atomic 
clocks was found to be the rule. One anorthosite fragment, that apparently survived impact reset- 
ting of the clock, was found with a crystallization age of 4.1 B.Y. 

The mission to the Caylev Formation site in the highlands (Apollo 16) revealed that these 
deposits are not volcanic plains but are accumulations of highland-type breccias with reset atomic 
clocks. Initial considerations of their origin suggested that they may have been derived from the 
Imbrium or Orientale Basins. Recent studies suggest strongly, howcver, that these often highly- 
shockeu breccias were derivcd locally through long periods of time but with significant quantities of 
debris having been produced locally by heavy, temporally restricted bombardment by secondary 
projectiles produced by the Imbrium impact. 
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The mission to  Taurus-Littrow (Apollo 17) revealed that lavas there were not youthful, nor 
was a youthful mantle of volcanic ejecta found as suspected. but rather were comparable in age id 
compostion io Tranquillitatis basalts. Studies of returned samples also demonstrated that Serenitatis 
ejecta proved to  be similar compositionally to  Imbriuni ejecta and similar in age (about 3.97 B.Y.) 
although Serenitatis is one of the oldest of the mare basins. Relative ages of forniation of the major 
mare basins based on superpositional evidence arc, oldest to youngest. Fecunditatis, Serenitatis, 
Nectaris, Humonini. Crisium, Inibrium. and Orientale. The near simultaneity of formation of 
Serenitatis and Imbrium Basins implies the nearly simultaneous formation of all and is strong 
evidence of either a cataclysmic bombardment within a 2eriod of 10' years at about 3.95 B.Y. ago, 
or ;I termination of a set of conditions at that time which has almost completely obliterated 
evidence of more ancient history. 
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Relative to  the bombardment historjf, an approximate reconstruction is possible based on 
crater frequencies in deposits of known crystallization age. This reconstruction is presented in 
figure 2 where the cratering rate is estimated relative to  the present. The main points of these data 
are that the early flux was extremely high and that maria flooding took place during a time when 
flux was changing rapidly. The slope of the cratering rate (Hartrnann, 1970), in fact, suggests that 
the population of producing bodies has a ha!f life of lo8 years, suggesting that they were solar 
orbiting, low eccentricity planetesimals with impact velocities in the range 2- 10 km/sec. 
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The igneous history of the Moon, shown minimally i n  figure 2, is reconstructed in more detail 
in figure 3 along with a model that has been proposed to  account for known facts (McConnell and 
Gast, 1971). The most significant points of the model are that, to account for all known geological, 
geochemical, and geophysical aspects, it had to be assumed that the Moon accreted inhomoge- 
neously and that surface melting gradually progressed to  deeper levels. Aspects of the model and 
other significant points not discussed here will be considered at length in the formal pesentation. 
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Figure 3.- Igneous history of the Moon. 
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APPENDJX 

LUNAR SCIENCE TERMINOLCGY 

Most of the terminology us rd in lunar science is straightforward and easily recognizable by all 
geoscientists. There are a few terms that are unique to lunar or meteoritic studies, however, the 
most common of which are listed below. 

Agglutinate ... delicately branching assemblages of fragments cementcd by crusts and filaments of 
glass. Found in lunar “soils” and considered to be products of meteoritic impxts. 

.%llisrzc transport - process by which particles are launched in!o ballistic trajectories by cratering 
processes and transported across the surface, the major form of transport on the Moon. 

Chondrule - a spheroidal body (mlllirwter sized) often radiall) crystallized, consisting chiefly of 
olivine and/or orthopyroxene, and occurring in many stony meteorites and lunar “soils” and 
breccias. 

Cosmogenic nuclide - a nuclide (such as Na’’, A12 6 ,  cttc.) produced by the action of cosmic 
radiation (very high energy sub-atomic particles, e.g., atomic nuclei). 

Exotic - a straightforward use of a common term to describe certain particles in Ilmar “soil” 
thought to have been formed in regions distant to the site where found. 

Exposure age - the length of time a rock or particle has existed at or near the lunar surface during 
which time it has been skbjected to the various processes by which exposuie age is determined. 

Fines - a term describing the less thag one centimeter fraction of lunar “soil.” Coarse fi..es refers to 
the l-cm to 1-mm fraction. Fine fines refers to the less than 1-mm fraction. 

Galactic cosmic rays - very high energy sub-atomic particles from galactic sources (non-solar 
sources). 

Highland terrain - the higher, older portions of the lunar surface (contrasted t o  maria), now 
thought to be compositionally distinct from maria. Also called Terrae. 

Impactite - a glassy to finely crystalline material, often vesicular, produced by fusion or partial 
fusion of target rock t y  heat generated from the impact. Impactites are composed typically of 
Inixtures of melt and rock fragments and sometimes contain traces of meteorite material. 

Impact metamorphism - a type of shock metamorphism in which the shcck waves and the observed 
changes in rocks and minerdls result from t5e Impact of a body such as a meteorite. 

KREEP - an acronym applied to a group of rocks found in lunar samples that ar’ enriched in 
potassium (K), rare earth elements (REE), and phosphorus (P). 
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More - one of several dark, low-lying, level, relatively smooth, plains-like arer's of considerable 
extent on the surface o i  the Moon, I ~ G W  known to  consist of basic lavas overlain by a frag- 
mental soil-like layer, the regolith. 

iCIrrscuri - a large-scale, high density, lunar mass concentration. 

Microbreccbia - a terrestrial rock term applied to lunar roc ~s characterized by clasiic texture, 
thought to be the product ot' impaci fragmentation and lithificatkn. Several types are recog- 
nized according to composition, type of component clasts, staie af aggregation or degree of 
metamorphism. 

Microcrater - small craters, generally less than few mm to micron size found on sLirfaces of mineral 
grains and rocks that have existed at the lunar surface. Sometimes called n icrometeorite 
craters or zap pits. 

hlicru?neteori.+e - a very small meteoritic particle (diameter < 1 mm). 

Purticle rrucks -- tracks left in minerals or other media by the p- .age of highly energet; partick$. 
In lunar samFles, tracks result from radioaLtive decay of natural radioactive atom:. and from 
passage of galactic and solar particles. 

Plurietesirnuls - large bodies of the solar system, but less than planet size. 

Ruy (crater ruyj - long, relatively briglit streaks, loops o r  lines that radiate from luri a- craters. 

Rcggolltlz - an old term that has been applied to lunar geology in the strict sense: the entire layer or 
-mtle of fragmental and loose (incoherent or  unconsolidated) rock material, of whatever 
origin, and of very varied character that nearly everywhere forins the surface of the land and 
overiies or covers the more coherent bedrock. 

Rille ~ trench-like valleys on the Moon's surface. Rilles are subdivided according to  plan shapes as 
straight or arcuate (both of which are long and narrow, probably tectonic in origin), sinuous 
(generally found on !ava surfaces and thought to  be lav: channels or collapsed lava tubes) or 
irretylarlv branching (in large, lava-filled craters where the rilles apparently results from frac- 
turing). 

Riiiged hasirz - !arge, crater-form basins such as the Imbrium Basin, Crisium Basin, etc., on the l u n x  
surface that corirain one or more topographic rings outside the basin. They are thought to  
rcpresent scars of ancient, impact, low-velocitjj planetesimals. 

Secorid:v  c w e r  - crater produced by a projectile ejected from a (primary) crater produced hy the 
impact oi' a meteoroid. 

Shock nietumorpl2i.srn - synonymous with impact metamorphism for lunar cases where metamor- 
phism is accomplished by the passage of a shock wave. 
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Smooth plains - lunar terrain in highland depressions in highly c r a t e d  (not mare) areas character- 
iK?d by relatively smooth surfaces. Smooth plains are now considered t o  consist of accumula- 
tions of impact ejecta. 

dar f i r e  - flare of the Sun, particularly of interest to lunar geology in that solar flares produce 
,xtremely high quantities of highly energetic sub-atomic particles that strike the lunar surface. 

w k r  w i d  - the motion of interplanetary plasma or ionized particles away from the Sun. 
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Summary of Scientific Results 
11‘. N. Hew ond A. I .  Cali0 

The scie..:& objectives of the Apollo 11 mis- 
sion, in order of priority, were the following: 

( 1) To collect early in the esti-avehicuilu ac- 
tivity (EVA) a sample, cailed the contingency 
sample. of approximately 1 lig of lunar surface 
material to insure that some lunar maieria: would 
be rehu;led to Earth. 

(2 )  Tc fill rapidly one of thc twa sampb re- 
turn containers \nth approsimitely 10 kg of the 
lunar matei-ial, called the bulk sample, to insure 
the return of arr adequate amoirnt of material to 
meet the n m b  ol the principal invcstigators. 

( 3 )  To dq.loy three espeiimrnts on the lunar 
surface: 

(a )  A passive seismometer to study lunar 
seismic merits. the Passive Seismic Experiment 
Package ( R E P .  

(b )  An optical corner reflector to study 
lunar librations, t5e Laser Ranging Retroreflector 
(LRHR) 

(c )  A solar-wind composition (SIl’C) el- 
periment to measure the types and energies of 
the sola- wind on tile lunzr sriiface 

4 )  To fill the secnnd sample return container 
with carefully selected liinar material placd intt) 
the local geologic con!r\t, to drive two core fiibcs 
into the surface, and ta ) return the tiibes with thc 
statigraphically I :gar+ .I material, c d l d  the 
documented sarr.p!e. 

During these tasks, p1:otop;qAs of the surf:ice 
were to be taken using a “0-mm Hasselhlad cam- 
era and a closc, ,p stereowqic raincra ( the Apo;lo 
Lunar Surface Closerip C mcra (ALSCC) ). The 
scientific tasks and a varic*$ ot other tasks were 
planned for a 2-hr and 40-min time period. 

According to mission pla-is. the time allotted 
for the collection of tlic iaciimmtctl simple, 
which had the lowest priority, votild be short- 
ened if time *-.ere insrifE:ient. AI’ the scientific 
tasks were completed satisfa,-toril.*, all instru- 

ments were deployed, and approximately 20 kg 
of lunar material were returned to Earth. The 
documented-sample periaci \\-as extremely short, 
however, and samples collected during this 
period were not careful!)- photographed in phre 
or docamen:ed in other ways. 

Nature of the lunar Surface 

The Apllo 11 l u x r  module (LM ) landed in 
the southwestern part of Mare Tranquillitatis, 
approximately 50 km from the closest highland 
material arid approsimatel;. joo m west of a 
sharp-rimmed blocky crater approximately 180 m 
in d .meter. Rays of ejecta from this crater ex- 
tend past the landing site. Rays from more dis- 
tant Lraters, including the crater Theophilus, are 
also tn the landing region. 

S.irface material at tlic landing site consists of 
unwited fragmental drbris ranging in size from 
a p p  .nimatr.ly 1 m to microsmpic p;irticles. which 
m;.k up the majority of the material. This debris 
l a y ,  the regolith, is approsiinately 5 m thick in 
the region near the landing site, as judged by 
t!w I>lockiness of material near :arious-sized 
craters. 
The soil on the lunar surface ;; weakly cohe- 

sive, as shown by the ability of the soil to stand 
an vcrtirnl slopes. The fine grains tend to stick 
together, proclriding clods of material that cnim- 
pled under the astronants’ boots. The depth of 
the astronauts’ footprints and the penetration ot 
thr- I ‘ 1 landing gear correspond to static hearing 
prmsiir:s of approsimatcly 1 psi. The surfaces 
\ 2rc relativclp svft to clcpths of 5 to 20 cm. Deeper 
than these dcpths, the resistance ot the m;iterial 
to prnctra: ion incrci1sc-s cwnsitlerably. In general. 
the lunar soil at the landing site \vias similar in 
appearance, behavior, and mechanical properties 
to the soil mcountcred at the Siirvcyor equatorial 
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landing sites. Althouqh the lunar soil differs con- 
sidtxrably in composition anti in  rmge of p.irticle 
shapes from a tcrrestrial soil of tlie same particle- 
size distribution, the luniir soil dots not appear to 
differ significantly from similar terrt-strial soil in 
mechanic:d beIia\ior. 

Both roundtul and apgiilar rocks appear on tlie 
siirtacx in profusion. .A!I degret-s o f  burial are 
prestnt. antl fillets on the sides or racks. caused 
by the powdery surface material being piled up 
by some erosional process. \\ere common. At least 
three of the r o c ~ s  rehirned to Earth have been 
identified in photographs of the liinar surface. On 
what appears to be the upper surface of several 
rocks. a thin rind of altered material approsi- 
mately 1 mm thick is found. This r i d  is lighter 
colored than the remainder of the rock and ap- 
pears to be cmmd by shattrring of mineral grains. 

One outstanding featlire of the surfaces of tlie 
rocks returned to Earth is the existence of sev- 
eral glass-lined pits 1 mm or smaller in diameter. 
These glass-lind pits appe3r only on the sur- 
faces of rocks. (\!ore of these pits are observed 
on the top srirfaccs of rocks ~ i t h  known orienta- 
tions.) Quite clearly, these pits are of esternal 
origin. The glass overlaps of the nirface of the 
rack and the resulting features clearly resemble 
hypervelocity iinpact craters. However. the pits 
do not resemble craters made in the laboratory 
by lip-n-elocity particles, and the origin of the 
pits is presently rinlinown. 

The most interesting and tinenpected surface 
features discovered and photographed by the 
astronauts are glassy patches on the lunar sur- 
face that are described by the astronauts as re- 
sembling drops of solder. These patches were 
obsrrved only inside several raised-rim craters 
approsimately 1 m in diamett-r. These glassy 
blebs may he formed by low-velocity molten ma- 
terial splattering into tlic. craters, or t h y  may 
be formed from material that has been melted 
in place. The section of tl+s document entitled 
"Lunar Sririace Closeiip Slcrr-Nvicopic Photog- 
raphy" presents an interesting tl ieoF nf thc ori- 
gin of the blebs. based on radiation heating. This 
theory postulates that within the last 100 000 
years, the Sun had a siipedarc or mininova event 
that heated tlir Iiinar surface to a temperatrirr 
that caused material inside the craters to melt, 
but did not cause surface material to melt. Ac- 

cordiiig to the theory, the reason that material 
inside the craters melted while surface material 
did not is that a focusing effect caused the tem- 
lwratrire inside the craters to increase This radia- 
tion-heating theory is certainly not yet proved, 
but no other plausible theories have been ad- 
vanced to esplain the blebs' being located only 
in the bottoms of craters. Sone of the blcbs 
photographed by the astronauts were returned 
in the sample containers, and no blebs have 
been identifitd in the samples. 

The Passive Seismic Experiment 

Sinw the time of the Ranger 1 mission, scien- 
tists have been trying to land a seismometer on 
the surface of the Moon to search for moon- 
quakes. Succeuft.! operation of a sedmometer 
is estremely important for understanding of the 
internal structure of a planet and to a search for 
possible layering or discontinuities. On the .%pollo 
11 mission, a seismometer was placed on the 
surface of the hen, and the irstniment oper- 
ated satisfactorily for 21 days. The instrument 
contained four separate components. Three long- 
period ( LP) (approsimately 15sec resonance) 
seismometers were alincd orthogonally to meas- 
ure surface motion both horizontally and verti- 
cally. A single-asis, short-period ( SP) seismom- 
eter, with a resmant period of approximately 
1 sec, measured vertical motion. The system had 
tilt adjustment motors to level the system upon 
command from Earth. The instrument \vas de- 
ploycd on the lunar surface approsimately 16 m 
from the LSI and was turned on while the astro- 
nauts were on the lunar surface. Signals were 
rcceived \\hen the crcwmen climbed the LM 
laddrr, used ii hammer to pound on the core 
tubes, antl jettisoned eqiiipment. including the 
portable life support systems (PLSS). 

Actual masimrim instrumtmt temperature ( a p  
prosimatcly 1%)' F)  esceeded the planned maxi- 
miim instrument temperature by iipprosimately 
SO3 F. Even at this elcvateti tcmperatiire, thc 
instrument worked satistactorily during the first 
lunar diiy antl during part of the sccond. 1 1 0 ~ -  
ever, ncar noon of the second lunar day, the 
instrument no longer accepted commands from 
Earth stations; therefore, the esperimcnt was 
trrminateJ. 
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The LN apFears to have been a rich source of 
seismic noise. One class of repeating signals of 
nearly identical structure that was observed 
graduall) died out over a period of many Earth 
days. These signals swm to be related to events 
on the LM such as fuel venting, valve chatter, 
or other mechanical motion. The signals had a 
dominant frequency of 7.2 €iz before LSf ascent 
and of 8.0 Hz following ascent. These frequen- 
cies appear to be charaaeristic frequencie.; of 
the LM structure. 

Sever . I  events showing dispersion and having 
the appearance of surface waves were detected 
on the L.P seismometers. These wave trains often 
OcCuITed simultaneously with a series of pulses 
on the SP seismometer. It is not yet certain, but 
these waves are probably not the result of real 
seismic events but are of instrumental origin. 

Several other classes of events of unknown 
origins were observed. The following are pos- 
sible source mechanisms for these observed seis- 
mic signals : 

(1) Venting gases from the LM and circulat- 
ing fluids within the L51 

(2 )  Thennoelastic stress relief within the LSI 
and the PSEP 

(3) Meteoroid impacts on the L51, the PSEP, 
and the lunar surface 

( 4 )  Displacement of rock material along steep 
crater slopes 

( 5 )  Moonqaakes 
(6) Instrumental effects 
It is unclear whether any of the received sig- 

nals were actually of lunar-seismic-event origin. 
One of the most important results of the PSEP 
is the discovery that the background noise level 
on the Moon is extremely low. At frequencies 
from 0.1 to 1 Hz, the backgrciund seismic-signal 
level for vertical surface rnotions is less than 
0.3 mpm. This level is from 100 to loo00 times 
less than average terrestrial background levels 
in the frequency range of 0.1 to 0.2 Hz for micro- 
seisms. Continuous seismic background signals 
from 10 to 30 mpm were observed on the records 
of the horizontal seismometers. These signals 
decreased considerably near lunar noon and may 
have been due to lunar surface-temperature 
changes which tilted the instrument. 

Of the many seismic signals recorded, several 
were produced by the LM. Many of the signals 

may be.a result of real seismic events and may 
be generated by moonquakes, impact events, or 
movement of stirface rocks. However, none of 
the events can be clearly identified as real, and 
none of the observed signals has patterns nor- 
mally observed on recordings of seismic activi- 
ties occurring on Earth. Clearly, the \loon is not 
a very seismic body. Artificial seismic sources, 
such as the impact on the lunar surface of the 
Saturn 1VB stage or the spent LSI ascent stage, 
\\-ill be useful for future lunar seismometers. 

laser Ranging Retroreflector 

The LRRR consists of an array of finely ma- 
chined quartz comers depi9,:m.l on the lunar sur- 
face and aimed at the Earth. The array is used 
as a reflector for terrestrial lasers. By measuring 
thc distance from the laser to the reflector, small 
changes in the motion of the Moon or the Earth 
can be measured. The goal, when the system is 
fully operational, is an uncertainty of 15 cm 
( 6 in. ) . The LRRR will allow studies to be con- 
ducted on (1) the librations of the Moon, both 
in latitude and longitude, ( 2 )  the recession of 
the Moon from the Earth caused either by tidal 
dissipation or by a possible change in the gravi- 
tation constant, and ( 3 )  the irregular motion of 
the Earth, including the Chandler wobble of the 
pole. The amplitude of the Chandler wobble 
seems to vary in time with relation to major 
earthquake events. 

On the same day the LRRR was deployed satis- 
factorily on the surface of the Moon, attempts 
were made to range on the reflector from the 
Lick Observatory in California and from the 
SlcDonald Obsematory in Tesas. Some time was 
required for the ranging attempts to be success- 
ful becanse, initially, there was some uncertainty 
as to the location of the landing site. After a few 
days. this problem was solved, biit ground-instru- 
ment difficulties and weather problems cawed 
further delays. In approximately a week, both 
ohsen atories had received signals reflected by 
the LRRR. Thc signals, althorigli weak, were 
clearly idcntifiable. By using this techniqnr, the 
distance to the Moon from the Earth has becn 
measured to an accuracy of approximately 4 m. 
It s~ioii~ti IW noted tliat tlic distniice to t I i r  $loon 
is actually uncertain to a frw htindrctl meters 
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because of uncertainties in the velocity of light. 
However, the distance expressed in light seconds 
is accurate to approsimately one part in IO*, 
which is consistent with the 4-m accuracy dis- 
cussed previously. 

The LRRR experiment will continue for months 
or years before final data are abtained on many 
of the detailed measurements to be undertaken. 

The Solar-Wind Composition Experiment 

For some time, direct measurements have been 
made of the solar wind, ezi3bIishing the presence 
of approsimately 5 perce..t heliiim ions in the 
solar-wind stream, whi 2h is composed predomi- 
nantly of protons. The solar wind is expected to 
contain many heavier ions, prohably representa- 
tive of solar composition, but no direct measure- 
ments of these heavier species have yet been 
made. It now seems quite likely that the rare gas 
measured in the powdery lunar samples is of 
solar-wind origin, but this rare-gas source may 
be confused with other gas sources. The meas- 
ured rare gas represents an integration of the 
solar wind into the soil over a period of many 
millions of years. 

An experiment was conducted during the 
.4pollo 11 mission to nieasure heavier elements 
in the solar wind directly. A thin aluminum foil 
of 4000 cm2 was deployed on the surface of the 
Moon facing the Sun. The solar-wind particles 
were expected to penetrate approximately 
cm into the foil and to be firmly trapped there. 
The foil was collected after 77 min, placed inside 
one of the sample-return containers, and brought 
to the NASA Manned Spacecraft Center (hlSC) 
Lunar Receiving Laboratory ( LRL). 

&proximately 1 ft2 of the foil was removed 
in tt.7 LRL, sterilized by heat at 125' C for 39 hr, 
and sent to Switzerland for analysis. Several small 
pieces of the foil, each approximately 10 vmZ, 
were cleaned by ultrasonic methods, and the 
noble gases were then estractcd for analysis in a 
mass spectrometer. Helinm, neon, and argon 
were found, and their isotopic composition was 
measured. Thc results correspond generally to 
solar abuntlances and are clearly nonterres- 
trial. Xlorc complctc results will be presented 
whon tlic major portion of the foil has been 
anal y xcd . 

The lunar Samples 

Of the 88 kg of returnd lunar material, 11 kg 
are rock fragments larger and 11 kg are smaller 
than 1 cm in sii:. This material may be divided 
into the following four groups: 

Type A - fine-grained vesicular crystalline 
igneous rock. 

Type B - medium-grained crystalline igneous 
rock. 

Type C - breccia. 
Type D - fines (less than 1 cm in size). 
The crystalline rocks contain mineral assem- 

blages, crystal sizes, and gas cavities, indicating 
that the rocks were crystallized from lavas or 
near-surface melts. It is uncertain whether the 
lavas were impact generated or of internal origin. 
Twenty crystalline rocks were found in the re- 
turned sample, 10 rocks of type A and 10 of 
type B. Individual rocks weighed up to 919 g. 
The type A mcks contain vesicles of 1 to 3 mm 
in diameter faced with brilliant crystals. (Most 
vesicles are spherical but some are ovate.) There 
are also irregular cavities, or vugs, into which 
crystals and other groundmass minerals project. 
The percentages of the minerals present in type 
A rocks are clinopyrosene, 53 percent; plagio- 
clase, 27 percent; opaques (including abundant 
ilmenite, minor troilite, aid native iron), 18 per- 
cent; and other translucent phases, and a minor 
amount of olivine, 2 percent. Except for the high 
content of opaques, which reflects the high iron 
and titanium content, the mineralogy and chem- 
istry of the rocks resemble terrestrial olivine- 
bearing h a l t s .  

The dark-brownish-gray speckled type B rock 
is granular in texture and generally resembles 
terrestrial microgabbros. The grain sizes are from 
0.8 to 3 mm. The percentages of minerals in type 
B rocks are as follows: clinopyroxene, 46 percent; 
plagioclase, 31 percent; opaques ( mainly ilmen- 
ite), 11 percent; cristobalite, 5 percent; and other 
minerals, 7 percent. No olivine is present in type 
B rocks. Other unidentified minerals have been 
found. The complete absence of hydrous mineral 
phases in type A or type B rock; and the pres- 
ence of frec iron places a low limit on the amount 
of watrr present in the melt from which the 
rocks crystallized. The water content in the lunar 
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material is considerably lower than the water 
content in terrestrial hasalts. 

All the breccias are misttircs of fragments of 
different rock types similar to bpe -4 or type B 
rocks and arc. mixtures of angular fragments and 
sphericles of glass cf a variety of colors and a 
variety of indices or refraction. Evidence of 
strong shock is present in many type C rocks. 
These rocks viiry from being ven  friable and 
soft to being as hard as the crystalline rocks. 
Evidence points to the breccias being formed 
by shock cementing or t y  lithification of the 
powder) lunar surface material. Both techniques 
of breccia formation are probably the r e d t  of 
impact events. 

Fines were returned to Earth in the bulk- 
sample container and in the core tubes. The core 
hibes showed no stratification o f  fines, a id  the 
material was, in geneial, similar to the bulk- 
sample fines. The type D material consists of a 
variety of glasses, plagioclase, clinopyrosene, 
ilmenite, and olivine. A few Xi-Fe spherules up 
to 1 mm in diameter were found. Classes, whicl; 
make up approsimately 50 percent of type D 
material, are of three types: (1)  vesicular, glob- 
ular dark-gray fragments; ( 2 )  pale or colorless 
angular fragments with refraction indices of ap- 
prosimately 1.5 to 1.6; and (3) spheroidal, ellip- 
soidal, dumbbell-shaped, and teardrop-shaped 
bodies. Most of these glass types are smaller than 
0.2 r,im and range in color from red to brown to 
green to yellow with refraction indices ranging 
from 1.55 to 1.8. Unlike most terrcstri.11 magnetic 
glasses, many singlr glass particles are inhomo- 
geneous. Like the Xi-Fe sph,mtles, the type 3 
roiinded glass bodies seem to indicate melting 
induced by strong shock. Jn iact, evidence for 
shock is common in  the fines a i d  in the breccias. 
However, only a few cr).stallinc rocks show evi- 
deiice of strong shock in places other than near 
the surface pits. 

A chemical analysis of several samples of all 
four types of glass was made using optical emis- 
sion spectroscopy. A few samples w r c  also ana- 
lyzed using atomic absorption procrdtires. All 
four types of lunar material samples have been 
studied, and all type ; appear to be quite similar 
chemically. There is no similar material common 
on Earth. Several of the refractory metals are 
very prominent. On Earth, a deposit containing 
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from 5 to 10 percent titanium is rare arid might be 
considered a titanium mine. Zirconium, yttrium, 
and chromium are also present in amounts sub- 
stantially larger than might be expected in 
terrestrial basalts. 

Another characteristic of the samples is that 
they are low in alkali and volatile elements such 
BS sodium, potassium, rubidium, lead, and bis- 
muth. .bide from this characteristic and the very 
low water content ntmtioned previously, the 
material might be considered to be similar to 
terrestrial basalts. Because of the enrichment of 
the refractory elements arrd the depletion of the 
volatile elements, it is tempting to consider the 
material to be similar to a cinder, being the end 
product of a high-temperature environment, to 
esplain these modifications. 

The rare-gas content of lunar samples has 
been measured by mass spectroscopy. The con- 
tent of beryllium, neon, argon, krypton, and 
senon has been measured in several samples. 
The total rare-gas content in the fines and brec- 
cias is approsimately 0.1 cc/g, which is quite 
high. These gases were found in the outside 
layer of the crystalline rocks, but the gas conten' 
found inside these rocks was very low. The gases 
were found throughout the breccias, further indi- 
cating that the breccias are formed, probably by 
shock, from the fines. Quite clearly, most of the 
measured rare gas is from the solar wind. .41- 
though no isotopic ratios have been measured 
previously for solar rare gases, the values ob- 
tained from the preliminary csamination com- 
pare \vel1 with the valries that \voultl :heoreticall)- 
be espected. 

Several of the rocks measured contained radio- 
genic 'O.Ir. which, \vhcn coiipled with data on 
potassium iihtindance, enables dating of the time 
of crystallization of the rocks by using the decay 
process 

4°K f e+ (1) 

This process gives an age of 3.0&O.7X1OD yr, 
which shows that the surface of the maria is 
older than had hcen cspectetl. 

tzgc dating can idso lw accomplished by mas-  
tiring the amount of certain isotopes that are 
pri)dticetl b y  cosmic ray homhardmcnt of the 
lunar surfacr. This tcchniqtie yields the time 
that the rocks within a few feet of the lunar sur- 
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face have been exposed to cosmic rays. The rocks 
studied had cosniic-r;~).-exposirr~. age; from 2OX 
lo6 to 160Y lo6 yr. 

Tlie organic content of the samples \vas studied 
by two ttdmiques: ( 1 ) pyrolysis with flame i m -  
ization dc*tection and ( 2 ) mass spectroscopy. 
Tlie amount of estractablc o r p i i c  material with 
temperatures to 500’ C is less than 1 part pchr 
million ( ppiii). Some orginic contaniinants \ v t w  
introd:ictd into thc samples hy recovery and 
prot.essing in tlie LRL, and it is uncertain \vlictlier 
an indigenous organic material esists in the 
samples. 

Stver.il samples h a w  been m\inted in the LRL 
Radiation Counting Laboratory. T l i c ~  gamma 
rays measriretl sho\v the preser.-e o f  several 
cosmic-ray-induced radioniiclides and the prrs- 
ence ol tlioririni, iiriinirim, ant1 pot;issiuni. Thc 
iiranirim and thorium concentrations ;ire near the 
concentration vairies of  tlirsc clenicnts found in 
terrestrial Ixisalts; however, tlie amount of  pot,is- 
sirini present in the lunar samples is lower titan 
that in terrestrial hasalts antl is c o m p i x h k  to 
tlie amount found in clinndritic mcteoritrs. 

Conclusions 

Tlie major findings h a i ~  becn as folio\\.;: 
(1) By using a fabric and minrralogy basis, 

the rocks can be divided into two genetic groups: 
fine- and mediiim-grained crystalline rocks of 
ignroris origin and breccias of complrs origin. 

( 2 )  The crystallinr rocks, as shown hy thcir 
modal mineralogy antl hulk c l i c m i s t ~ ,  arc differ- 
ent from terrrstrial rock ;ind mrtcoritcs. 

(3) Erosion has occiirrrtl on tlir Iiinar srirfacr 
in view of tlir fact that most o f  t l i r  Iiinar rocks 
are rounded, ant1 some of tlir rocks linvr hrrii 
exposed t o  a process t h t  gi\c-s tlicm a siirf;icr 
appcarancc similar to s,intlhl.istcd rocks. Tlicrr 
is no rvitlcncc of cwsion by siirface uxter. 

( 4 ) Tliv pdxihle prtwiici, of tlie ;issrmlil;igt- 
iron-troilite-ilmcnitc antl tliv alisencr of any 
1iytlr;itctl pliasc intlicatc that tlw crystiillinv rocks 
wcrc formrd under rutrcmcly low pirtial pres- 
siircs of osygcn. \vatcr. m t l  siilfrir. ( I rcssurrs 
arc in tlic rangc of eqtiilibriiim prcssrirrs foiintl 
within most mrtcoritcs. ) 

( S )  ’flip nbscnce of 1iydriitr.d niinrr:.ls SUR- 

gests tliat no snrfacc w t r r  has csistctl ;.t T r m -  

qiiility Base at  any time since the rocks in this 
region were exposed. 

( 6 )  Evidence of shock or impact metamor- 
phism is common in the lunar rocks and fines. 

( 7 ) .-\I1 the rocks Iiave glass-lined burface pits 
that may have been caused by the impact of 
small p.irticles. 

( S )  The fine material and the breccia mntain 
Lirge amounts of all the noble gases wliich have 
elemental and isotopic abiindances indicative of 
origin in the solar wind. The  fact that interior 
samples o f  the breccias contain these gases im- 
plies that tlie samplrs were formed at  the lunar 
srirfacc from mnteri,iI previously esposed to the 
solar wind. 

(9 )  ‘OK - ‘ O h  measurements on igneous rocks 
sliow that tlicy crystallized from 3X lo9 to 4X lo9 
yr ago. The presence 0: nuclides prodriced by 
cosmic r;iys shows that the rocks have been 
nithin 1 m of  tlie surface for periods of 70X lo6 
to i60X106 yr. 

10) Tlie level of indigenow organic material 
capable of volatilizition or pyrolysis. or both, 
appears to be cxtrtmcly low. that is, consideri. bly 
less than 1 ppm. 

( 11) Chemical ancilysrs of 23 lrinar sampks 
show that a!l rocks antl fines gener;illy are cheni- 
icdly similar. 

( 12) Tlie rlcnicwtal constitiients of lunar sam- 
plcs ;ire thc sanie ;is those found in trrrrstrial 
igneous rocks ;ind mcteoritrs. I Iowcvrr, the fol- 
lo\ving significant diffcrencrs in composition 
w r e  obscrvetl: somc rrfractory elements (for 
csamplr, titanium and zirconium ) ;ire notably 
cmriclicd. unil tlic alkdi iintl s3mc volatile ele- 
incmts arc drplcted. 

(13) Elrmrnts that are enriched in iron me- 
tmritcs ( i x . ,  nickel, cobalt, antl tlie platinum 
groiip ) w r c  not obsrrvctl; snc!i rlrmrnts are 
probably low in nbondancc. 

( 14)  Of I:! rdioact ivr  spcrirs idcntificd, two 
\vcrc cosmogrnic ratlionriclirlrs of short Iinlf lifr, 
namely j2Mn (5.7 clays) antl 4RV (16.1 (lays). 

( 15) Uraniiini i d  tlioririm concrntmtions are 
nrar tlir typicill cumcriitrations of t h e  c4cmmts 
foiintl i n  tcwcstrinl 1ins;ilts; Iio\wvc-r, the pvtas- 
siiim-to-iir~iniiim ratio t1ctcmii;ncd for 1rin;ir stir- 
face ni;itc*ri;il is much lower tlinn sricli ratios 
drtrrmincd for tcmwtrial rocks or nicteoritrs. 

( 16) No cvitlrncr of biological matcrial Iias 

41 2 



SUllXlARY OF SClESTIFlC RESULTS 

been found to date in the lunar samples. 
(17) The lunar soil at the landing site is pre- 

dominantly fine grained, granular, slightly cohe- 
sive, and incompressible. The hardness of the 
lunar soil increases considerably at a depth of 
15 cm. The soil is similar in appearance and be- 
havior to the soil encountered at the Suweyor 
equatorial landing sites. 

(18) The PSEP deployed on the Moon op- 
erated satisfactorily for 41 days and detected 
several seismic signals, many of which oiiginated 
from astronaut activity or meclianical motions of 
the LM. It is uncertair. whether any actual lunar 
seismic events were detected. The seismic-noise 

background is much less on the Moon than on 
Earth. 

(19) The LRRR was deployed on the \loon 
and has been used as n target for Earth-based 
lasers. The distance to tlie blmn has now been 
mcasurrd to within an acctrrucy of approsirnately 
4 m. Fiiture studies will be made on the variation 
of this distance to study in detail the motion of 
the Moon and the Earth. 

( 2 0 )  Preliminary analysis has been made on 
part of the aluminum S\VC foil. Helium, neon. 
and argon have been found in the analysis, and 
the isotopic composition of each element has 
been measured. 
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With permission, reprinted from Apollo 12: 
Preliminary Science Report, NASA SP-235, 
1970. * 

Summary of Scientific Results 
Gene Sinrrr.onsa and A. J .  Cdiob 

The Apollo 12 mission provided the first op- 
portunity in the scientific exploration of the 
Moon to sample extensively the rocks within a 
radius of % km of the landing site, to obtain 
geologic data from firsthand observations made 
on the Moon, to measure on the surface of the 
Moon the vector components of the lunar mag- 
netic field, to measure the pressure of the lunar 
atmosphere, and to collect seismic data on the 
interior of the Moon from the impact of the 
lunar module (LM) ascent stage. During the 
two extravehicular activity (EVA) periods, a 
total dwation of 7.5 hr, the astronauts collected 
three core tubes of lunar soil and additional sur- 
face samples along a geologic traverse. They ob- 
tained material from the bottom of a shallow 
trench and brought back several items from the 
Surveyor 3 spacecraft. The astronauts caught 
some of the sdar wind in an aluminum foil, and 
they obtained extensive photographs of the lunar 
slidace and of crew activities by using 7kmm 
Hasselblad cameras and a closeup stereoscopic 
camera. 

The Apollo 12 LM landed on the northwest 
rim of the 200-m-diameter Surveyor Crater in 
the Ocean of Storms. The landing site was at 
2 3 . 4 O  west longitude and 3.2O south latitude, ap- 
proximately 120 km southeast of the crater tans- 
berg and due north of thc center of Mare Cogni- 
tum. Ths landing site is ncar a ray associated 
with the crater Copernicus, which is situated 
approximately 370 km to the north. The landing 
site is characterized by a distinctive cluster of 
craters that range in diameter from 50 to 400 m. 
The tra:erses during the two EVA periods were 
generally made on or near the rims of these 
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craters and on deposits of ejecta from them. 
Therefore, the samples returned to Earth contain 
a variety of material ejected from local craters. 
Some of the fine-grained material was derived 
locally, and some probably from distant sources. 

The Apollo 12 results obtained to date are 
summarized in this section. The reader should 
understand that these results are preliminary and 
that the interpretation, especially, is likely to 
change in the future. 

Surface Experiments 

Geology 
Igneous rocks, breccias, and soils were col- 

lectcd from a variety of local geologic features 
that included a mound and several craters. Along 
several parts of the traverse made during the 
second EVA period, the astronauts found fine- 
grained material of relatively high albedo that, 
at some places, was baried in the shallow sub- 
stirface and, at other places, was situated on the 
surface. This light-gray material was specifically 
reported to be at the surface near Sharp Crater 
and a few centimeters below the surface near 
Head, Bench, and Block Craters. It is possible 
that some of this light-gray material may consti- 
tute a discontinuous deposit that is observed 
telescopically as a Copernican ray. 

Small linear patterns .similar to those at the 
Apollo 11 site were noted in the sidace. These 
patterns are probably 2aused by drainage of fine- 
grained material into fractures in the underlying 
bedrock. This interpretation implies northeast- 
and northwest-trending joint sets in the bedrock 
of the Apollo 11 site and north- and east-trending 
joint sets in bedrock of the Apollo 12 site. The 
lineated strips of ground reported by the crew 
probably reflect joint sets within larger fracture 
zones in the bedrock. 
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h k e r  regolith material that generally over- 
lies the light-gray material is only a few centi- 
meters thick at some places, but probably 
thickens greatly on the rims of some craters. The 
regolith varies locally in the size, shape, and 
abundance of constituent particles and in the 
presence or absence of patterned ground. Most 
of the local differences are probably the result 
of local cratering events. 

The Apollo 12 site is younger than the Apollo 
11 landing site as suggested by the fewer num- 
ber of kilometer-size craters. The Apollc 11 site 
has about 237 times as many kilometer-size 
craters as does the Apollo 12 site. 

One of the notable differences between the set 
of rocks collected at the Apollo 12 site and that 
collected at the Apollo 11 site (Tranquility Base) 
is the ratio of crystalline rocks to breccias. At the 
Apollo 12 site the rocks collected are predomi- 
nantly crystalline, whereas at Tranquility Base, 
approximately half the rocks collected are crys- 
talline and half are microbreccia. This difference 
exists probably bccause the rocks from the Apollo 
12 landing site were collected primarily on or 
tear crater rims. The regolith is thin on the crater 
rims, and many of the rocks are probably derived 
from craters tha' have been excavated in the 
bedrock that lies well below the regolith. Tran- 
quility Base was on a tsck, mature regolith, 
where many of the observed rnck fragments were 
produced by shock lithification of regolith ma- 
terial and were ejected from craters too shallow 
to excavate bedrock. 

Two mounds were situated in the area north of 
Head Crater. Both mounds are visible on the high- 
resolution Lunar Orbiter photographs. These 
mounds are probably clumps of iegolith material 
that were slightly indurated by impact and 
ejected from one of the nearby craters-possibly 
from Head Crater. Born' trdment by meteoritic 
material and by secondary impacts and, possibly, 
the effects of diurnal temperature changes have 
probably caused sloughing of the sides of the 
mounds, which has resulted in their present 
rather smooth form. 

The lunar surface materials new the Surveyor 
3 spacecraft were examined for measurable 
changes that might have occurred in photometric 
properties during the 30 months since the Sur- 
veyor landing. None occurred, within the limits 

of the measurements. The optical properties indi- 
cate that the lunar surface in the area of the 
Surveyor spacecraft has not received a new cov- 
ering of dust nor been mechanically altered by 
the lunar environment during the 30 months. A 
significant change occurred in the reflectance of 
the Surveyor footpad imprint over the 30-month 
span; the change may have been caused by 
microscopic mechanical alteration of the com- 
pressed surface. 

In spite of local variations in soil texture, color, 
grain size, compactness, and consistency, the soil 
at the Apollo 12 site is similar in appearance and 
behavior to the soils encountered at the Apollo 
11 and Surveyor 3 equatorial landing sites. Al- 
though the deformation behavior of the surface 
material involves both compression and shear 
efFeCts, the eonclusion drawn earlier from the 
Surveyor 3 mission results-that the soil at the 
Surveyor 3 landing site is essentially incompress- 
ible-is consistent with the consistency, com- 
pactness, and average grain size of the soil at the 
Surveyor 3 site, as assessed during the Apollo 12 
EVA. There appears to be no direct correlation 
between crater slope angle and consistency of 
soil cover. The latter depends mainly on the 
geologic history of the terrain feature and on 
the locai environmental conditions. 

Seir. f-ology 
No seismic signals with characteristics similar 

to terrestrial signals have been observed for the 
Moon. This fact is a major scientific result. The 
high sensitivity at which the lunar instruments 
were operated would have resulted in the detec- 
tion of many such signals if the Moon were as 
seismicariy active as the Earth and had the same 
transmission characteristics as the Earth. Thus, 
the data obtained to date indicate that either 
seismic energy release is far less for the Moon 
than for the Earth or the interior of the Moon is 
highly attenuating for seismic waves. 

The LM ascent stage was impacted approxi- 
mately 80 km E 2 4 O  S from the seismometer. The 
event was rccorded on all three long-period seis- 
mometers. The signal amplitude increased slowly 
and then decreased slowly. 'i ho signal continued 
for approximately an hour. The coherence be- 
tween various signal components was quite low. 
None of the signal featares was typical of anal- 
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ogous temstrial events. The velocity of the first 
arrival was 3.1 to 3.5 km/sec. 

The passive seismic experiment has recorded 
30 prolonged sigoals with a gradual buildup and 
then a slow decrease in signal amplitude. Signals 
with these characteristics may imply transmis- 
sions with very low attenuation and intense wave 
scattering-conditions that are mutually exclusive 
on Earth. Because of the similarity with the 
signal from the impact of the LM ascent stage, 
the 30 wcorded signals are thought to be pro- 
duced by meteoroid impacts of shallow moon- 
quakes. Most of the events that produced these 
signals appear to have originated within 100 km 
of the Apollo lunar surface experiments package 
( ALSEP). The occurrence of signals with similar 
characteristics during both the Apollo 11 and 12 
missions greatly strengthens the present bdlief 
that at least some signals observed, including the 
30 signals recorded by the seismometer, are likely 
to be of natural origin. 

Mognetometer 
The Apollo 12 magnetometer is a very sophisti- 

cated three-component fluxgate instrument. It is 
the first magnetometer to be operated on the 
lunar surface. A permanent magnetic field of 36 
@as and a gradient of 4X10-8 gammas/cm 
were measured at the Apollo 12 site. The magni- 
tude of the gradient is interpreted to mean that 
the local magnetic body must be at least 0.2 km 
in size. The largest transient magnetic field meas- 
ured in space at distances greater than a few 
Earth radii, approximately 96 gammas, was re- 
corded on November !%, 1969, when the Moon 
was in the vicinity of the Earth magnetohydro- 
dynamic bow shock. 

Solar- Wind Spectrometer 
Examination of the data obtained from the 

solar-wind spectrometer during the fust 35 days 
of operation indicates t'lat the solar plasma at 
the lunar surface is supertlcially indistinguishable 
from the solar plasma at some distance from the 
Moon, both when the Moon is ahead of and when 
the Moon is behind the plasma bow shock of the 
Earth. No detectable plasma appears to exist in 
the magnetospheric tail of the Earth or in the 
shadow of the Moon. Times of passage through 
the bow shock or through the magnetospheric- 
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tail boundary, as indicated by the solar-wind 
spectrometer and by the lunar surface magne- 
tometer, are in agreement when comparison of 
data has been possible. Highly variable spectra 
that may involve unexpected phenomena were 
obsmved on November 27, 1969, and at lunar 
sunrise; otherwise, observations llave been as 
expected. 

Suprathermal Ion Detector Experiment 

Preliminary analysis of data h the supra- 
thermal ion detector reveals the following fea- 
tures: a concentration of ions in the 18- to 
50-amufq (mass-per-unit-charge) range, the fre- 
quent appearance of ions in the 10- to several- 
hundred eV range, the sporadic appearance of 
1- to 3-keV ions early in the lunar night, and the 
presence of solar-wind ions on the nightside of 
\e Moon approximately 4 days before lunar 

sm'se. Energetic ion fluxes comlate well with 
the impact of the LM ascent stage into the lunar 
surface. There is a stming suggestion that the 
impact-released gases have been ionized and 
accelerated by the solar wind, High background 
count rates observed during the second lunar day 
may be indicative of large quantities of gas 
escaping impulsively from the LM descent-stage 
tanks. 

Cold Cothode Goge 

The ambient lunar atmospheric pressure is less 
than 8X10+' torr. The gas cloud around an 
astronaut on the lunar surface exceeds the upper 
range of the gage (approximately torr) 
when the gage is a distance of several meters 
from the astronaut; however, no perceptible 
residual contamination at tlle torr lev re- 
mains around the gage for longer than a few 
minutes after the departure of the astronaut. 

Multispectral Photogrophy Experiment 

The astronauts obtained a total of 142 black- 
and-white photographs, taken with blue-, green-, 
red-, and infrared-filtered cameras, that are suit- 
able for color-difference analysis. Two existing 
image data-reduction methods are being ex- 
panded to produce images that display greatly 
enhanced three-color contrast. Two-color differ- 
ence pictures have been produced, and the 
method is effective. The color enhancement of 
the Apollo 13 landing-site frame shows a lack of 
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color variation. The frame containing Lalande 7 
exhibits color differences, the first such Xer- 
ences to be detected in high-resolution photog- 
raphy of the lunar surface, that can probably be 
attributed to compositional variations. 

Lunar Surface Closeup Stereoscopic Photography 
The almost complete absence of dust on the 

surfaces of rocks, clearly evident in several of 
the Agollo lunar surface stereoscopic camera 
photographs taken during the Apollo 12 mission 
and in several similar photograph taken during 
the ApoUo 11 mission, is most remarkable. The 
absence of dust cannot be attributed to any 
cleansing &ect of the exhaust gases from the 
descent engine because shadowing would have 
to be evident, and shadowing is not evident in 
any of the photographs. During the time re- 
quired to form the many impact holes on the 
surface of the rock, a similar number of impacts 
on the neighboring powdery grcund would have 
scattered much powder; and the average condi- 
tion, if impacts were the only process, would have 
to be a substantial blanket of dust so that the loss 
from the dust blanket by impacts equaled, in the 
long run, the gain from material scattered from 
nearby impacts. The almost complete absence of 
dust on the rocks requires an explanation other 
than such an equilibrium. It must be assumed 
t h t  there is either a general removal of dust 
from the lunar surface that dominates all other 
processes that distribute dust or that there is a 
dust-transportation process over the lunar surface 
that has a strong tendency for downhill flow and 
in which the particles are generally not lifted as 
high (i.e., more than 5 or 10 cm) as the surfaces 
of the rocks that exhibit the clean areas. The 
latter possibility is more in accord with other 
observations, such as the scarcity of trenches 
adjoining rocks whose distributibn clearly indi- 
cates that they fell to their present positions. 
The trench and pileup that must have been com- 
mon in the soft soil surrounding a fallen rock 
must thus be eradicated, yet at the same time, 
no significant mount of material must be de- 
posited on +he tops of the rocks. This is a strong 
indication ior a process of surface creep that may 
be a major process in the long-term evolution of 
the lunar surface. 

Experiments on Returned Materials 

Reiurned Lunar Samples 
Three categories of samples were collected on 

the lunar surface. The contingency sample was 
collected early in the first EVA period in the 
vicinity of the LM. The selected sample was 
collected, after deployment of the ALSEP, in the 
vicinity of the mounds and near Middle Crescent 
Crater; and a core tube was driven into the 
surface near the LM late 3 the first EVA period. 
The documented sample, collected along the 
geologic traverse during the second EVA period, 
included a variety of rock and soil samples, one 
single- and one double-core tube, the special 
environment and gas analysis samples, and sev- 
eral totebag samples that were brought back in a 
totebag. One sample was grapefruit size. 
Igneous rocks and breccias were collected on 

this mission. The igneous rocks are basaltic and 
vary widely in both texture and modal composi- 
tion. Most of the igneous rocks fit a fractional 
crystallization sequence that indicates either tliat 
they represent parts of a single intrusive se- 
quence or that they are samples of a number of 
similar sequences. 

The breccias and fines have a higher carbon 
content than the crystalline rocks, which is pre- 
sumably largely due to ccntributions of meteor- 
itic material and the solar wind. The level of 
indigenous organic material capable of volatili- 
zation or pyrolysis, or both, appears to bo ex- 
tremely low (<lo to 200 ppb). 

The content of noble gas of solar-wind origin 
is less in the fines and breccias of the Apollo 12 
rocks than in similar material frcm Tranquility 
Base. The breccias contain less solar-wind con- 
tibution than the fines, which indicates either 
that the breccias were formed from fines that 
were lower in solar-wind nohIe-gas content than 
the fines presently at the surface or that the 
gases escaped during the process of formation. 

The presence of nuclides produced by cosmic 
rays shows that "le rocks have been within 1 m 
of the lunar surface for 1 to 200 million years. 
The preliminary 4oK-40Ar measurements on ig- 
rieous rocks show that they crystallized 1.7 to 
2.7 billion years ago. 

The Apollo 12 breccias and fines me chemi- 
cally similar and contain only half the tite-hm 
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content of the Apollo 11 fines. The composition 
of the crystalline rocks is distinct from tha: of 
the fines material in containing less nickel, po- 
tassium, rubidium, zirconium, uranium, and 
thorium. The Apollo 12 rocks contain less tita- 
nium, zirconium, potassium, and rubidium and 
contain more iron, magnesium, and nickel than 
the Apollo 11 samples. Systematic variations 
among the magnesium, nickel, and chromium 
contents occur in the crystalline rocks, but there 
are only small differences in the potassium and 
rubidium contents. 

Comparison cf the Apollu 12 samples from 
Oceanus Proceflarum with the Apollo 11 samples 
from Mare Tr; aquillitatis shows that the chem- 
istry at &e two mare sites is clearly related. Both 
sites show the distinctive features of high con- 
centrations of rehctory elements m d  low con- 
tents of volatile elements; these two features 
most clearly distinguish lunar material from 
other material. This overall similarity indicates 
that the Apollc 11 sample composition is not 
unique. Taken in conjunction with the Surveyor 
5 and 6 chemical data, this similarity 1s sugges- 
tive of a similar chemisty for the maria basin 
fill. Unlike the Tranquility Base samples, the 
element abundances in the fines of the Apollo 12 
samples display a generally more fractionated 
character than the rocks. The fine material and 
the breccias are generally quite similar in 1 n- 
position and could not have formed dit .,c.ly 
from the large cry+alline rock samples. The 
chemistry of the fine . laterial is not uniform in 
the different maria. 

The overall geochemical behavior of the lunar 
rocks is consistent with the patterns observed 
during fractional crystallization in terrestrial ig- 
neous rocks-a process that involves separation 
of divine and pyroxene; depletion in thc silicate 
meP of the elements such as nickel and chro- 
mium, which preferentially enter these mineral 
phases; and enrichment of the residual melt in 
such elements as barium and potassium, which 
are excluded from the early crystal fractions. The 
slight degree of enrichment of barium and po- 
tassium indicates an early stage of the fractional 
crystallization process. Whether these rocks form 
a related sequence or are a heterogeneous col- 
lection of similar origins cannot be answered 
from the chemial evidence. 

The chemistry of the Apollo 12 samples dses 
not resemble that of any known meteorite be- 
cause nickel, in particular, is strikingly depleted. 
The A20110 12 sample chemistry, however, Lis 
interesting similarities with the eucrites; and 
there now seems to be a fairly good possibility 
that rocks of chemistry similar to the eucritic 
meteorites are )resent on the Moon. 

The Apollo ,2 material is enriched in many 
elements by 1 to 2 orders of magnitude in a m -  
parison with estimates of cosmic abundances. 
The mare material is clearly strongly fractionated 
relative to most models of +he composition of the 
primitive solar nebula. 

The K-Ar age of the Apollo 12 rocks is most 
interesting scientifically. The 40K-40Ar age of 
these rocks reinforces the possibiliiy recognized 
from the data obtained on the Apollo 11 rocks, 
that is, that the lunar maria are geologically very 
old. If the minimum ages established by the K-Ar 
method are indicative of the true age of the 
Apollo 12 rocks, then the mare material in 
Oceanus Procellarum at the Apollo 12 site is 
approximately 1 billion years younger than that 
at the Apollo 11 site. Althol-,:i this K-Ar age is 
subject to various uncertainties, the younger age 
ior the A, dl0 12 material is consistent with 
geological observations. This large age difference 
indicates a prolonged period of mare filling. 

Sotor-Wind Composition Experiment 
The Apollo 12 foil had the same dimensions, 

general make1 ;p, and trapping properties as the 
Apollo 11 foil. Three small foil pieces were de- 
contaminated by ultrasonic means. It was found 
that a piece of the foil that had been shielded 
from the solar wind had a 4He concentration per 
unit area that was less than 1 percent of the con- 
centr;ctions found in the foil pieces exposed to 
the sol::: wind. There is good agreement between 
the concentrations and the 4Ne/3Hs ratios meas- 
ured in two exposed foil pieces. 

From the first two Apollo 12 foil pieces ana- 
lyzed, the 4HE,’3HE ratio is ,300&200 for the 
Apollo 12 exposure period. This value i s  higher 
than the 4He/3He ratio obtained thus far from 
analyses of pieces of the Apollo 11 foil. Compar- 
ative analyses of pieces of foils from the two 
flights are being continued to confi m this differ- 
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en=. Actually, time variations in isotopic ratios 
in the solar wind can be expected, and the 
‘HePHe ratio has to be determined repeatedly 
to assess the m g e  of occurring variations before 
an average for the present-day solar wind can 
be established. This average is of high astmphysi- 
cal signi6cance, because it can be compared with 
ancient ‘HePHe ratix den’ved from solar-wind 
gases tra~ped in the lunar surface or in meteorites. 

preliminary resuits from the investigation of 
the returned Surveyor 3 components indicate a 

surprisingly low numbex ( 0  to 3) of high- 
velwity-impact pits of meteoritic origin. The 
majority of low-\~docity-impact pits have been 
identified as resulting from the LM descent. The 
Surveyor 3 spacecraft was found to be covered 
witt. a light-brown coating that has been identi- 
fied as lunar dust. Other investigations in - p g -  
ress are engin* (cold welding) investiga- 
tions, radioactivity analysis of the Surveyor 3 TV 
camera, dust analysis, and alpha-particle meas- 
urements. 
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Summary of Scientific Results 

Philip K. Chapman.' Anthonv 1. Cu1io.- u d  21. Gene Simnwnr ' 

The planned landing site for the Apollo 13 
mission was in the Fra Mauro region, which is 
an area of prime scientific interest because it con- 
tains some of thc most clearly enpoxd grwlogical 
formations that are characteristic of the Fra 
Mauro Formation. The i r a  Mauro Formation is 
an exterrsive grmlogical unit that is distributed (in 
an approximately radiailv s) nimetric fashion 
around the Mare lmbrium ) over much of the near 
side of the Moon. Stratigraphic data indicate that 
the Fra Mauro Formation is older than the .\polio 
1 1  and 12 mare bites. The Fra Mauro Formation 
is t b u & + t  to be part of the ejecta blanket that re- 
sulted from the excavation of the lmbrium Basin. 
which is the largest circular mare 011 i k  Moon. 
The Apollo 13 landing site thus offered an oppor- 
tunity to sample material that had been shocked 
during one of tSe major cataclysmic events in the 
geological history of the Moon and thereby to  
determine the date of the cvent. Furthermore. be- 
cause of thc size of the lrnbrium Basin. it  was 
expected that some of the material had come from 
deep f tens of kilometers Y. ithin the original lunar 
crust. Thus, a landing at the Fra Mauro Forma- 
tion. in principle, should offer an opportunity to 
sample the most extensive vertical section avail- 
able of the primordial Moon. 

After the Apollo I3 mission. which failed to 
xliieve a lunar landing. the importance o f  the Fra 
Mauro landing Gtc led to a dccicinn to attempt 
a landing in the same area during the Apollo I4 
mission. The final landing sitc was very close t o  
that chosen for the A p l l o  13 mission. The sitc 
was locatcd in a broad, shallow \alley bctwcen 

NASA Manned Spacecraft Center. 

radial ridges of the Fra Mauro Formation and 
ipproximate~y soo lim fmm tht: aige of the 
lmbrium Basin. The major crater Copernicus lies 
360 km to the north. and the bright ray material 
that emanates from Copcrnicus Crater mvers 
much o f  t he  landingsite region. In the immediate 
landingsite area. an impxtant feature is the 
young (Copernican age). v c p  blocky Cone 
Crater, which is approximately 340 m in diameter 
and which penctrates the regolith on  the ridge to 
the east of the landing site. Thus. Cone Crater 
would provide access to the cxcavatd Fra Mauro 
Formation. despite the general overlying blanket 
of later deposits. 

Thc lunar-surlxc experiments planned for the 
.\p>llo 14 mission d;fTcrcd somewhat from those 
of the Xpollo 1 mvsion The c r w  5 traverse 
capability was improved b! the addition of the 
mcdularizcd ryuipmcnt transporter i ?.!ET). 
which is a iight. handdraan  cart that enabled the 
crew to transport tmls and samplcs with grcater 
casc'. T w o  vxtravchicular activity ( EL'A) p r i c d s  
were planned, each of which was to last 4 hr 
I C  min. Thc principal objectives oi the 6rst EVA 
Hcrc  to collect geological samrles ( includinp a 
contingency sample in case early abort be- 
came necessary) and to deploy the Ap3llo lunar- 
hurfacc experiments package ( ALSEP). The SCC- 

ond EL'A wax largely devoted to a geological 
sampling traverse toward Cone Crater. with 
scveral other cxpcrimcnts being coiiduztcd along 
I he t ravcrsc. 

This section sunirn;mzcs the scientific results 
obtained to date from the Apdlo 14 mission. I t  
shou:J be undctstood, howcvcr, that this is a 
preliminary report. and the results and. especially. 
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the interpretations may change after further data 
collectior. and analysis. 

* logy  
The Ap4lo 1 1  crew traversrvi a smooth-terrain 

unit. a Fra Mauro ridge unit. and the ejecta 
blanket of Cone Crater. Descriptions. photog- 
raphy. and samples of the Cone Crater e j m a  
blanket were the major grwlogical objec:ives of 
the Apdlo I4 lunar-surface activity. It was antici- 
pated that the Cone Crater event had rexulted in 
the penetration of 1l.c lunar regolith and excava- 
tion of material from the Fra Mauro Famation. 
Samples returnrd from :he Cone Crater ejecta 
blanket and the phamgraphy of boulders on the 
ejecta blanket indicite that the Fra Mauro Fonnr- 
tion is comprikd .lf breccias that contain abun- 
dant dark lithic clasts and less-abundant light 
clasts. Clasts of breccias within breccias may r e p  
resent pre-lmhrian cntering in the Imbrium Basin 
region. 

The Apollo 14 landing site is dottrd with abun- 
dant craters that rai~ge in diameter from several 
hundred meters to the limit of resolution of the 
Has..ib:ad data cameras. Craters ktween 400 m 
and i km in diameter arc more numerous and 
more subdued .han craters on the maria; this dis- 
tribution is consistent with the inferred greater 
age (relative to the maria) of the Fra Mauro 
Formation. Craters along the traverse range from 
the old and high11 subdued craters that form the 
rolling topography in the smooth-terrain unit to 
the sharp 30-m-diameter crater on the Cone 
Crater ejecta blanket near station C'. Rock frag- 
ments greater than 2 to 3 cm in diameter are 
sparse in the immediate vicinity of the lunar 
module (LM) landing site. but the surface of the 
Cone Crater ejecta blanket is characterized by 
abundant rock fragments that measuic vp to sev- 
eral meters in diameter. 

The albedo of the fine-grained material in the 
vicinity of the landing site ranges from 8.2 to 15 
percent, with the lower albedo values typical of 
the smooth-terrain unit and the higher values 
typical of the Cone Crater ejecta blanket. The 
highest albedo values yet measured on the lunar 
surface are the values determined for the Conc 
Crater ejecta blanket in the vicinity of station CI  

The albedo of thc component parts of the frag- 
mental rocks rangcs frdm 9 to 36 percent. 

Small-scale suriacc lineaments. although less 
sell dc\clopd *han at the Apollo 11 and 12 
landing sites. are present at the Apollo 14 landing 
site. Two primary northwest and northeast trends 
and one srmmdary north trend agree well with 
the strongest trends observed at the Apollo 11  and 
I landing sites. The lineaments arc less well de- 
vtlopexj on the Cone Crater ejecta blanket than 
on the smooth-terrain unit. Fillets of fine-grained 
material bankcd against rock fragments are 
common at the Apollo 14 landing si% The variety 
of fillet geometries suggests that the fillets are 
probably formed by several different mechanisms. 

The large number of boulders (most of which 
were probably ejected from Cone Crater) offered 
for the first time the opportunity to study textures 
and structures of lunar rocks at scales from tens of 
centimeters to a meter. All the boulders appear to  
be fragmental. with abundant clasts up to 10 cm 
across or larger. The clastic appearance of the 
rocks is somewhat similar to the appearance of 
ejecta deposits of impact origin on Earth. Planar 
features (some of which are systematic in their 
development) are visible in all the boulders. In 
some of the boulders. distinct lithologic layers are 
evident. The boulders show different degrees of 
rounding by lunar erosion; differences in shape 
are probably caused in prtt by internal fracture 
systenis and possibly by differences in lithologies. 

Approximately 43 lig of lunar samples were 
returned by the Apollo 14 crew, including 33 
rocks that weigh more than 50 g each. Thirteen 
of the rock samples were sufficiently documented 
to determine lunar locations and orientations. The 
locations of most of the samples have been at least 
approximately determined. 

Nearly all the returned samples are fragmental 
rocks. Some rocks are composed mostly of dark 
clasts and a lighter colored matrix; others consist 
of a mixture of light- and medium-gray clasts in a 
dark-gray matrix. Samples of both rock types were 
collected from widely separated points along the 
traverse. 

Numerous similarities can be seen between the 
charactcristics of the returned samples and of the 
boulders shown in the photographs. Closely spaced 
fractures ( i n  some cases, two or more intersecting 
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fracture sets) are present in many of the returned 
rocks. Variations among the rocks suggest the 
possibility of considerable lateral o r  vertical 
variation within the Fra Mauro unit. 

Returned lunar Samples 
Of the 43 kg of lunar material returned by the 

Apollo 14 crew, the Lunar Sample Prelimin. , 
Examin3tion Team has examined portions of six 
soil samples and the surfaces of all rocks that 
weigh 1 g or more-approximately 150 rocks in 
all. Thin sections of 12 rocks were examined; 
optical spectroscopic analyses were performed on 
16 samples; panma-ray analyses for potassium. 
thorium. uranium, aluminum-26. sodium-22, and 
cobalt-56 were performed on 14 samples; and 
noble-gas analyses were performed on eight 
samples. 

The ratio of fragmental rocks (including brec- 
cias and recrystallized clastic rocks) to igneous 
rocks (mostly basaltic) is approximately 9: I ,  
which is much higher than the 1 : I  and 1:9 ratios 
fcr the Apllo 1 1  and 12 rocks, respectively. The 
fragmental rocks returned from the Apollo 14 
landing site also have larger and more abundant 
clasts and have a generally much more recrystal- 
lized matrix than the breccias from the previous 
missions. Three classifications of rocks from the 
Apollo 14 landing site were made for preliminary 
descriptive purposes: 

( I )  Rocks with predominantly lithic clasts in 
very friable matrices 

( 2 )  Rocks with predominantly lighttolored 
and very abundant clasts in a matrix of moderate 
coherency 

(3) Rocks with predominantly dark-colored 
clasts in a matrix of moderate to high coherency 
The larger clasts are commonly clastic rocks them- 
selves, but nonfragmental lithic clasts, which have 
been separated into six groups. are present. These 
groups are ( 1 ) clinop! -oxene-plagioclase. ( 2 )  
feldspar, ( 3  ) subophitic plagioclase-orthopyrox- 
ene, ( 4 )  olivine-glass, ( 5  ) ganitic olivine. and 
( 6 )  glass. Accessory minerals that are present 
include ilmenite. metallic iron, troilite. chromium 
spinel, iilvospinel, metallic copper, armalcolite. 
zircon, apatite, and potassium-feldspar. 

Only two homogeneous crystalline rocks that 
weigh more than 50 g were found. These rocks 

are ba5altic. have typical igneous textures. and 
ccnlain plagioclase. pyroxenes. olivine. atid possi- 
bly opaques. Very-he-grained granulitic-textured 
crystalline rocks were also found. Basaltic rock 
sample 14310. which weighs 3.4 kg. was the sec- 
ond largest rock returned. It is similar to terres- 
trial high-alumina basalts. but contains more 
highly calcic pla_eioclase and predominantly 
pigeonite pyroxenes. The occurrence of a solar 
flare on January 3. i971. induced the formation 
of cobalt-56, which has been detected :ti the upper 
surface of the rock. 

The soil samples collected at various locations 
vary in composition and grain size; and. within 
particular samples, a compositional variation 
exists among the grains of differing size. The finer 
grained portions have a higher glass content than 
the coarser grained portions. The s3il collected 
from the immediate vicinity of Cone Crater has 
coarser grains than the soils from other locations 
and has a lower glass content and a higher con- 
tent of fragmental-rock fragments. The core 
samples have thus far been studied only by X-ray 
radiography; however. definite layering and some 
grading of particle sizes have been observed. 

Chemical analyses of the Apollo 14 r-7terial 
show it to be distinct from the material m e d  
from the Apollo I 1  and 12 landing sites in that 
lower concentrations of iron, titanium, man- 
ganese, chromium, and scandium and higher 
concentratior.s of silicon. aluminum. zirconium. 
rubidium. stroil'ium. sodium. lithium, lan:hanum, 
thorium, and uranium are present. The total 
carbon content of the soil samples falls within the 
carbon-content range found for material returned 
from the Apollo 1 1  and 17- sites. The rocks have 
carbon contents that rangc imm 18 to 225 parts 
per million. 

A noticeable difference in the noble-gas content 
of matcrial from thc A p l l o  14 landing site was 
observed. The spallation-produced isotopes of 
these noble gases in four Apollo 14 rocks yielded 
cxposurc ages of I O  to 20 million yr, which is 
considerably lowcr than the 40- to 500-million-yr 
exposurc ages of the rocks returned from previ- 
ous missions. Thc solar-wind content of the frag- 
mental rocks varicg between the higl; values seen 
for the solar-wind contcnt of fine material to 
csscntially zero. 
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Soil Mechanics 

Alth )I .h the surface texture and appearance of 
thc sc . I  the Apollo I4 landing site are similar 
tc. tho. r .it the Apollo 1 1  and I 2  landing sites. a 
I-rger ?.riation in the soil characteristics exists at 
,iepths .,f a few centimeters in both lateral and 
veit-cal ?irrtions than had previously been en- 
fr31:ntt-rd. The walls of a trench that was dug by 
the n7minander collapsed at a shallower depth 
than bab' been predicted. evidently because of 
lessened mil cohesion. Calculations indicate that 
the mi-. Jhesion value at the Apollo 14 trench 
site ma) be as small as I O  percent of the values 
r.alculate.l for soils at previous landing sites. The 
gain--sizt. distributions of most of the soil samples 
re:iimrd from the Apollo I4 site are similar to 
tht grain 4ze distributions of soil samples from 
the Apolli? I I and 12 sites, with two significant 
exceptirns: ( I ) a soil s ~ n p l e  collected from near 
the rim of ('one Crater and ( 2  ) a soil sample from 
the ottom of the trench. At hoth of these loca- 
tions. the wil was considerably coarse. with the 
medin ,Fain size as much as 10 times greater 
than t other Apollo 14 soil-sample locations. 

Th LM pilot was unable to push the Apollo 
simp11 peietrometer into the lunar surface near 
the ALS1.P as deeply A had been expected. 
Similarly. *hc Apollo crew encountered more 
difficulty I:I driving the core tubes than did the 
Apollo 12 crew. These results inc'icate that the 
soil at the Apollo 14 landing site is stronger with 
depth thm had been previously supposed. The 
c,ilculatcd bulk density of the soil in the lower 
hidf of the tloLhle core tube was significantly less 
than that dcter\nincd for oil :n the lower half of 
the A p l l o  I,! i'ouble core .ne. Variations in the 
soil grain-size uistribi. ;YI or specific gravity (or 
both) m;ly accolr fur this difference in bulk 
density. The MET track observations confirm that 
the soil is I$.SS dense, more compressible. and 
weaker a; tile rims of small craters than in level 
intercrater rcpions. 

Passive Seiw.ic Experiment 

Each lunar t i n  ''ng mission to date has included 
deploymen: c ! a passive seismometer. The Apollo 
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I 1  instrument produced useful data for approxi- 
mately I month; however. the Apollo 11 instru- 
ment is still functioning satisfactorily. Deployment 
of the Apollo 14 passive seismometer as a part of 
the ALSEP thus represented a major step forward 
in the location and interpretation of lunar seismic 
events by providing a second instrument, one 
separatrd from the Apollo 12 passive seismomekr 
by a baseline of IS 1 km. 

The Apollo 14 seismometer has detected natural 
seismic events at more than twice the frequency 
recodcd by the Apollo 12 instrument. and all 
seismic events that have been nxorded at the 
Apollo I:! site have also been detected by the 
Apollo 14 instrument. It is hypothesized that the 
greater sensitivity at the Apollo 14 site is a result 
of the thick layer of unconsolidated material that 
blankets this region (the Fra Mauro Fornation 
and the overlying regolith). This layer of uncon- 
solidated material may provide a mxe efficient 
coupling of seismic energy with the lunar surface. 
The Apollo 14 instrument appears to be suffi- 
ciently sensitive to detect the impacts at any 
location on the Moon of meteoroids that have 
masses in excess of approximately 1 kg. 

The detected natural events can be divided into 
two classes (on the basis of spectral characteristics 
and ather characteristics of the signals) that corre- 
spond to meteoroid impacts and moonquakes. 
Moonquake Occurrences correlate strongly with 
the time of perigee passage of the Moon in its 
orbit. which leads to the hypothesis th;t the re- 
lease of internal strain. the origin of which is 
unknown, is triggered by tidal stresses. It is be- 
lieved that not less than nine different locations 
are involved in the moonquakes that have been 
detected by both seismometers, although more 
than 80 percent of the total seismic energy de- 
tected has come from a single foc..: zone that is 
located perhaps 600 to 700 km from both stations 
and possibly at a considerable depth within the 
Moon. If  the depth of the focal zone is confirmed 
by future data. fundamentally important informa- 
tion about thc prcscnt state of the lunar interior 
will bc made available. 

A cumulative mass spectrum for meteoroids 
impacting the Moon has been tentatively con- 
structed from the data. The cumulative mass spec- 
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trum indicates that the total meteoroid mass Hux 
is a factor of 20 less than values from previous 
estimates. Approximately one meteoroid impact 
per year of kinetic energy equal to that of the 
SIVB impact is preu.:ted. The Apollo 14 SIVB 
impact was detected by the Apollo 12 passive 
seismometer, and the LM ascent-stage impact was 
detected at both sites. These seismic events pro- 
duced the characteristic. remarkably slow decay 
signals that had been previously detected by the 
Apollo 12 instmment; the signals persisted for 
several hours. The passive seismometer data have 
greatly increased the understanding of the lunar 
structure and of seismic energy transmission. A 
simple wave-propagation model of tile entire 
Moon has now been derived; the mode; involves 
intensive scattering of waves in the outer shell of 
the Moon but very low energy absorption. 

Crew activities produced detectable seismic 
signals for the Apollo 14 instrument throughout 
the EVA traverses. Venting gases from and 
thermoelastic stress relief within the LM caused 
the expected seismic signcls, which are continuing. 
In view of the long-range detectability of lunar 
seismic events, it appears that a scattered network 
of passive seismometers can produce very valuable 
data. The deployment of a third passive seismom- 
eter at the ApoUo 15 landing site will greatly 
increase the capability for accurately locating 
natural events that occur on the Moon. 

Active Seismic Experiment 

For the first time in the Apolh; lunar-landing 
program, an active seismic experiment ( ASE), in 
addition to the passive seismometer, was deployed 
on the lunar surface. The Apollo 14 crew de- 
ployed a string of three geophones across the lunar 
surface and used a thumper device with small 
explosive initiators to generate seismic signals. 
The act:,e seismic instrument can also be used to 
monitor high-frequency natural seismic activity. 

The data that were generated by the thumping 
operation indicate the existence of a surficial 
layer approximately 8.5 m thick at the ALSEP 
site. This layer, which exhibits a P-wave velocity 
of 104 m/sec, may be interpreted as the regolith 
in this area. The 8.5-m thickness of the regolith is 
in good agreement with the thickness estimated 

from geological studies of small cratcrs. The seis- 
mic propagation velocity observed during the 
thumping. operation is in remarkable agreement 
with the propagation velocity derived at the Apollo 
12 landing site ( 108 m/sec), where the elapsed 
time between LM ascent-engine ignition and 
arrival of the generated seismic signal at the 
Apollo 12 passive seismometer was recorded. 

Below the regolith at the Apollo 14 landing 
site is another layer, which exhibits a P-wave 
velocity of 299 m/sec. The thickness of this layer 
is estimated to be approximately 50 m. It is pre- 
mature to speculate on the composition of this 
layer, but it is interesting to note that the estimated 
thickness of the layer is not in substantial disagree- 
ment with estimates of the thickness of the Fra 
Mauro Formation in this area. The relatively low 
compressional-wave velocities that have been 
measured in this experiment are evidence against 
the existence of substantial permafrost near the 
surface in the landing region. 

The ASE also includes a rocket-grenade 
launcher that is capable of launching four grenades 
to impact at known times and at known distances 
(up to approximately I500 m )  from the seismom- 
eter. The rocket grenades will not be activated 
until data collection from the other ALSEP experi- 
ments is virtually complete. 

Suprathermal ion Detector Experiment 
(lunar ionosphere Detector) 

The suprathermal ion detector experklent 
(SIDE), which was deployed as part of the 
Apollo 14 ALSEP, is essentially identical to the 
instrument deployed by the Apollo 12 crew. By 
correlation of data returned by the two SIDE in- 
struments now operating on the Moon, discrimina- 
tion is possible between moving ion cloids and 
temporal fluctuations of the overall ion distribu- 
tion. For example, this discrimination capability 
enabled the interpretation of an ion event that was 
detected at both SIDE sites on March 19. This ion 
event was the passage of a large (approximately 
i 30  km in diameter) ion cloud that moved west- 
ward at approximately 0.7 km/sec. The cloud 
was possibly associated with a relatively large 
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seismic event that was recorded by the Apollo 14 
passive scisniomctcr approximatdl 37 min earlier. 

Ions in the 250- to IOOO-e\' energy range have 
been detected streaming  OH n the magnrtoshrath 
o f  the Earth as the Moon  entered the niagneto- 
spheric tail. In aduition. approximately 1 days 
after sunrise, intermittent intense fluxes o f  50- to 
70-e\' ions with masses in the 17- to 24-mu/unit-  
charge range were recorded. Energy and mass 
spectra were obtained during the venting of the 
oxygen atmosphere of  the the LM cabin. After 
ascent-stag liftoff. the Apollo 14 LM asccnt- 
engine exhaust was detected by the Apollo I:! 
SIDE, beginning I min after the vehicle passed 
the Apollo 13 landing site at a minimum slant 
range of 27 km. The Apollo 14 SlVB and LM 
ascent-stage impacts both produced useful signals 
at the Apollv I ?  SIDE. 

Cold-Cathode-Gage Experiment 
(Lunar Atmosphere Detector) 

The cold-cathode-gage expcrimcnt. which is 
similar to the instrument deployed as a part of the 
Apollo I 2  ALSEP, measures the concentration of 
neutral atoms (Le.. the density of the lunar atmos- 
phere) in the vicinity of the ALSEP. During the 
luna1 night, the concentration appears to be ap- 
proximately 2 4 Io" cm-', although transient in- 
creases by one to two orders o f  magnitude are 
fairly frcquent and last from minutes to many 
hours. Some of thesc transient incrcascs may be 
caused by venting oi outgassing from the LM or 
from other equipment at the ALSEP site. As 
might bc expected. the ncutral-atom concentration 
rises rapidly at sunrise ( two orders of  magnitude 
in 2 min) ;  thc c~nccntration then decays. over a 
period of approximately SO hr. to a mean daytime 
lcvcl of less than 10' cm I. Numerous gas events 
have also been obscrbcd during the lunar day. The 
mean neutral-atom levels observed arc thought 
still to be atkcred by outgassing from other 
AI-SEP equipment, hut the output of ncutral 
atoms from this source should decrease with time 
in an identifiable way. 

Charged-Particle Lunar Environment 
Ex per iment 

The charged-particle lunar environment cxpcri- 

merit (CPLEE)  is designed to mcasure the am- 
bient fluxes of  charged particles. both electrons 
and ions, with energies in the range of SO to 
SO 000 eV. One o f  the most stable features ob- 
served is the presence of low-energy electrons 
whenever the landing site is illuminated by the 
Sun. The variation in the low-cnergy-electron flux 
during the lunar eclipse of February I O  provided 
strong evidence that the electrons are photo- 
electrons liberated from the lunar surface. The 
solar-wind flux observed by the CPLEE has 
cxhibitcd rapid time variations (periods of a p  
proximately 10 sec), both when the Moon is 
in interplanetary space and when it is immersed 
in the magnetospheric tail of the Earth. Passage 
of the Moon through the magnetopause and mag- 
netospheric tail has produced some particularly 
interesting data. including rapidly fluctuating low- 
energy (SO- to 200-eV) electrons. fluxes of 
medium-energy electrons lasting fmm a few 
minutes to tens of minutes, and electrons that have 
energy spectra remarkably similar to those ob- 
served above terrestrial auroras. Thus, auroral 
particles d o  appear to penetrate far into-the mag- 
netospheric tail. an observation that. if confimcd. 
contains important implications conccming the 
general topology of the magnetosphcre. 

After the Apollo 14 LM ascent-stage impact. 
two plasma clouds. which werc separated in time 
by a few wconds. passed the CPLEE. If thesc 
plasma cloud?: were associatcd with the impact. 
they were traveling ;it approximatcly 1 km/sec 
and had diameters o f  I4 and 7 km. 

Laser Ranging Retroreflector 

Used in conjunction with the laser ranging retro- 
rcllector ( LRRR) deployed during the Apollo 1 I 
mission, the Apollo 14 LRRR array provides a 
capability for accurate monitoring of lunar libra- 
tions in longitude. The LRKK scheduled for dc- 
ployiiicmt during the Apollo 15 mission will 
complete the network by providing a long baseline 
separation o f  LRKR arrays in latitude as well. 
I he deployment of ii complete network is impor- 
tant not only because study o f  the lunar librations 
provides information about the internal structure 
of the Moon, but also because knowledge o f  lunar 
librations enables the errors that arc introduccd 

.. 
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by them to be eliminated when range mcasure- 
ments are needed in other studies (such as geo- 
physics, general relativity, etc.) . 

Range measurements to the A p l l c  14 LRRR 
were successfully accomplished on the day it was 
deployed by the crew. Range measurements taken 
after the LM liftoff indiczte that the ascent-stage- 
engine bum caused no serious degradation of the 
LRRR reflective properties. Continued measure- 
ments over a period of years will be required 
before the full scientific value of this program is 
realized. Results to date indicate that the LRRR- 
array lifetime on the Moon will be long enough 
for all scientific objectives to be fulfilled. 

Solar-Wind Composition Experiment 

The solar-wind composition experiment was 
similar to the investigations conducted during the 
Apollo 11 and 12 missions. The aluminum foil 
was exposed to the solar wind at the Apollo 14 
site for 21 hr. Five small samples from the upper 
part of the foil have been analyzed to date to 
determine noble-gas concentrations. The helium4 
flux observed is definitely lower than the flux 
detected during previous missions, bu: the 
helium-4/helium-3 ratio is similar to that obtained 
during the Apollo 12 mission and higher than that 
obtained during the Apollo 1 1  mission. Several 
isotopes of neon were detected, and their concen- 
trations were measured. For the first time, the 
presence of argon in the solar wind has been de- 
tected. The accuracy of the isotopic ratios for 
argon will be improved when larger pieces of foil 
have been examined. 

l u n a r  Portable Magnetometer 

The Apollo 12 ALSEP included a magnetom- 
eter that measured the unexpectedly intense, 
steady magnetic field of 38 gammas at the ALSEP 
site. The Apollo 14 ALSEP does n3t include a 
stationary magnetometer; instead, a new instru- 
ment, the lunar portable magnetometer (LPM) ,  
was used duricg the second EVA to measure the 
magnetic fieid at two locations scparatcd by 1 . 1  
km. These measurements yielded values of 103 
and 43  gammas, which indicated that the magnetic 
anomaly at the Apollo 12 landing site ( 18 1 km 

away) is by no means unique on the Moon. These 
results, together with the relatively high magnetic 
remanence found in returned lunar samples from 
all landing sites to date. give evidence that much 
of the lunar-surface material ha! been magnetized 
-perhaps even the entire crustal shell around 
the Moon. The LPM measurements enable a 
magnetic-field gradient of 54 gammas/km to be 
calculated, which is less than the upper limit of 
133 gammas/km that was determined from meas- 
urements with the Apollo 12 magnetometer. 

S-Band Transponder Experiment 

The S b a n d  transponder experiment used pre- 
cision doppler tracking of the command and 
service module and the LM to provide detailed 
information about the near-side lunar gravity field. 
This technique was used with the Lunar 0:h:tcr 
spacecraft and resulted in the discovery of the 
large gravity anomalies called mascons. The 
Apollo tracking system is capable of measuring 
line-of-sight velocity with a resolution of 0.65 
m/sec. 

Reduction of the data obtained during the 
Apollo 14 mission is in progress. Preliminary re- 
sults show that the gravity-anomaly profile over 
the mascon in Mare Nectaris has a flat-topped 
appearance that is characteristic of a shallow plate- 
shaped mass anomaly. If other mascons exhibit 
this characteristic. it will be evidence that the 
mascons arc near-surface features rather than 
deeply buried inhomogeneities. Results of the 
analysis of the crash orbit of the Apollo 14 LM 
ascent stagc will be particularly interesting. Data 
were obtained at very low aititudcs, which may 
enable small anomalies ( a  few kilometers in 
diameter) to be discerned. 

Ancillary Experiments 

In addition tc thc preceding experiments, sev- 
eral less formal invcstigations wcre conductcd 
during the Apollo 14 mission. The details of 
these investigations will he published clsewherc. 

The first such investigation concerned the ligbt 
flashes that all crews since Apollo 1 1  have ob- 
served, when in the dark or when they closed their 
eyes, while in transit t o  and from the Moon and 
in lunar orbit. Thc Apollo 14 crew was briefed on 
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this phenomenon before the mission, and an 
observational schedule was suggested that was 
intended to test the various theories of the origin 
of the flashes. The most significant result obtained 
during the flight was the discovery that it is not 
necessary to be dark adapted to see the flashes. 
This observation indicates that Cerenkov radia- 
tion from energetic cosmic rays traversing the eye- 
ball, which had been the most widely accepted 
explanation far the light flashes. probably does 
not cause all or most of the flashes because the 
light from this source is quite faint. Comparison 
with results of recent terrestrial experiments (in 
which human subjects were exposed io particle 
beams from accelerators) suggests that some of 
the Bashes obsened in space may be caused by 
direct ionization interactions of cc;smic rays 
within the retina. 

During transearth coast, the crew conducted a 
series of simple demonstrations with the objective 
of gathering design data for use in future scien- 
titit- and engineering applications. These demon- 
strations were shown on television and were 
filmed, and samples were returned to Earth for 
analyses, which are presently in progress. The 
results to date are as follows. 

Composite Costing 

Eleven samples of various immiscible compo- 
sitions were heated, mixed by shaking, and al- 
lowed to solidify by cooling in zero gravity. 
Laboratory analysis has not yet been completed, 
but X-ray examination of the samples indicates 

that more homogeneous mixing was achieved than 
is possible with similar samples on Earth. Further 
research in this area may result in the manufacture 
of new combinations of materials in the space 
environment (such as immiscible composites and 
supersaturated alloys) for structual, electronic, 
and other applications. 

Eledrophoretic Separation 

Results to date indicate that electr-phoresis 
(which is a technique commonly used on Earth 
for analysis or ceparation of chemical, especially 
organic, mixtures) provides a sharper separation 
in zero gravity because of a reduction of sedimen- 
tation and thermal convective mixing. This process 
may allow economical purification and separation 
of high-value biological materials in space. 

Heat Flow and Convection 

It was demonstrated tt. surface tension can 
produce Benard cells in a liquid, independently 
of gravity-induced convection. Zone heating of 
liquid samples produced an unexpected cyclic 
heat-flow pattern that is now under study. 

Liquid fronsfer 

The liquid-transfer demonstration clearly 
showed that suitable baffles inside a tank in zero 
gravity permit positive expulsion of liquid con- 
tents, taking advantage of the surface-tension 
properties of the liquid. 
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With permission. repi;. .ed from Apollo 15: 
Preliminary Science Report, NASA SP-289, 
1972. 

2. Summary of Scientific Results 
Joscph P. Allena 

The major scientific objectives of the Apollo 15 
mission were to carry out extensive geological explo- 
ration, comprehensive sampling. and photographic 
documentation of the Apennine Front at Hadley 
Delta. Hadley Rille. and the mare plain; to emplace 
the Apollo lunar surface esperiments package 
(ALSEP) nea~ the landing site; and to perform a series 
of mvey experiments with the scientilic instrument 
module (SIM) equipment from lunar orbit and during 
transearth coast. The main scientific phase of the 
mission began when the Apollo 15 lunar niodule 
(LM) landed as planned on the mare plain at the 
eastern mugin of the niultiringed lnibrian basin just 
inside the arcuate Apennine mountain range. The 
scientific adventure by no means ended with corn- 
mand module (CM) splashdown in tlie Pacific Ocean. 
however; ratha. the adventure continues as the 
returned saniples and photographs are stsidied and as 
the data transmitted daily from the ALSEP and the 
orbiting subsatellite are analyrcd. Only the initial 
results of these scientific investigations are contained 
in the Apollo 15 Preliniinary Science Report. When- 
ever possible, data trends from each of the experi. 
nients are indicated in this summary, and tentative 
interpretations based on these trends are pointed out. 
I t  should be emphasir.ed that. because tlie results are 
preliniinary. the interpretations bdsed on the results 
possibly will change as more data become available 
and the malq'ses continue. 

GEOLOG IC INVESTIGATION 

Because of the extended capability of the life- 
support equipment and tlie new mcmdity provided by 
the lunar roving vehicle (Ko\.rri, ,he Apollo IS 
astronauts explored a much l a l p r  area than had been 
possible on previcws niissiuns. The three major -- 
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geological objectives investigated during the traverses 
were the Apennine Front along Hadley Delta, Hadley 
Rille at locations west and southwest of the landing 
site, and the mare plain at various locations. Exten- 
sive information also was obtained about the secon- 
dary crJter cluster near the Hadley Delta scarp and, 
although I .  1 visited, about the North Complex by 
photograph ,g the south-facing exposures of this 
positive feature. 

The Apennhe Mountains, which rise above the 
lmbrian plain to heights of nearly 5 km, are thought 
to be fault blocks uplifted and segmented by the 
lmbrian impact. The frontal scarp of Hadley Delta, 
consequently. is i,iterpreted as an exposed section of 
the pre-lmbrian lunar crust. For this reason. the 
frontal scarp of Hadley Delta was of highest priority 
for exploration during the mission. The mountain 
front was visited on both the first and second 
traverses; and it was sampled, photographed. and 
described extensively during this time. In general. the 
Apennine Mountains show gentle to moderate slopes 
and are sparsely cratered, with very subdued. rounded 
outlines. Large blocks are extrcmely scarce on ihc 
mountain flanks, which sugests a gravitationally 
transported, thick regolith cover on the lower por- 
tions of the mountain with a thinner cover of debris 
on tlie upper slopes. Sets of stark. sharply etched, 
parallel linear patterns, coinplctely unexpected before 
the mission, appear on many of the niountain faces. 
These iiiajor lineaments may represent the expres- 
sions of sets of compositiorial layers or regional 
fractures showing through the regolith. However. the 
anibiguities introduced by the oblique lighting of the 
vertical exposures mahe difficult an unequivocal 
interpretation of these linear patterns. For example, 
the linear ribs clearly present in photographs of Silver 
Spur and vividly described i n  red tiiiie by the crew 
may be the cxprcssion of gently dipping niassivc' roc.k 
layers, or they may rellcct near-vertical geologic 
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structure. The dark band observed by the crew near 
the base of Ut. Hadley is intermittently visible in 
both the surface photographs and the panoramic- 
camera photographs of the landing site. This feature 
is quite possibly the remnant of a high-lava mark left 
after the subsidence of the mare basalts following a 
partial lava draiii-back or a cooling shrinkage during 
one episode of basu filling. 

The rocks collected from the mountair front are 
mainly breccias; many are glass coated. The absence 
of clasts of older breccias within them distinguish the 
Apollo 15 rocks from the Apollo 14 samples. The 
samples from the mountain front are of three types: 
(1) friable breccias with clasts of nonmare-type 
basalt, of mare-type basalt, and of glass fragments; (2) 
coherent breccias with a vitreous matrix that contains 
clasts of nonmare-type basalt and granulated olivines 
and pyroxenes; and (3) well-lithified breccias with 
abundant granulated feldspathic clasts. 

Hadley Rille, interpreted as one of the freshest 
sinuous rilles found on the Moon, was visited during 
the first and thud traverses. The exposed rille walls, 
on both the near and far sides, were photographed in 
detail, and the rille rim and several massive outcrops 
on the near side were extensively sampled. The 
exposed bedrock strata visible in the photographs 
have thicknesses 3s great as 60 m, are distinctly 
layered, and exhibit varying surface textu:es and 
albedos. These characteristics are indkative of a 
number of individual flow units. All the layers are 
nearly horizontal. The talus deposits over the lower 
sections of the rille walls contain enormous blocks 
shed from the poorly jointed outcrops above. Un- 
broken blocks of the sizes seen (approaching 20 m in 
dimension) are uncol,,nwn on Earth. The detailed 
shape of the rille, the regolith cover of the rims, the 
lithologies of the outcrops and talus deposits, and the 
stratigraphy displayed in the rille walls are discussed 
in greater detail in sections 5 and 25. 

The dark plain of the mare surface is generally 
smooth to gently undulating and hummocky. Rocks 
cover approximately 1 percent of the surface, except 
for the rougher ejecta blankets around the numerous 
subdued craters. The morphology of the craters in the 
surface indicates the mare age to be late lmbrian to 
early Eratosthenian, and the specific sampling sites 
visited by the crew span this age range. For example, 
a 15-mdiameter crater with a widespread glassy 
ejecta blanket probably represents the youngest 
surface feature (station 9) yet sampled on the Moon. 

Initial study of the panoramic-camera photog- 
raphy of the landing site indicates a possible sub- 
dinsioa of the mare into four geological units 
characterized by differences in crater population and 
surface texture. Th.: rocks collected from the marc 
and from the exposed outcrops at the rille edpe 
consist mainly of basalts with abundant, coarse, 
yellow-green to brown pyroxene and olivine phyric 
basalts. In addition to  the characteristics of the major 
geologic features, the optical properties of the surface 
materials, as recorded in the many photographs; a 
number of smaller scale features, such as the craters, 
fillets, and lineaments that are typical of the Hadley 
region; and the individual samples themselves are 
discussed in detail in section 5. 

PRELIMINARY EXAMINATION OF 
LUNAR SAMPLES 

A total of 77 kg of samples was returned from the 
Hadley area. These samples consist of rocks that 
weigh from 1 g to 9.5 kg, three core tubes, a 
deepdrill corestem, and a variety of soil samples 
taken from the two distinct selenologic regions at the 
Hadley site (the mare plain and the base of Hadley 
Delta). The Lunar Sample Preliminary Examination 
Team has made a macroscopic study of the more than 
350 individual rock samples and additional petro- 
graphic and chemical studies of a selected few of 
these wnples. The rocks from the mare plain fit into 
two categories: ( I )  extrusive and hypabyssal basalts 
and (2) glass-covered breccias. The rocks from the 
base of Hadley Delta exhibit a variety that ranges 
from breccias to possible metaigneous rocks. 

The mare basalts appear to be fresh igneous rocks 
with textures that range from dense to scoriaceous. 
The chemical composition of these rocks is very 
similar to the compositions of those basalts returned 
from the Apollo I I and 12 and Luna 16 mare sites. 
In particular, the mare basalts are high in iron, with a 
correspondingly high iron-oxide-to-magnesium-oxide 
ratio. and low in sodium oxide, in contrast to 
terrestrial basalts. Thin-section examinations of 13 of 
these basalts reveal four different textural types: ( I )  
porphyritic-clinopyroxene hasalt with 3- to 9-mm- 
long prisms, (2 )  porphyritic-clinopyroxene-basalt vi- 
trophyre with I -  to 7-mm-long skeletal prisms, (3) 
porphyritic-olivine basalt, and (4) highly vesicular 
basalt. 

A number of rock fragments from Spur Crater and 

430 



SUMMARY OF SCIENTIFIC RESULTS 

inany of the clasts in breccias from the mountain 
froilr are basalts that are distinctly different from the 
mare basalts. Specific differences are: (1) The plagio- 
clase-to-mafic-mineral ratio is I ,  compare1 with a 
ratio of 0.5 for the mare basalts; (2) the pyroxene is 
li&t brown to tan with no ronmg, compared with the 
chnamon-brown, zoned pyroxene of the mare ba- 
salts; (3) the grain size o" all mineral phases is less 
than I nim, compared with some grains as large as I 
cm in mare bad t s ;  and (4) no vugs or vesicles are 
found in the nonmare basalts, in sharp contrast to the 
often hghly vesiculated mare-basalt samples. 

Many types of clastic and metamorphosed rocks 
were found along the traverse routes at the Hadley 
site, including several unique specimens that are 
discussed individually in section 6. The greatest 
variety of these rocks was concentrated along the 
base of Hadley Delta, where all the samples have 
undergone shock metamorphism and brecciation. 

The soils returned from the Hadley-A ynnine area 
are similar in most respects to  soil samples returned 
froin previous missions. The soil is composed pri- 
marily of the following particle types: ( I )  agglut- 
inates plus brown-glass droplets, (2) basalt fragments 
of different textures, ( 3 )  mineral fragments, (4) 
microbreccias, and ( 5 )  glasses of varying color and 
angularity, including J particular component of green- 
glass spheres never before observed in lunar s o k  The 
chemical composition of the soil samples. particularly 
from the mare regions, is distinctly different from the 
composition of the rocks from presumably the same 
locales. A linear correlation involving the iron oxide 
and aluminum oxide constituents of the soil and 
rocks from the Apollo sites suggests that the soil may 
be derived irom a range of rock material, with the 
two end members being the iron-rich mare basalt and 
the aluminum-rich, iron-poor nonmare basalt. 

A total of 4 . 6  kg of matcrial was retbrned from 
the Hadley site in the form of core samples. A 
deepdrill corestem of six sections was drrvcn to a 
depth of 2.4 m into the regolith near the landing zite. 
All except part of the lowest section was returned 
completely full. Stereoscopic X-radiographs of this 
deep-drill core reveal significant variations in pebble 
concentralic,i and in the density of the material along 
the core. These variations indicate the presence of 
more thar, 50 individual layers with thicknesses from 
0.5 to 21 cm. In addition, three drivc tubes with a 
maximum penetration as great as 70 cm wcre 
returned. AF with the deep-drill core. X-radiographs 

of the lunar material within these tubes re-:eal distinct 
layering and a spectrum of soil textures and fragment 
sizes. The deepdrill core and the three drive cures all 
show that the lunar regolith has a substantial strati- 
graphic history. 

The gamma-ray spectra of 19 samples have been 
measured to determine the concentrations of primor- 
dial radioactivity of potassium40, uranium-238, anu 
thorium-232 and of the cosmic-ray-induced rpdio- 
activity of aluminum-27 and sodiuni-22. In general, 
the radionuclide abundance is similar to  that seen at 
previous sites. The potassium-to-uranium ratio of 
both the mare basalts and soils at the Hadley site is 
strikingly different from the ratio measured in rerres- 
trial samples, which is further evidence in support of 
an earlier hypothesis concerning differences between 
Earth and Moon materials. 

Concentrations of noble-gas isotopes measured in 
the samples from the Hadley-Apennine area are 
similar to :he abundances previously measured in 
lunar materials. Variations in the aigo11-40 com- 
ponent of the soils are found at this site, as was the 
case for samples from previous sites. which suggests, 
for example, differing concentrations of argon40 in 
the lunar atmosphere or differing argon40 retention 
efficiencies of the soils. Concentrations of the spalla- 
tion-produced isotopes, neon-? I ,  krypton-SO, and 
xenon-126, result in rock exposure ages in the range 
of 50 to 500 X IO6 yr, which is similar to the range 
of exposure ages measured in the Apollo 1 1  and 12 
samples. 

The total carbon content for several samples has 
been determined. As found for the niaterials from 
previous lunar sites, the total carbon content for the 
soils and breccias is higher than for the igneous 
samples. This continucd systematic difference in 
carbon content seems to confirm the idea that much 
of the crlrbon in the lunar soil may originate in the 
solar wind. 

SO I L-M ECHAN ICs EXPE R IM ENT 

Thc objectives of the soil-mechanics investigation 
are to excmine the physical characteristics (such as 
particle sues. shapes, and distributions) and the 
niechariical properties (such as particle density. 
strength, and coinpressibility) of thc in situ lunar soil 
and to examine the variation of these parameters 
laterilly over the areas traveiscd at  the H;dley site. 
Thc longcr duration of the extravehicular activities 
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and the correspondingly larger distances covered with 
the Rover, the variety of the geological units found at 
the Hadley-Apennine site, and the quantitative mea- 
surements provided by the self-recording penetrom- 
eter (a device carried for the first time on this 
mission) have resulted in a number of conclusions. 

The lunar surface at the Hadle; site is similar in 
color arid texture to the surtices at tjie previous 
landing sites. Although the variability of grain-size 
distribution of simples from the Apollo 15 site 
appears to be less than the variability found at the 
Apollo 1 2  and 14 sites, considerable variety exists, 
both with depth and laterally, in the soil propertiqs of 
strongth and compressibility. For example, the coni- 
pressibliity ranges from soft along the mountain front 
to much firmer near the rim of Hadley Rille. 
Evidence exists of downslope movement of surficial 
material on the walls of Hadley Rille; however, no 
evidence of deep-seated stope failures along the 
mountain front was found. 

Soil densities derived from both the core-tube and 
the deep-driU corratem samples exhibit considerable 
variability that ranges from approximately 1.3 to  2.2 
g/cm3. The self-recordingpenetrometer data indicate 
an in situ density of approximately 2.0 glum3, n high 
soil strength, and a low soil compressibility. M e n  
coupled with additional data from the sdl-mechanics 
trench dug near the ALSEP site, the penetrometer 
information can be used to estimate thc cohesion and 
friction angle of the lunar soil. The values for both 
these parameters are higher than the values that 
resulted from experiments conducted during previous 
missions. 

PASSIVE SE ISM IC EXPE R I M ENT 

The Furpose of the passive seismic experiment is 
to study the lunar-surface vibrations, Irom which 
interpretations of the internal structure dnd physical 
state of the Moon can be determined. Sources of 
seismic energy may be internal (from moonquakes) o r  
extern31 (from impacts of both meteoroids and spent 
space hardware). lrl either case, a Ftraightforward 
determination of the unambiguous source locations 
requires at least three vibration-sensing instruments 
monitoring the event of interest. The Apollo 15 
passive-seismometer station represents the third of a 
network of seismometers now operating on the lunar 
surface, thus. the successful deployment of this 

instrument marked a vitally important step in the 
investigation of the Moon. 

Seismic data accumulated over the first 45 days 
of operation have been analyzed. and the preliminary 
results are summarized as follows. Seismic evidence 
for a lunar crust and mantle has been found. The 
thickness of the crust is between 25 and 70 km in the 
region of the Apollo I2 and 14 landing sites. The 
velocity of compressimal waves in the crustal ma- 
terial is between 6.0 and 7.5 km/sec, which is a range 
that spans the velocities expected for the feldspar--icll 
rocks found on the lunar surface. The t ‘ansition 
the crustal material to the mantle material m. 
gradual, starting at a depth of approximately 2 y  
or rapid, with a sharp discontinuity at a depth 0, , 

to 70 km. In either case, the compressional-wave 
velocity reaches 9 km/sec in the subcrustal mantk 
mateiial, and the contrast in elastic propertics of the 
rocks comprising these two major layers is at least as 
great as the contrast that exists be;ween the materials 
comprising the crust and mantle units of the Earth. 

The major part of the natural lunar seismic energy 
detected by the network is in the form of periodic 
moonquakes that occur near times of perigee and 
apogee and that originate from at least 10 separate 
locations. However, a single focal zone at a depth of 
approximately 800 km. with a dimension less than 10 
km and with an epicenter approximately 600 km 
south-southwest of the Apollo 12 and 14 sites, 
accounts fdr 80 pcrcent of the seismic energy 
detected. The release of s-ismic energy at these 
depths (which are slightly greater than any known 
earthquake sources) s u g p t s  that the lunar interior at 
these depths must be rigid enough to support 
appieciable stress. This fact, in turn, plzces stiong 
constraints on realistic thermal models of the lunar 
interior. 

In addition to the periodic moonqualies, episodes 
of frequmt small moonquakes have been discovered. 
lndividuai events ni:ly occur as frequently as every 2 
hr for periods lasting up to  severai days. The source 
of the moonquake swarms is at present unknowrt, but 
they may well result from continuing minor adjust- 
ments to stresses in the outer shell of the Moon. 

The average rate of seicmic-energy release within 
the M o o n  is far below that of the Earth. Thus, the 
outzr crust ana niantlc of the Moon appear to be 
relatively cold and stabl- compared with that of the 
Earth. and significaiii internal convection currents 
causing lunar tectonism seem to be absent; however, 
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the discovery of moonquakes at great depths suggests 
the possibility of some very deep convective motion. 

Seismic energy deposited at the lunar surface by 
an impacting meteoroid L r  manmade object i s  con- 
fined tor a surprisingly long tinie in the near-source 
are; by efficient scattering ncar the surface. Neverthe- 
less, the energy slowly dissipates through interior 
propagation to niore distant parts of the Moon, and, 
for this reason. all but the smallest of impact signals 
from a11 parts of the Moon are probably detected at 
the operating scismic stations. 

LUNAR-SU R FACE MAGNETOMETE R 
EXPERIMENT 

The Apol!o 15 n,agnetometer, which is the third 
and all-importan. ,iiember 01’ the magnetometer 
network now on the lunar surface, was deployed to 
study intrinsic remanent ni;ign?:ic lields and to 
observc the g!obal magnetic response of the Moon to 
large-scale solar aiid :westrial magnetic fields im- 
posed on i t .  Fundaniental properties of the lunar 
interior, such as electrical conductivity, magnetic 
permeability. and temperature profile. can be calcu- 
lated from theit magnetic measurements. The mea- 
suring and understanding of these propertics arc 
obvious requirements for meaningful theoretlc;l! des- 
criptions of the origin and evolution of ihe M!*S)K. 

The three fluxgate Sensors of the Apolll! 15 
instrument show a stcady magnetic field of approxi- 
iiiatcly 5 7 at the Hadley site, which is considerably 
siiialler than the 38-7 lield measured at the Apollo I ?  
site ancl the 103- and 43-y fields measured at the two 
locations at the Apollo 14 sitr. The b-ilk relative 
pcriiicability of the Moon is calculate,. trom the 
inagiictonicter data to be near unity. The electrical 
conductivity o f  the lunar interior is obtained itom 
nieasurements of the response of the Moon to 
externally impscd, variable magnetic ficlds; and 
thcsc measurements can be interpreted in terms of a 
spherically symmetric. three-layer model that has a 
thin outer crust (extending from the radius of the 
M o o n  tu  0.05 the radius of the Moon) o f  very low 
coilductivit) . a n  intcrniediate layer (extending froin 
0.‘,5 llic rdIus or the Mooii to 0.0 the radius of the 
M o o i l )  witIi a miductivi:y o f  approximate!y IO4 
n h o / n i ,  ;ind an iiiiicr corc (of a diameter approxi- 
iiiatcly 0 t i  the radius of the Moon) o f  conductivity 
!Paler t l la l l  lo-* Iiiholln. Iti the case of ai1 o]~vinc 
MIPOII. tlicsc valucs correspond to a teiiipcraturc 

profile of 440 K for the crustal lqer .  approximately 
800 K for the intermediate layer, and greater than 
1240 K for the central core. 

SO LA R-W I N D SPECTROMETER 
E%PERIME:.T 

Two identical solar-wind spectrometer experi- 
ment$ now operate I100 kni apart at the Apollo 12 
and the ApoUo 15 sites. Solar-wind plasma. magnetc 
sphere plasma, and magnetopausc crossings have been 
observed by both instrumenis, which show good 
internal agreement of observations: for example, 
simultaneous (within IS  sec) changes in proton 
densities and velocities are detected at both sites. As 
first  measured with the Apollo 13 instrument, the 
solar plasma at the lunar surface is indistinguishable 
from the solar plasma some distance out from the 
1 1  rface (monitored by orbiting instruments). when 
the Moon is both ahead of aiid behind the magnetic 
bow shock of the Earth. 

HEAT-FLOW EXPERIMENT 

The heat-flow experiment is designed to make 
icinpcrdiure and thermal-property measurements 
within the lunar subsurface in order to determine the 
rate at which heat is llowing b u t  of the interior of the 
Moon. This heat loss is directly rdated to the rate of 
internal heat production and to tlic internal tenipera- 
ture profile: hence. the measurements result in 
information about the abundances of long-lived radio- 
isotopes within the Moon and, in turn, result i n  an 
incrcased understanding of thc thermal evolution of 
the body. 

Emplacement of the first Iieat-tlovJ cxpcriment 
iqtl3 the lunar surfacc was conipleted during tlie 
sccoiid period of extravehicular activity at the Iiad1t.y 
site. Initial nieasurements with this instn.,neiit show a 
subsurface temperature at t .O 111 below the surface of 
approximately 252.4 K at one probe site and 30 .7  li 
at the other. which are teniperaturcs that arc approxi- 
mately 3 5  K above the mean surfacc teiiipcraturc. 
i.’iom I .O to I .5 i n  bclow the surfdcc. the tcmpcra- 
turc increases at  the rate of 1.75 K / n ,  ( 2 2  percent’ I n  
situ conductivity iiieasurmiciits result i n  valucs bc- 
tween 1.4 x io4 and 2.5 x lo4 Wicin- K .it ucptti 
i nd arc found to he grcatcr than the coilduct~v~ty 
values of the surface regolith b y  a factor u t  7 to IO, 
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which mdicates that conductivity increases with 
depth as well 

Preliminary analysis of these results indicates that 
the heat flow from beiow the Hadley-Apennine site is 
3.3 x lod W/cm2 (215 percent). This value is 
approximately one-half the average heat flow of the 
Earth. By assuming that this value is an accurate 
representation of the heat flow at the Hadley site 
(while realizin. that data accumulation over a number 
of lunations -.vi11 be required to establish ttus accu- 
racy) and bv further assuming that this value is 
representativc of the moonwide I.-at-flow value. then 
consideration of the Moon as a +here with uniform 
internal heat generation results in a picture of the 
Moon as a far more radioactive body than had been 
previously suspected. and a far more radioactive body 
than suggested by the ordinary chondrites and the 
type 1 carbonaceous cnondiites that have been used 
to construct the standard models of tht Earth and the 
Moon to date. 

SUPRATHERMAL ION DETECTOR 
EXP E R I ME NT (LUNAR- I ONOSPH E R E 

DETECTOR) 

The suprathermal ion detector experirlent de- 
ployed a t  the Apollo 15 site is idcntical. except for 
the ion mass rat.62s covered. to the instruments 
ope:diig at the ApoUo 12 and 14 sites, and the 
.4pollo 1 5  experiment is the thud member of this 
ion-monitoring ne:work. In the first days of opera- 
tion. a number of energy and mass spectra of positive 
ions were ineasiired, primarily from the gas clouds 
vented by the spacecraft and other mission-associated 
equipment. At lunar lift-off, for example, a marked 
decrease in the magnetosheath-ion fluxes was ob- 
served. This decrease lasted approximately 8 min and 
is attributed to either a change in the ion flow 
direction (because of the exhaust-gas cloud) or to 
energy loss 04’ the ions passing through the exhaust- 
gas cloud. Some hours later, the ascent stage im- 
pacted the lunar surface nearly 100 km wcst- 
1aerthwes.t of the Hadley site, and the ions that 
resulted from the impact-generated cloud were moni- 
tored. 

Multiple-site observations of im events that possi- 
bly correlate with seismic events of an impact 
character (recorded at the zismic stations) have 
resulted in information about Lie apparent mottons 
of the ion clouds. Typical travel velocities have been 

calculated to be appro,imately 80 mlsec. Numbers of 
single-site ion events haw been detectea. some with 
ions in the mass range of 16 to  20 amu/Q, which 
corresponds quite possibly to the release of water 
vapor from deep beiow the lunar surface. The 500- to 
IOOO-eV ions s::eaming along the magnetosheath 
liave been observed simultaneously by all three 
suprathermal ion detectors. This ion flux is strongly 
peaked in the downSun direction, which is a iact 
established by the different look directions of the 
individual instruments. 

COLD CATHODE GAGE EXPERIMENT 
(LUNA R-ATMOSPH ERE DETECTOR ) 

The Lold cathode gage experiment that was de- 
ployed at the Hadley site is similar to the instruments 
at the ApoUo 12 and 14 sites and i c  intended to 
measure the density cf the tenuous lunar atmosphere 
at the lunar surface. Tt.is anticipated thin concentra- 
tion of gases is a result of the solar wind, the possible 
continued rclease of molecules from the hMr interior 
through the lumr crust, and ceriain venting and 
outgassing from the Lh: descent stage and other gear 
left on the Moon. The contamination, however. 
should decrease with time in a recognizable way. 

As might be expected from cold cathode gage 
eiperiment results from the earlier missions, the gas 
concentrations observed during the lunar days appear 
to be overwhelmingly a result of contaminants 
released by the LM and assnciated equipment. How- 
ever. during the lunar nghts, the observed concentra- 
tions. which are typically less than 2 X IO5 particled 
cm3. are lower even than thc concentrations expected 
from the neon component of the solar wind alone. 
This fact suggests that the contamlnant y s e s  from 
spacecraft equipment remain adsprbed at the low 
nighttime temperatures and that the lunar surface 
itself is not saturated with neon, but rather absorbs 
this gas much more readily than releases it. Except 
ior mission-associated phenomena. no easily recognit- 
Able correlations have been found between transient 
ga. events. as seen on this instrument, and the 
response of the suprathermal ion c’ctector or cf  the 
solar-wina spectrometer. 

LAFF S RANGING R ETROREF LECTOR 

Th: tiiird and largest U.S. laser ranging retroreflec- 
’ face ‘ . . I ?  dcployed at tor was dclivered :o t5e I**  
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the Hadley site apyroxiniately 4r) m from thz ALSW 
ate. Suc~~ss fu l  range melsurements to this 300- 
corner-cube array were made shortly after the LM 
lifted off several days later. and subsequent measure- 
ments indicate that no degradation of the reflective 
proprties of the unit resulted from dust being kicked 
up during :he extravehicular activities or by ascent- 
engine residue. The better signal-to-noise ratio avail- 
able with this lager retroreflector will enable more 
frequent ranging measurements to be made and will 
enable measurements to be carried out by t e l ex0  es 
of smaller aperture than heretofore possible. &di- 
tionally, this third array now provides the important 
long north-south base-line separation with the Apollo 
1 I and the Apollo 14 retroreflectors. For the 
accumulatiw of data important to the planned 
astronomical, geophysical, and general relativity ex- 
periments. range measurements will be required over 
a period of yeLrs. 

SOLAR-WIND COMPOSITION 
EXPERIMENT 

The solar-wind iompcsition experiment. which is 
similar to the expenments conducted during the 
Apollo I 1 ! 2.  and i4 missions, was deployed at the 
end of thc first extravehicular activity and expose4 to  
the solar wind for a period of 41 hr. nearly twice the 
exposure time obtained during the previous mission. 
Initial samples of the aluminum foil have been 
analyzed, and isotopes of helium and neon have been 
detected. The helium flux during the Apollo 15 
exposure is nearly four times that detected during the 
Apollo 14 exposure: yet, interestingly enough, the 
relative abundance of helium and neon and the 
relative isotopic abunaances of the= elements are 
very similar to the earlier abundances. A positive 
correlation has been found between the general level 
of solar activity and thc helium4 to helium-3 ratio, a 
correlation first suggested perhaps by the helium-to- 
hyd:?gen ratio measurements of the Explorer 34 
spacecraft. 

GAMMA-RAY SPECTROMETER 
EXPERIMENT 

The gamma-ray spectrometer experiinent is de- 
signed to niwsure. f1b-n lunar orbit, the gamma-ray 
activity of the lunar-surface materials. The gamma-ray 
flux from the lunar surface is expected to contain 

two components. one resulting from naturally occur- 
ring radioisotopes (primarily of potassium, uranium, 
and thorium) and the other resulting from cosnic- 
ray-induced interactions at the lunar surface. The 
gamma-ray intensity from the naturally occurring 
radionuclides is a sensitive function wi the degree of 
chemical differentiation undergone by the Mmn; 
and. thus. the measured intensity relates directly to 
the origin and evolution of the planet. 

Analysis of the very preliminary data printout 
(unfortunately the only data available for analysis 
before the preparation of this documelit) shows a 
strong contrast in gamma-ray count rates over differ- 
ent regions of the Moon. Specifically. the regions of 
highest activity are the western maria. followed by 
Mare Tranquillitatis and Mare Serenitatis. Conslder- 
ably lower activity is found in the highlands of the far 
side. with the eastein portion containing nearly an 
order of magnitude less gamma-ray activity than that 
found in Oceanus Procellarum and Mare lmbrium. 
The preliminary data show intensity peaks that 
correspond to the characteristic energies of the 
isotopes of iron. aluminum. umium. potassium.and 
thorium; however, more data than available in the 
preliminary printout are required to verify this 
identification unambiguously. 

X-RAY FLUORESCENCE 
EXPE RlMENT 

The purpose of this experiment is to map the 
prixipal elemental constitulents of the upper 
layer of the lunar surface by meaxring the lluores- 
cent X-rays produced by the interaction of solar 
X-rays with the surface material. Secondarily. the 
experiment is used to observe X-radiation from 
astronomical objects during the transearthcoast 
phase of the mission. The X-ray detector assembly 
consists or three proportional counters, two X-wy 
filters (and associated collimators). temperature mon- 
itors, and the necessary support electronics. lnflight 
energy. resolution. and efficiency calibiations are 
made with X-ray sources carried with :he instrument. 

Preliminary analysis of the initial data from this 
experiinent is very exciting. In general. the suspected 
major compositional diffcrences between the two 
fundamental lunar fcatures, the mana and the high- 
lands. are confirmed by the X-ray data, and more 
subtle compositional differences within both the 
maria and the highlands are strongly suggested. For 
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eumple. the dunimum-ro-siluon intenstty ratio is 
highest over the terrae. lowest over the maria. aiid 
intermediate over the iim areas of the i n r i a .  l h e  
extremes for this ratio vary from 0.58 to 1.37. with a 
tendency for the value to increase f r w n  the western 
mare to the highlands of the eastern limb. Fur:her- 
more. a strihirip correlation rusts between the aluiiii- 
num-to-silicon mter.sity ratio and the values of 
surface albedo along the groundtrack surveyed h j  the 
X-ray experiment. 

Although the data from the X-ra! fluorescence 
esperiiiient are still in the iritial stages of anal>sis. a 
number of tentative conclusions may be drawn a b u t  
the fundamental properties of :he 1un.u surface. The 
sharply varying aluminuiii-to-silicon ratio :oi:tirms 
that the maria arid the highlands are indeed chemi- 
cdly different. and the distinguishing albedo differ- 
ences between these major features must be. in part. 
the signature of thi- difference. The anorthsitic 
component of the returned lunar samples is cert:iiil> 
related to the high aluiiiinum content nieasured in ihc 
tughland regions. and the correspondingly low alumi- 
num content of the returned mare basalis is con- 
sistent with the low measurement values over !he 
marii. The expminental X-ray data. thus. further 
support the theory that the Moon. short11 after 
formation. developed a differentiated. aluminum-rich 
crust. The sharp change in the aluminum-to-silicon 
intcnsity ratio between the highland and male areas 
places stringent limitations on the amount of hori- 
zontal displacement of the aluminum-rich material 
after the mare flooding. Indications definitely exist in 
the mor.: p d u d  data trends that the circular maria 
have a lower alumtnum content than the irregular 
maria; and within particular maria (for example. 
Crisiuin and Serenitatis). the centers have a towcr 
aluininiirn content thar, the edges Finally. the large 
ejecta blankets, such as the Fra Madro formation. 
seem to be emically different from the uiimantled 
highlands. 

During the transearth coast, X-ray datlt were 
obtained from tiiree discrete X-ray sources and from 
four locations dominated by the diffuse X-ray I lux. 
The count rate from two of the sources, Sco X- l  ancl 
Cyg X - I ,  did show signiticant changes in intensity of 
approximstely I O  percent over time periods of several 
minutes: however, a final anal:psis of Apollo ~ J L I  is  
required to rule o u t  completely the possibility~ that 
changes in spacecraft attitude dbriiip the CoUiitiii;: 

periods might account for the countiijg-rate varia- 
tions. 

ALPHA-PARTICLE SPECTROMETER 
EXPERIMENT 

The alpha-particle spectrometer esperiiiieiit coil- 
sists of IO totally depleted silicon surhce-harrier 
solid-state detectors of 3 cin* area each rhrt are 
prticulxly sensitive to alpha particles in the energ? 
range between 5 and I 2  MeV. The experiment is 
designed to map. from lunar ofbit. possible uranium 
and thorium concentration differences across the 
surface b) measuring the alpha-particle eiiiibrioiis 
from the two gaseous daughter products of Jraiiiuni 
and thoriuni. radon-222 and radon-220. resprctively. 
Because trace quantities of these radioactive gases 
w d d  be included in any outpssing of. for e~awple.  
water (I: carbon dioxide from the lunar interior. 
detection of radon a h  would provide a sensitive 
probe of remanent volcanic xtivity or cif local release 
of coinnion volatiles. 

Preliniinan analysis of the alpha-particle data 
indicates that the alpha-particle actinty of the hlwn 
i s  a t  most equal to the observed count rate of O.UO4 
counticni'.sec-sr ( + I  percent) in the energ) band 
from 4.7 to < I . !  MeV. Nc significant difference in this 
count rate was vbserved between the dark aiid sunlit 
sides of the Moon. This measured alpha-particle 
actinty is considerably less than was anticipated 
before the mission. For example. if the uranium and 
thorium concerrtrations measured in the samples 
returned from the Apollo I 1 and 12 sites are typical 
muonwide values. then the alpha-particle counting 
rate that results from radon emission i s  JI least a 
factor of 00 lower than the rate predicted by 
radon-diffwon models. C oinplete analysis of all the 
Apollo I 5  alpha-particle data should result in another 
order of magnitude niore sensitivity than reported 
here f o r  the detection of alpha-particle emission from 
iunar sources. 

LbNAR ORBITAL MASS SPECTROMETER 
EXPERIMEh' 

Thc lunar orbital mass spectrometer i s  designed t o  
measure ilit composition and density of neutral gas 
niolecul~:: along the blight path of the corninand- 
service module (CSM) in order to bctter understand 
the orig i i i  of the lunar atniospllcre and the related 
traiiywrt processes in  planctary e~osphcres in gcn- 
cral. Thc iiistruinciit was mounted in the S I M  on a 
bistcm boom and was operated irom the CM. The 
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preliminary results indicate that a large number of gas 
molecules of many species exist near the spacecraft in 
lunar orbit; none. however. have an obvious lutrar 
origin or a sufficient intensity to be detected above 
the background of molecules from all sources. The 
gas cloud apparently moves with the vehicle because 
the measured density is essentially independent of the 
angle of attack of the spectrometer entrance plenum. 
The spacecraft is thought to be the source of most of 
this cloud. even though the intensity of the apparent 
contamination is a strong function of the orbitr’ 
parameters. For example, during the transearth coast. 
the detected amplitudes of all species of molecules 
were reduced by a factor of 5 to IO from the 
mplitudes measured in lunar orbit. 

S-BAND TRANSPONDER EXPERIMENT 

During the last nearside pass before transearth 
injection. a small scientific spacecraft was launched 
into lunar orbit from the SIM bay of the service 
module. This subsatellite is instrumented to measure 
plasma and energetic-particle fluxes and vector mag- 
netic fields and is equipped with an S-band tran- 
spunder to enable precision tracking of the space- 
craft. The S-band transponder experiment uses the 
precise dnppler-tracking data of this currentl] orbit- 
ing satellite and the tracking data OF ihc CSM and of 
the LM taken during the mission to providi detailed 
information about the gravitational field of the near 
side of the Moon. The data consist of the minute 
changes in the spacecraft speed, as measured vy the 
Earth-based radio tracking system (which has a 
resolution of 0.65 mmlsec). The initial data indicate 
that the subsatellite is operating normally and. 
because the periapsis altitudes are following closelv 
the yedicted altitudes, suggest that the spacecraft 
will have an orbital lifetime of at least the planned 
one year. The subsatellite transponder experiment 
should provide data for a detailed gravity map for the 
area be:ween +9S0 longitude and ?3O0 latitude. 

Analyses of the low-altitude CSM data have 
resulted in new g.avity profiles of the Serenitatis and 
Crisium mascons; these results are in good agreement 
with the ApoUo 14 data analysis and strongly suggest 
that the mascons are near-surface feature; with a mass 
distribution per unit area of approximately 5 0 0  
kgfcm’. The Apennine Mountams show a local 
gravity high of 85 mgal but have undergone partial 
isostatic compensation, and th- Marius Hills likewise 
have a gravity high of 62 mgal. 

SUBSATELLITE MEASUREM€NTS OF 
PLASMAS AND SOLAR PARTICLES 

The main objectives of the subsatellite plasma and 
particles experiment are to monitor the various 
plasma regimes in which the Moon mo- 2s. to detcr- 
mine how the Moon interacts with the fields and 
plasmas within these regimes, and to investigate 
certain features of the structure and dynamics of the 
Earth magnetosphere. The experimen: consists of two 
solid-state particle-detector telescopes that are sensi- 
tive to  electrons with energies as large as approxi- 
mately 320 keV and to protons with energies as large 
as approximatel, 4 MeV, and of five electrostatic- 
analyzer assemblies that are sensitive to electrons in 
the energy range from 0.5 to IS keV. 

Detailed observations have been made of particle 
fluxes around the Moon as the Moon moves through 
interplanetary space. through the magnetosphere. and 
through the bow shock of the Earth. Andlysis of 
these preliminary data leads to several tentative 
conclusions. Solar electrons were measured at the 
subsatellite following a large solar flare on September 
I ,  197 I .  In the energy range of 6 to 300 keV, the 
electron spectrum is reproduced by the power-law 
equation di/dE = (3 X IO3) E-’.’ eIectrons/cm* -sr- 
sec-keV. Additionally. an electron flux of 10 elec- 
trons/cm’sr-sec of energy from 25 to 30 keV is 
found to move predominantly in a sunward direction 
for several days while the Moon is upstream from the 
Earth. I t  is not known as yet whether this flux is or’ 
solar or terrestrial origin. Finally, a distinct shadow in 
the fastslectron component .-f the solar wind is 
formed by the Moon. For the case when the 
interplanetary magnetic field is nearly alined along 
the solar-wind tlow, this electron shadow corresponds 
clos~ly to the optical shadow behind the Moon. 
However, for the case when the interplan-tary mag- 
netic field alines more perpendicular to the solar-wind 
flow, the fast-electron shadow region bl AdenS to 3 
diameter much greater than the lunar diameter and 
becomes extremely complex. 

SUBSATELLITE MAGNETOMETER 
EXPE R IMENI 

The major objcctives of thc subsatellite magnetom- 
de r  cxpcrirnent are to extend t+e measurements of 
the permancn; and induced componcnts of the lunar 
magnetic field by systematically mapping the rema- 
nent magnctic field of the Moon and by measuring 
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the magnetic effects of the interactions between 
cislunar plasmas and the lunar field. Initial data from 
the two subslltellite fluxgate sensors indicate that 
detailed napping of the remanent magnetization, 
although complex. is entirely feasible with the pres- 
ent experiment. For example, preliminary analysis 
shows a fine structure in the magnetic field associated 
with the large craters Hertzsprung, Korolev. Gagarin. 
Milne, Mare Smythii 1. and, in particu!a;. \a:. de 
Graaff. which produces a I-y variation in the field 
measured by the subsarriiite passing overhead. Fur- 
thermore. magnetic fields induced within the Moon 
by externally irlipoxl interplanetary magnetic fields 
are detectah!. at the wbsatellite orbit. Estimated 
variations of Iinar conductivity as a function of 
latitude and icngitude will be possible from magnet- 
ometer data Finally. the data show that the plasma 
void that forms behind the Moon when it is in the 
solar wind extends probably to the lunar surface, and 
the flow of the solar wind is itself rather strongly 
disturbed near the limbs of the Moon. 

BISTATIC-RADAR INVESTIGATION 

The bistatic-radar experiment uses the S-band and 
the very high frequency (VHF) communication sys- 
tems in the CSM to transmit toward the portion of 
the M w n  that scatters the strongest echoes to 
Earth-based receivers. The echoes are received from 
an area approximately 10 km in diameter that moves 
across the lunar sufrace near the orbiting CSM. The 
characteristics of these echoes are compared to those 
of the directly transmitted signals in order to derive 
intormation about such lunar crustal properties as the 
dielectric constant. density, surrdce roughness, and 
average slope. 

The VHF data obtained during this mission have 
approximately one order of magnitude higher signal- 
to-noise ratio than previously obtained, and the 
effects of the bulk electrical properties and slope 
statistics of the surface rre clearly present in the data. 
The S-band data show thc areas surveyed during the 
mission to be similar to those regions sampled at 
latitudes farther south during the Apollo I4 mission. 
Distinct variations in the slopes of thc lunar terrain in 
the centimetzr-!o-meter range exist, and some areas 
contain an unusually heavy population of centi- 
meter-size rock fragments. The bistatic-radar data are 
currently being combined with the CSM ephemeris 
data to correlate tliese rcsults with orbital photog 

raphy and corresponding geological interpretations in 
order to better distinguish between adjacerd and 
subjacent geological units. 

APOLLO WINDOW METEOROID 
EXPE R I M ENT 

The Apollo window meteorui- experiment in- 
volves a careful study of the CM heat-shield window 
sur;acbs . r pits caused by meteoroid impacts. These 
tiny craters, when identitied. are furher examined to 
obtain information on crater morphulag] and possi- 
ble meteoroid residence. So f u ,  1G )*)nibit impacts 
of 50 pm diameter and larger have been identified in 
the windows of the ApoUo 7,8,9,10, 12.13,and 14 
spacecraft. These fmdings correspond to  a met: Iroid 
flux below that expected from theoretical calcula- 
tions but are in good agreement with the flux value 
derived by 3n examination of the Surveyor shroud 
return-d by the Apollo 12 mission. 

ANCl LLARY EXPERIMENTS 

The numerous orbital-science and orbital-piiotog- 
raphy experiments conducted during the mis:ion are 
discussed in a separate section (sec. 25) of this report. 
The individual experiments will not be discussed in 
th is  summary of scientific results. 

Several other experiments and tests were con- 
ducted during the Apollo 15 mission that will not be 
discussp3 in detail in this report. The reader is 
particularly referred to the documents of the NASA 
Medical Research and Operations Directorate for the 
biomedical evaluation of the mission-related medical 
experiments (i.e., bone-mineral measurenlent, total- 
body gamma-ray spectrometry, and visual light-flash- 
phenomena experiment) and to the Apollo 15 Mis- 
sion ;'eport for a discussion of the many engineering 
tests conducted during the mission. Four additional 
experiments not reported elsewhere are discussed in 
the follow in^; paragra 3hs. 

An ultraviolet (uv) photography experiment' was 
conducted primarily to obtain imagery of the Earth 
and Moon for comparison with similar photographs 
of Mars and Venus. Both of these latter planets show 
mysterious behavior in the uv-wavelength region; in 
particular. Mars exhibits a peculiar lack of detail in 

l~ iva te  communication with T. Owen, Earth ami Space 
Sciences Dept., State University of New York, October 197 1. 
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this radiation region, and, in contrast, Venus exhibits 
major detail only in this part of the photographically 
accessible spectrum. Comparison of uv data for the 
Earth with corresponding data from the less well 
understood planets should aid in the understanding of 
these planets. The experiment equipment consisted of 
a Hasselblad camera fitted with a 105-mm u\ lens, 
two filters with pass bands centered at 3400 and 
3750 X IO-'' m, and a uv cutoff filter to obtain 
comparison photographs in visible light. A special 
uv-transmitting window is used in the CM. Photo- 
graphs were taken of both the Earth and the Moon 
from a variety of distances throughout the mission. 
Preliminary examination of these photographs indi- 
cates that the surface of the Earth is still clearly 
visible down to 3400 X IO-'' m, and no large-scale 
changes in the detection of aerosols occur between 
3750 and 3400 X IO-'' m. This experiment will be 
extended on subsequent missions in wavelength 
coverage and in imagery of the Earth over more land 
mass. 

A lunar dust detector experiment' has been 
deployed as a part of the ALSEP central station on all 
of the manned lunar landings to date. The experiment 
has three purposes: (1) to measure the accumulation 
of dust from the LM ascent or from slow dccretion 
processes, (2) to measure the lunar-surface bnghtness 
teinperature from reflected infrared radiation, and (3) 
to measure long-term high-energy-proton radiation 
damage to solar cells in the lunar-surface environ- 
ment. 

The Apollo 15 dust detector experiment is 
mounted on top of the ALSEP central station 
sunshield, with the vertically mounted infrared 
temperature sensor facing west. Three solar cells (2 
ohmcm, N-on-P. I -  by 2-cm corner dart cells) are 
mounted on a horizontal Korar metal mounting 
plate. For the purGose of determining radiation 
damage, one cell is bare; the other two cells each have 
6-mil cover glasses attached. Solarcell temperature is 
monitored by a thermistor on the cell mounting 
plate. 

Results from the dust detectors deployed so far 
have shown ( I )  no measurable dust accumulation as a 
result of the LM ascent during the Apollo I I ,  12, 14, 
and 15 missions; (2) a rapid surface-temperature drop 
of approximately 185 K during the August 6, 1971, 

'Private communication with James R. Bates, NASA 
Manned Spacecraft Center, October 197 1 .  

lunar eclipse; and (3) no long-term radiation damage 
thus far to any of the dust detectors. However, a 
difference of approximately 8.5 percent in the 
amount of solar-radiation energy received at the lunar 
surface has been measured by the Apollo 12 dust 
detector; this variation is a result of the change of the 
Moon from lunar aphelion to perihelion. 

During the time between spacecraft touchdown 
and the powerdown of the primary guidance, naviga- 
tion, and control system of the LM. nearly 19 min of 
data' were obtained from the pulsed integrating 
pendulous accelerometers, which are instruments 
normally used with the inertial measurement unit for 
operational guidance and navigation of the LM. In 
this case, however, these data provide a direct 
measurement of the acceleration of gravity (g) at the 
Hadley site. The mean of the accelerometer data 
results in a value for g of 162706 mgal. with a 
standard deviation of 12 mgal. If a spherical m a s  
distribution is assumed for the Moon, this same 
quantity can be calculated from the familiar equation 
g = W / R ' ,  where CM is the product of the universal 
gravitational constant and the lunar mass, and R is 
the lunar radius at the Hadley site, as determined 
from a combination of doppler-shift tracking of the 
spacecraft around the lunar center of mass and 
optical tracking of the landing site from the orbiting 
spacecraft. If the values CM = 4902.78 km3/sec2 and 
R = 1735.64 km are used in the equation, then a 
value for g of 162 752 mgal is obtained, which is in 
good agreement with the directly measured value of 
acceleration at *e Hadley site. 

During the final minutes of the third extra- 
vehicular activity, a short demonstration experiment 
was conducted. A heavy object (a 1.32-kg alumiicm 
geological hammer) and a light object (a 0.03-kg 
falcon feather) were released simultaneously from 
approximately the same height (approximately 1.6 
m) and were allowed to fall to the surface. Within the 
accuracy of the simultaneous release, the objects were 
obswed to Jndergo the same acceleration and strike 
the lunar surface simultaneously, which was a result 
predicted by well-established theory, but a result 
nonetheless reassuring considering both the number 
of viewers that witnessed the experiment and the fact 
that the homeward journey was based critically on 
the validity of the particular theory being tested. 

3hivate communication with R.L.  Nance, NASA Manned 
Spacecraft Center, Ckiober 197 1. 
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3. Summary of Scientific Results 
Anthony W. Englanda 

The exploration of the Descartes region by the 
ApoUo 16 crewmen provides the best look at lunar 
h i g h h d s .  As a result, many theories concerning lunar 
geologic structure and processes will be improved 
greatly. Unlike earlie: Apollo missions, premission 
photogeologic interpretation of the landing area w a s  
in error. Far from diminishing the mission, however, 
discovery of the unexpected enhanced the scientific 
impact. The surprise at Descartes was the state of the 
rocks, not their composition. That is, breccias rather 
than volcanics were dominant. The Compositions are 
near those of anorthositic gabbro and gabbroic 
anorthosite. This composition is consistent with the 
hypothesis that highlands are an early differentiate of 
a primitive lunar mantle. Aluminum-to-silicon (AI/Si) 
and magnesium-to-silicon (MglSi) ratios, as deter- 
mined by the orbiting X-ray fluorescence experiment, 
indicate that the Descartes area differs composition- 
ally from previous Apollo sites and that its chemical 
characteristics are representative of large regions of 
the lunar highlands. Thus, lessons learned at Descartes 
wil l  support new generalizations potentially appli- 
cable to much of the lunar surface. 

Although the dramatic phase or the Apollo 16 
mission ended with h e  splashdown, the scientific 
adventure will continue for many years. This report 
presents the first fruits of the mission; and, inevi 
tably, a number of its conclusions will be short livcd. 
Few disciplines are as dynamic as the lunar sciences. 

GEOLOGY EXPERIMENT 

The two morphologically distinct units at the 
Apollo 16 site are the highland plains-forming unit, 
called the Cayley Formation, and the ridges and 
mountains of the Descartes highlands. The Cayley 
Formation was sampled extensively at nine stations 
spread Over 7 km in a north-south direction. The goal 
was to  construct a vertical section and lateral varia- 
tion of the Cayley Formation based on samples from 
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the rims of various-sized craters. Before the mission, 
the Cayley Formation was thought to be a sequence 
of lava flows interbedded with ancient regoliths. 
Instead. the Cayley Formation is composed domi- 
nantly of four types of heterogeneous fragmental 
rocks or breccias. Although the relative proportions 
of the four breccias varied over the traverse area, no 
basic differences in the rock assemblages were seen. 
Based on the sample distribution and Apollo 16 
panoramic camera photographs of South Ray and 
Baby Ray Craters. the only stratification exhibited by 
the Cayley Formation is a crude, horizontal lay6 ing 
of alternating light and dark breccia units. 

The Cayley Formation appears to be a thick (at 
least 200111, possibly more than 300111). crudely 
stratified debris unit, the components of which are 
derived from plutonic anorthosites and feldspathic 
gabbros and from metamorphic rocks of similar 
composition. The Cayley Formation has an elemental 
composition similar to that observed over large 
regions of the lunar highlands by the orbital X-ray 
experiments of the ApoUo 15 and 16 missions 
(ref.3-1 and sec. 19 of this report). The observed 
textures and structures of the breccias resemble those 
of impact breccias. The observed textures and ~ N C -  

tures of the breccias do not resemble those of 
volcanic rocks, nor do the plutonic or metamorphic 
source rocks of the breccias have the textures or 
compositions of terrestrial or previously sampled 
lunar volcanic rock. 

Stations4 and 5 on the northern flank of Stone 
Mountain were selected as sampling locales for the 
Descartes highlands. However, the documented SIP 
ples and the soils collected on Stone Mountain are 
indistinguishable from those collected on the Cayley 
Plains. This similarity may be caused by a heavy 
mantle of ejecta from South Ray Crater. If so, the 
cores taker1 at station 4 and the rake samples col- 
lected from the inner slopes of small craters at 
stations 4 and 5 may contain unique Descartes 
highland material. However. the upper layers of the 
Descartes highlands may be lithologically identical to 
the bulk of the Cayley Formation. 



Although caution dictate; that a volcanic origin 
for the Cayley Formation not be eliminated as a 
possibility, all the evidence of the preliminary anal- 
ysis argues against it. Several alternate hypotheses are 
suggested by the geology team and by various authors 
of the photogeologic sections contained in this 
report. The dominant theme is deposition of debris 
from combinations of the ejecta from the lmbrium 
and Nectaris Basins. 

PRELIMINARY SAMPLE ANALYSIS 
A preliminary characterization of the rocks and 

soils returned from the Apollo 16 site has substan- 
tiated most of the widely held inferences that the 
lunar terra is commonly underlain by plagioclase-rich 
or anorthositic rocks. The texturally complex rocks 
exhiiit cataclastic textures with intergrowths of 

preexisting clasts that indicate a multistage history. In 
contrast t o  the complexity of the fabric, the chemical 
characteristics of the rocks and soils were compara- 
tively simple. The dominant chemical feature is ‘3e 
high abundance of aluminum and calcium. In a 
number of rocks, the absolute and relative abun- 
dances of these elements approach those of pure 
calcic p lag iock .  Each Apollo 16 rock h1:. into one 
of three groups, based on its alumina (A1203) 
content. Rocks in the fust group are nearly pure 
plagioclase and can be called cataclastic aiorthosites. 
The second group, characterized by A1203 contents 
of between 26 and 29 percent, consists of several 
breccias, two crystalline rocks, and all soil samples. 
The third group, all metamorphosed igneous rocks, 
has Alz03 contents below 26 percent. Many samples 
in this third group are similar chemically to  the 
basalts that are rich in potassium, rare-Earth ele- 
ments, and phosphorus (KREEP) found at the 
ApoUo 12, 14, and 15 sites. With a few qualifications, 
the chemistry of the ApoUo 16 rocks can be ac- 
counted for by a rather simple geologic model 
consisting of a large igneous complex that is variably 
enriched in plagioclase and is intruded by a trace- 
element-rich liquid after its formation. 

In addition to normal rock and soil samples, many 
special samples were collected. A few of the investiga- 
tions based on these samples will be the study of 
small-scale stratigraphy in the regolith; the study of 
the interaction of solar wind and cosmic rays with the 
lunar surface; and the study of special processes such 
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as erosion by micrometeorites, mobility of volatile 
elements, and darkening with time of freshly exposed 
lunar soil. Essentially J planned special samples 
were collected. 

Lunar samples exhibit two components of rem- 
anent magnetism: (1) a ”hard” component that can 
be erased only at temperatures near the Curie point 
of the sample and (2) a “soft” component, most of 
which can be lost by degaussing in a weak magnetic 
field. The implication of the hard component is that 
the sample cooled from a temperature above 850” C 
in the presence of a strong magnetic Edd. This 
hypothesis places stringent requirements on the early 
history of the Moon. Either the Moon once generated 
an internal field, or the Moon was once located near a 
strong external fEld. The soft component might 
reflect the lunar magnetic environment from the time 
the rock cooled to the present. An alternate hypoth- 
esis was that the soft component was largely an 
artifact of handling by the astronauts and of traveling 
in magnetically dirty spacecraft. The results of several 
tests, one involving a controlled sample sent on the 
Apollo 16 mission, indicate that much of the soft 
remanent magnetism in lunar samples was acquired 
from magnetic fields within the spacecraft. 

SOIL MECHANICS EXPERIMENT 
The mechanical properties of lunar regolith are 

governed by the distriiution of grain sizes, by the 
angularity of the grains, and by packing density or 
porosity. The distribution of grain sizes for the soil 
samples from Descartes lies near the coarse boundary 
of a composite distribution composed of soils from 
all previous sites. Statistical analysis of bootprint 
depths indicates that the near-surface porosities at the 
ApoUo 16 landing site were slightly higher than the 
average of those of the four previous missions, 
45 percent compared with 433 percent. The average 
porosity on crater rims was 46.1 percent. The resist- 
ance to penetration measured with the self-recording 
penetrometer is highly variable on both regional and 
local (points as close as 1 m) scales. As a result, no 
general conclusion is possible concerning whether the 
soil on slopes is weaker or stronger than that on flat 
areas. However, the pattern of resistance as a function 
of depth correlates well with the stratigraphy ob- 
served in X-radiographs of the core tubes, and 
stratigraphic profiles of the lunar surface have been 
determined for the first time. The density and density 



distribution in the 2.6-mcore at Descartes differed 
significantly from those in the deep core taken at 
Hadley. The ApoUo16 densities were lower (by 
approximately 0.2 glcm3). The densities increased 
smoothly with depth. The density of the Apollo 15 
deep core varied erratically with depth. The soils at 
the two locations must have experienced distinctly 
different histories. 

PASSIVE SEISMIC EXPERIMENT 

The activation of the Apollo 16 passive seismom- 
eter resulted in a four-station seismic network on the 
near side of the Moon. Because of a fortuitous 
impedance match between the Apollo 16 seismom- 
eter, the local regolith, and the underlying lunar 
crust, the seismic station at Descartes is an order of 
magnitude more sensitive than stations on the maria 
(Apollo I2 and 15) and five times more sensitive than 
the station at the Fra Mauro site (Apollo 14). The 
Apollo 16 seismometer is detecting moonquakes at 
the rate of 10 OOO/yr. One quake was the result of 
the largest meteoroid impact yet recorded. The event 
occurred 145 km north of the Apollo 14 station. The 
resulting seismic waves were well recorded at all four 
stations of the seismic network. Analpis of this single 
event has greatly improved the concept of the 
structure beneath the lunar crust. Measured seismic 
veloeities are close to those expected for gabbroic 
anorthosites, which predominate in the highlands of 
the Descartes site. Analysis of data from the lunar 
orbiting X-ray fluorescence experiment suggests that 
this rock type is representative of the lunar highlands 
on a global scale. The combination of velocity 
information with laboratory data from returned 
samples suggests the following conclusions. 

(1) The lunar crust in the highlands is approxi- 
mately 60 km thick. 

(2) The lunar crust in the highlands consists 
primarily of gabbroic and anorthositic materral. 

(3) The maria were formed by the excavation of 
the initial crust by meteoroid impacts and subsequent 
flooding by basaltic material. 

(4) From seismic evidence, the basalt layer in the 
southeastern portion of Oceanus Procellarum may be 
25 km thick, which is comparable to the thickness 
inferred for mascon maria. 

The seismic velocities below the crust and to the 
maximum depth that was investigated (approximately 
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120 km) are roughly equivalent to velocities observed 
in the upper mantle of the Earth. 

Although the Moon is seismically active, the total 
energy released is many orders of magnitude below 
that of the Earth. All seismic sources of internal 
origin are, apparently, discrete and are located below 
the lunar crust. Twenty-two source locations have 
been identified. In the five sowce regions in which 
focal depths have been determined, all quakes oc- 
curred in the range from 800 t o  loo0 km. The 
occunence of these quakes correlates with maximum 
lunar tides. Either they represent a release of tidal 
energy or the tides trigger the release of internally 
generated stresses. 

A new model for the meteoroid flux that is 
consistent with the seismically observed frequency of 
meteoroid impacts is proposed. This new flux esti- 
mate is from one to three orders of magnitude lower 
than models derived from photopaphic measure- 
ments of luminous trails striking the atmosphere of 
the Earth. 

ACTIVE SEISMIC EXPERIMENT 
The objective of the Apollo 16 active seismic ex- 

periment was to determine the local structure of the 
regolith and of the shallow lunar crust. The near- 
surface, compressional-wave velocity at the Deswtes 
site was 114 mlsec; this value can be compared 
t o  104, 108, and 9 2  mlsec at the Apollo 12, 14, and 
15 sites, respectively. A refracting horizon at  12.2 m 
may be the base of the regolith. The velocity below 
this depth was 250mlsec. A crustal velocity of 
250 mlsec is comparable to the 299-mlsec velocity 
observed in the Fra Maum breccias and is incompati- 
ble with the velocity of 800 mlsec or more expected 
for competent lava flows. This finding, along with the 
prevalence of breccias in the returned samples, argues 
that the Cayley Formation is composed of 
low-velocity brecciated material and impact-derived 
debris. Preliminary analysis indicates that this 
brecciated zone is more than 70 m thick. 

LUNAR SURFACE 
MAGNETOMETER EXPERIMENT 

The activation of the Apollo 16 l u a r  surface mag- 
netometer resulted in a network of three active mag- 
netic ov-?rvatories on the lunar surface. The objective 
of this network is to observe the global response of 
the Moon to variations in the magnetic field carried 



APOUO 16 PRELIMINARY SCIENCE REPORT 

by the solar wind. Variations in the solar wind mag- 
netic field generate eddy currents within the Moon. 
These currents create a magnetic field that suppresses 
the change in the total field observed on the surface 
of the Moon, and the charact of this suppression 
can be related t o  the electrical conductivity of the !u- 
nar interior. Because this electrical conductivity is 
dominantly a function of temperature, these tempo- 
ral studies of the magnetic field can be used t o  infer 
temperature distributions for the lunar interior. For 
the model of a peridotite Moon, preliminary analysis 
indicated a temperature profile that rises sharply to 
850" to 1050" K at a depth of approximately 90 km, 
then increases gradually to 1200" to 1500" K at a p  
proximately 1000 km, and may be above ISOO" K at 
greater depths. Greater detail as well as a comparison 
of the respmse of the Moon under maria (Apollo 12), 
under the edge of a large basin (Apollo IS), and un- 
der highlands (Apollo 16) should be possible as more 
data are received. 

LUNAR PORTABLE MAGNETOMETER 

The lunar portable magnetometer was used at four 
sites along the traverse route. These measurements 
and the magnetic measurement by the lunar surface 
magnetometer yield a total of five spatial measure- 
ments at Descartes. The remanent magnetic field was 
the largest yet observed on the Moon. Its strength was 
180 gammas near Spook Crater, 125 gammas on 
Stone Mountain, and 313 gammas at station 13 near 
North Ray Crater. Not only were the field strengths 
higher at Descartes than at  other Apollosites. the 
gradients were significantly greater: 370 gammas/km 
maximum observed at Descartes compared to  less 
than 133 gammaslkm (resolution limit of the lunar 
surface magnetometer) at the Apollo 12 and 15 sites 
and a measured 54 gammaslkm at the Apollo 14 site. 

FAR UV CAMERA/SPECTROGRAPH 
EXPERIMENT 

The far W camera/spectrograph was operated 
from the lunar surface for the first time on Apollo 
16. The instrument was sensitive to light in the 50- to 
160-nm range and "blind" to ordinary visible light. 
The experiment was completely successful in that the 
experiment ream obtained 178 photographic frames 
of far UV data on the airglow and poldr auroral zones 
sf ;he L r t h  and ihe geocorona; on over 550 stars, 

nebulae, or galaxies; and on the nearest external gal- 
axy, the Large Magellanic Cloud. The detailed and- 
ysis will take many months. However, the lack of 
quantitative results in time for this preliminary report 
cannot d d  the accomplishment of emplacement of 
the fust lunar astronomical observatory. 

SOLAR W I N D 
COMPOSITION EXPERIMENT 

The solar wind composition experiment was de- 
signed to measure with high precision the abundances 
and isotopic compositions of noble gases in the solar 
wind. It has been demonstrated that both elemental 
abundances and isotopic ratios varied with time. The 
Apollo 16 experiment hardware is composed of alu- 
minum and platinum foils that were exposed on the 
lunar surface for periods of several hours to trap 
various components of the solar wind. The relative 
elemental and isotopic abundances of helium and 
neon measured for the Apollo 12, 14, 15, and 16 
exposure times are quite similar and differ from those 
obtained during the Apollo 11 mi&on. Particularly 
noteworthy is the absence of any indication of 
electromagnetic sealaration effects that might have 
been expected at Descartes because of the relatively 
strong local magnetic field. 

COSMIC RAY EXPERIMENT 
The relative abundances and energy spectra of 

heavy solar and cosmic rays convey a wealth of infor- 
mation about the Sun and other galactic particle 
sources and about the acceleration and propagation 
of the particles. In particular, the lowest energy range 
from a few million electron volts per nuclear mass 
unit (MeV/nucleon) down to 1 keV/nucleon (a solar 
wind energy) is largely unexplored. The cosmic ray 
experiment contained a variety of detectors designed 
to examine this energy range. The precise nature of 
the experiment is dependent on the radiation envlron- 
ment during the mission. If the Sun were relatively 
quiescent, the objective was to determine whether the 
lowenergy nuclei are primarily solar or galactic in ori- 
gin. If the Sun were active, the objective was to study 
the composition of solar cosmic rays and the solar 
acceleration processes. Because a solar flare occurred 
during the mission, the latter objective was served. 

A preliminary analysis indicates that the spectrum 
for iron-group cosmic rays is given by an (energyP3 
relation in the energy range from 30 MeV/nucleon 
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down to 0.04 MeV/nucleon and flattens to (energy)-l 
from 0.04 to 0.01 MeV/nucleon. The higher energy 
relation is identical to previous results for the 0.16- to 
IOO-MeV/nucleon range. A striking aspect is the rela- 
tive enrichment of iron at the lower energies during a 
sdar flare. This pnrichment is estimated to be a factor 
of approximately 450 greater than the photospheric 
value. Although the precise value of the enhancement 
might be in question, the data do strongly suggest 
that the heavier particles are appreciably more abun- 
dant in the solar flares than iri the surface of the Sun. 
At higher energies, however, the abundances were 
normal for galactic cosmic rays. 

Mica and feldspar were included as detectors in 
addition to Lexan and glass. By comparing the 
sensitivities of the natural materials against those of 
the Lexan, a calibration will be established applicable 
to studies of particle tracks in lunar samples. 

GEGENSCHEIN EXPERIMENT 
Gegenschein is the phenomenon of sky brightness 

in the antisolar region as viewed from the Earth. 
Apossible mechanism for this brightness might be 
backscatter of light by particles lingering in the 
Moulton region, a libration point of the Earth-Sun 
system. The objective of the experiment was to  use 
fast film and long exposures in lunar orbit to map the 
luminance of the gegenschein. If it were a result of 
particles in the Moulton region, the gegenschein 
would be displaced 15' from the antisolar point as 
viewed from the Moon. Preliminary analysis indicates 
that the gegenschein as viewed from the Moon 
appears at the antisolar point and, thus, argues against 
the Moulton region as a source, 

GAMMA RAY SPECTROMETER 
EXPERIMENT 

The gamma ray spectrometer is one of the three 
instruments in a gochemical remote-sensing package 
flown for the second and last time on Apollo 16. The 
spectrometer is sensitive prirnady to gamma rays 
produced by natural radioactivity in the lunar soil. 
The secondary emissions induced by galactic cosmic 
rays constitute a second source. The experiment 
team's initial conclusions, based upon the natural 
rather than the induced radiation, are as follows. 

(1) In agreement with the Apollo 15 results, the 
western maria are genenlly more radioactive than 
other regions of the Moon. 

(2) Detailed structure exists within the high- 
radioactivity regions. The hiR5 observed in the Fra 
Mauro area is at approxiimtely the same level as 
those seen around Aristarchus and south of Archi- 
medes on the Apollo 15 mission. Those levels are 
comparable to  that observed in the soil returned on 
the Apollo I4 mission. 

(3) Radioactivity is lower and morc variable in 
the eastern maria. 

(4) The lunar highlands are rqions of low radio- 
activity. The Descartes area appears to have under- 
gone some admixing of radioactive material. 

A second objective of the experiment was t o  map 
the anisotropies in the galactic cosmic ray fluxes by 
using the spacecraft as an occulting disk. Although 
the analysis has just begun, a preliminary look at the 
data indicates that discrete, celestial gamma ray 
sources were, in fact, detected. 

X-RAY F LUO R ESCE NC E 
EXPERIMENT 

The X-ray spectrometer was the second of the 
three geochemical remote sensors flown on the 
Apollo 16 mission. By analyzing the characteristic 
secondary X-ray emissions produced by solar X-rays 
impinging on the lunar surface. maps of the AI/Si and 
Mg/Si ratios can be constructed for the sunlit 
portions of the Moon. Preliminary conclusions reaf- 
firmed the validity of the Apollo 15 result and 
extended the interpretation over new areas. Most 
important, and the objective of all the orbiting 
geochemical sensors, is the ability to compare the 
compositions of returned lunar samples to  those of 
remote areas of the Moon. The A1203 concentration 
in the %cartes soil inferred from the X-ray measure- 
ments (26 to 27 percent) was confirmed by the 
preliminary analysis of the returned soil (26.5 per- 
cent). Descartes soils appear to be similar to those of 
the eastern limb and the far-side highlands. Remotely 
sensed AI/Si and Mg/Si ratios for Descartes are 0.67 f 
0.1 I and 0.19 f 0.05 and those of the eastern limb 
and the far-side highlands are approximately 0.60 to 
0.71 and 0.16 to 0.21, respectively. Generally, the 
highlands are high in aluminum and low in magne- 
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sium, whereas the reverse is true for the maria. 
However, there are exceptions, such as Ptolemaeus. 
where both magnesium and aluminum are high. The 
emerging picture of the lunar highlands is one of an 
ancient lunar crust composed of materials with a 
composition varying between anorthositic gabbro and 
gabbroic anort hcsite. 

During transearth coast, the Apollo 16 X-ray 
spectrometer was used to observe the temporal 
behavior of two pulsaiing X-ray stars, Scorpius 
(ScoX-I) and Cygnus (Cyg X-1). Sco X-1 may be 
characterized by quiet periods and by periods of up 
to a day in length in which IO- to 3Gpercent changes 
in X-ray intensity occur in a few minutes. These 
changes in intensity are concurrent but not neces- 
sarily simultaneous with changes in optical and radio 
intensity. Cyg X-l can double in intensity within a 
day or so. The increase occurs in al l  three energy 
ranges, 1 to 3 keV, 3 keV, and 7 keV. The time 
variability of the two sources does not appear to be 
similar at time scales of several seconds to  2 hr. 

ALPHA PARTICLE 
SPECTROMETER EXPERIMENT 

The third of the remote geochemical sensors, the 
alpha particle spectrometer, is sensitive to radioactive 
radon gas emanating from the lunar surface. Because 
radon itself is a product of the decay of uranium and 
thorium, mapping the concentration of radon gas is 
tantamount to mapping regions of high radioactivity. 
This capability is especially significant where the 
radioactivity lies below the lunar surface yet might be 
detected by its escape through fissures. Results from 
a still incomplete analysis of Apollo I S  data indicate 
that the region including Aristarchus, Schrotefs 
Valley, and Cobra Head is an area of relatively high 
radon emanation. Because of the limited spatial 
resolution of the technique, only general source 
rzgions can be designated. Another area that has been 
identified is the broad region from west of Mare 
Crisium to the Van de Graaff-Oriov area. A real-time 
analysis of Apollo 16 data indicates a strong high 
centered on Mare Fecunditatis. 

MASS SPECTROMETER EXPERIMENT 
The objectives of the lunar orbital mass spectrom- 

eter carried on both the Apollo 15 and 16 missions 
were to detect a lunar atmospherL and to search lor 

active lunar volcanism. The instrument covered the 
mass range from 12 to 67 amu and was sensitive to 
partial pressures as low as 1 x 10-14 torr. Unfortu- 
nately, contamination from the spacecraft tends to 
mask the lower concentrations of the atmospheric 
gases. However, shortly after the piane change and 
rendezvous of the Apollo 16 command and service 
module (CSM) and lunar module (LM), the contami- 
nation levels as recorded by the mass spectrometer 
were the lowest yet observed in lunar orbit. During 
this period, data were obtained on the partial pressure 
of neon-20. A prelirninary analysis indicates that, at 
the orbital altitude of 100 km, the concentration of 
neon-20 is 8.3 (*5) X lo3 atoms/cm3. Because 100 
km is 4 scale heights above the lunar surface at night, 
the nigtrttime surface concentration would be 4.5 
(*3) x 105 atomslcm3. This value is approximately a 
factor of 3 less than previous estimates. 

SUBSATELLITE MEASUREMENTS 
OF PLASMA AND 

EN ERG ETlC PARTICLES 

Along with a magnetometer and an S-band track- 
ing function, plasma and energetic particle detectors 
were carried on the subsatellite launched into lunar 
orbit by the Apollo 16 CSM. These detectors were 
included to observe tne various plasmas in which the 
Moon moves, to  study the interaction of the Moon 
with the solar wind plasma, and to observe certain 
features of the structure and dynamics of the 
magnetosphere of the Earth. The detectors were 
sensitive to  electrons in the 0.5- to IS- and 20- to  
300-keV ranges and to  protons in the 40-keV t o  
2-MeV range. 

A first look at the data indicates that the sensors 
experienced passage of a hydromagnetic shock wave 
in the solar wind. The magnetometer recorded a sharp 
discontinuity a t  the time of electron onset, and. 
10 min later. Earth-based magnetometers observed a 
similar disturbance. This magnitude corresponds to a 
shock-propagation velocity that is greater than 
400 km/sec. The rise times for the proton and 
electron increases yield profiles for the region of 
shock discontinuity. The inferred thickness of this 
region is approximately 4000 km. Solar wind elec- 
trons maintained ahormally high temperatures for 
12 hr following the shock. 
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At the time of the Apollo 16 subsatellite launch, 
the Moon was just entering the geomagnetic tail. 
During the time the Moon was in the magnetotail, the 
subsatellite returned 22 orbits of data on the high- 
latitude magnetotail and nine orbits of data on the 
plasma sheet. From these data, the fluxes and the 
energy spectra were constructed. A continuing fea- 
ture of the plasma sheet is a large flux of energetic 
protons. Plasma-sheet protons greater than 40 keV 
often have flux an order of magnitude greater than 
electrons of the samt epergy. This difference is in 
contrast to the high-latitude magnetotail, in which 
the electron and proton fluxes are approximately the 
Same. 

S-BAN D 
TRANSPONDER EXPERIMENT 

:-band transponder tracking of the LM-CSM and 
of the Apollo subsatellites is Jsed to map the lunar 
gravitational field. The degree of correlation between 
the gravity map and physiographic features such as 
craters or mountains is used to infer density contrasts 
or to detect buried structures. 

Unlike spacecraft on previous Apollo missions, the 
Apollo 16 LM-CSM did not traverse any known 
completely visible inaxons. However, several features 
do appear in the new gravity profdes. An extensive 
gravity that does not comelate well with the surface 
feature was found in the area of the Riphaeus 
Mountains. The mountains may be associated with a 
much larger subsurface structure. The Nubium and 
Fra Mauro areas are gravity lows; and the Descartes 
area, altrlough essentially a gravity high, is flanked on 
th: east bv a definite negative anomaly. Although the 
detailed analysis continues. several generalizations 
m a y  be made. 

t : )  All unfilled craters arc negative anomalies. 
(2) AI1 filled "craters" and circular seas with 

di imeters greatrr than approximtely 200 km are 
positive anomalies, or mascons. The smallest is 
r imaldi at 150 km; an exception is the unique 
Sinus Iridum. 

(3) Filled craters less than 200 km in diameter 
are negative arlomalies; an example is Ptolemaeus. 

(4) Part of the central highlands appears as a 
positive anomaly. 

(5) Mountain ranges observed so far have positive 
anomalies (Marius, Apennines); whether isostatic 
equilibrium has been achieved is undetermined. 

(6) Gravitational anomalies associated with the 
ring structure of Orientale are verified independently; 
the suggestion of ring strticture fc., ,ame of the other 
mascons is consistent with the additional data. 

(7) There are definable features not correlated 
with obvious surface features of geologic blocks. and 
these  fea tures  presumably represent subsur- 
face characteristics. 

BlSTATlC RADAR 
EXPERIMENT 

The bistatic radar experiment uses CSM S-band 
and very-high-frequency (VHF) transmissions to 
probe the electromagnetic and structural properties 
of the lunar surface. Radio signals from the CSM are 
reflected by an approximately 1 0-km-diameter area 
of the Moon and recorded by radiotelescopes on the 
Earth. As the CSM orbits, the reflecting spot scans 
the lunar disk. The characteristics of that reflecring 
area can be interpreted in terms of dielectric proper- 
ties, block sizes, and slopes. 

Initial conclusions are that the oblique geometry 
scattering properties of the lunar surface are wave- 
length 'ependent in the decimeter to meter range. At 
a given wavelength, the scattering law is highly 
dependent on local topography. Furthermore, there 
are systematic differences in the average scattering 
properties of mare and highland units. Generally, 
reflections off maria a t  the S-band wavelength are 
uniform and consistent with a knar  surface dielectric 
constant of 3.1 f 0.1. The VHF reflection is not as 
easily interpreted. Evidently, the maria are not simple 
half-space reflectors a t  W F  wavelengths. Both the 
Apennines and the central highlands show a reduction 
in the dielectric constant from 3.1 for S-band to 2.3 
for VHF. Typical root-mean-square slopes for the 
highlands are 5" to 7" for both S-band and VHF 
wavelengths, whereas, for the maria, the data are 
consistent with 2" to 4" slopes at S-band but only to 
I" or 2" at W F  wavelengths. 

ADD IT1 0 N A L E XPE R I M E NTS 

A continuation o t  an experiment flown bn the 
Apollo 15 Assion, the ultraviolet photography of the 
Earth and Moon, was to allow comparison of ultra- 
violet and color photographs under eqcivalent cir- 
cumstances. The results will be applied to telescopic 
observations of the planets. A 70-mm camera was 
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used wid; four filters having passbands between 
255 and 400 nm. A survey of the returned images of 
the Moon shows little of the loss of detail at the 
shorter wavelengths observed in telcacopic ultraviolet 
photographs of Mars. The photographs of the Earth 
show the expected diminution of detail with shorter 
wavelengths caused by 'he increased opacity of the 
atmosphere of the Eartn at ultraviolet wavelengths. 

The Apollo command module heat shield win- 
dows aie studied to obtain infonna!ion about the 
flux of meteoroids with masses of I X lW7g down to 
the detection limit of I X IO-* l g  for optial  studies 
or of meteoroids of much lower masses for antici- 
pated e1ec:ron microscope studies. The resulting 
estimate of mass flux is in good agreement with 
Surveyor 111 data and with models generated from 
qear-Earth studies. 

Three biomedical experiments were flown on the 
Apollo 16 mission. These were the biostack. an 
experiment to study the biological effects of galactic 
cosmic radiation; thz Apollo light *lash moving 
emulsion detecta.  to study the subjective observa- 
tion of faint light frashes seen by nearly all Apollo 
crewmen while in space; and the microbial ecc!ogy 

evaluation device, to study the response of vixious 
microbes to a space environment. All three experi- 
ments were executed successfully. Althougb a few 
qualitative results are included in this report, the 
detailed analyses have just begun. 

An impressive array of cameras was flown in the 
Apollo 16 CSM. These ranged from the highly 
sophisticated 24-in. panoramic camera and the 3-in. 
mapping camera with its laser alt iwter and star-field 
recorder to the 16.. 35, and 70-mm cameras used for 
astronomicai photography, eartbshine lunar photog- 
raphy. and iolar corona phJiography and to support 
crew Ibservations of lunar features. The more than 
two dozen sections in this report resulting from this 
Apollo 16 photography are ample testimony of its 
value. These sections, as well as summaries of 
Earth-based radar and infrared studies, are included as 
valid products of the Apollo 16 effort. 

REFERENCE 
3-1. Adler, I.; Trombka, J.; Cerard, J.; Schmadebeck. R.; 

et at.: X-R. y Flwxescence Experiment. Sec. 17 of 
Apollo 15 Preliminary Science Report. NASA SP-289, 
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3. Summary of Scientific Results 
Rcberr A. Puke? 

The ttrst phase of man’s active exploration of the 
Moon came to  an end with the Apollo 17 mission. 
Many questions about lunar science have been 
answered during the intensive activity of the last 
decade, but many more remain to be answered. Sone 
of the unanswered questions will be answered in the 
future from data alrcady returned but as yet not fully 
analyzed, and some will have to wait for data yet to 
be returned from in-*ruments already in place on the 
lunar .-%ce. btul other questions must await further 
explr ration. 

The basic objective of the Apollo 17 mission was 
to sample basin ri* t highland material and adjacent 
mare material mu investigate the geological evolu- 
tionary relationship between these two major units. 
In addition to achieving this general geological objec- 
tive, it has also been possihle to measure directiy the 
thermal neutron flux in the regolith, to explore 
geophysically the subsv-face structure d the valley 
floor. to determine thr constituents of the i rmr  
atmosphere and observe their variations during the 
lunar day and night, and to explore even more of the 
luriar surface Temotely from orbit. 

These initial results and others will someday bt 
combined into a coherent picture of the evolution 0; 

the Moon that will reflect more light on both the 
abstract and specific problems of the evolution and 
current conditions of the Earth and other planets. 
That will be the :rue lepcy of the Apollo Program- 
not just the sometimes apparently fragmented pre- 
liminary results seen here. 

LUNAR FIELD GEOLOGY 

Premission photogeology of the Taurus-Littrow 
valley and its environs led to the expectation of 
sampling five different m%;or stratigraphic units: the 

aNASA Lyndon B. Johnson Space Center. 

!ight mantle, the dark mantle. the subfloor, the 
Sculptured Hills. and the massifs. 

The light mantle unit was sampled at stations 2, 
2A. arld 3 and at two lunar roving vehicle (LRV) 
sampling stops. Preliminary indications from these 
samples are t!!at the light mantle is primarily fine- 
p i n e d  debris that includes cataciasites and breccias 
similar to those attriouted to the South Massif and 
different from the regolith elsewhere on the valley 
floor. These observations are in agreement with the 
hypothesis that the light mantle unit resulted from a 
slide down the northern face of the South Massif that 
occurred approximately 10’ yr ago as indicated by 
crater counts. The slide perhaps was caused by the 
impact of some secorrdary ejecta at the top of the 
South Massif. 

The dark mantle unit remains one of the enigmas 
of the ApoEo 17 mission. Photogeological observa- 
tions of the subdued appearance of the larger craters 
and the general paucity of craters on the valley flom 
had led tc the expectation of a “mantling” unit 
which covered the valley floor sometime after most 
of the regol h formation had taken place and which 
was perhaps Copernican in age. Because of dark areas 
in depressioris in the surrounding highlands, the 
mantling unit was expected to have also covered a*  
least part of ‘he highlands. No such unit hap so far 
been detected In situ. Instead, everywhcre on the 
valley floor except in the area of the light mantle. the 
soil appears to be regolith largely derived from the 
underlying subfloor basalt unit. A possible dark 
mantle component in the regolith is the dark glass 
sphere unit of unknown origin but posibly related to 
the orange glass of station 4. The age of the dark 
plas, however, is 3.7 X IO9 yr, and it is apparently 
well rrixed into the regolith, which seems to rule it 
out 4s the mantling unit. 

The subfloor unit was well sampled at L number of 
stations (the .ipollo lunar surface experiments pxk-  
age ‘ \LSEP) site and stations I A ,  4, 5 ,  and 9?) and 
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was shown to be a 3.8 X 109-yr-old. massive, light- 
d o r e d  mare basalt unit containing 10 to 15 percent 
vesicles, 30 to 40 percent plag~oclase. together with 
clinopyroxene and ilmenite as rock-forming plagio- 

and chemistry exist. Geophysical experiments on the 
mission also indicate the existence of such a layer 
with a thickness of approximately 1 km. Samples of 
the subfloor basalt were primarily taken from 
boulder& ejecta at large craters that penetrated the 
regolith to the underlying unit. Samples of the basalt 
were also obtained from the regolith that has been 
developed on top of it, notably in a widespread series 
of LRV samples as well as at the major geological 
stations. Samples from station 9 in particular nny be 
from deep in the regolith (but not quite to the depth 
of the basalt unit). 

The Sculptured Hills unit was investigated a: 
station 8. Because of the lack of any identifnble 
material that has moved downslope. sampling of the 
Sculptured Hills unit consists of samples of the 
regolith from the lower part of the slope. Because the 
sod undoubtedly is composed of material from both 
the valley regolith and the Sculptured Hills regolith, 
identification of the Sculptured Hills rock types will 
have to be delayzd until a comparison can be 
made between the valley regolith and the soil col- 
lected at station 8. At the moment, no more is 
known adout the Sculptured Hills unit than that it 
is a highland unit *.orphologically different from 
the massifs and the reasons for this difference are 
unknown. 

The massif unit was sampled at three locations at 
the bases of the South and North Massifs (station 2 
ard stations 6 and 7, respectively) and also in the 
light mantle. Five different boulders (one of which, at 
station 6, had broken into five boulder-size pieces) as 
well as soils were sampled at the three stations. The 
boulders undoubtedly represent units in place higher 
up the massif slopes (in the upper half of the South 
Massif ar.d the lower third of the North Massif). All 
the boulders ;re brecL...; of a moderately cornpkx 
nature, similar to those from the Apollo IS  and 16 
sites, and are indicative of more than one brecciation 
event. There is indication of a correlation of breccia 
types between the North and South Massifs, but 
definitive conclusions on thh must wait for additional 
geochemical analyses and detailed petrologic exami- 
nation. In the meantime, it can be concluded that the 
massif unit, probably raised by the Serenitatis event, 

dase. some local variations in texture, mineralogy. 

is composed of breccias lhat probably were produced 
by one or more basin-forming evenu. 

An event of great interest dtiring the geological 
exploration of the valley of Taurus-Littrow was the 
discovery of deposits of orange glass on the rim of 
Shorty Crater. Present irldications are that the orangc 
glass is fairly old (3.7 X IO9 yr); that shortly after its 
formation, it was well buried; and that only recently 
(20 to 30 X IO6 yr ago), it was excavated by the 
Shorty Crater impact. Some traces of the orange glass 
spheres exist in the regolith elsewhere in the valley. 

The general premission model of a graben valley 
that was formed as part of the Serenitatis event, 
perhaps reactivated since then. and later partly tilled 
with a basalt flow (or flows) during the episode of 
mare filling is corroborated and more tightly defmed 
by the data analyzed to date. 

PRELIMINARY SAMPLE 
ANALYSIS 

The suite of rock samples returned from the 
Apollo 17 mission is a quite varied one. Included in 
the samples are basalts. dark-matrix breccias and 
a u t i n a t e s ,  green-y breccias, blue-gray breccias, 
light-gray breccias. brecciated gabbroic rockc, and 
others (including a dunite clast composed of more 
than 95 percent olivine). 

Thc basalts are quite uniform in composition and 
are generally similar to the Apollo I 1  hx-lts. They 
are anerally vesizdar, have vanable grain sizes as 
ltrge as 2 mm, ana cvirsist of approximately 25 to  30 
percerlt plagioclase. The basalts are hi$ in titanium 
like the Apollo 11 basalts but are much lower in 
nickel. In detail, chemical differences within the 
Aiollo 17 basalt suite argue for at least two different 
basalt types. 

The dark-matrix breccias and agglutinrtes are 
derived from the basalt regolith of the \alley floor 
and contain clasts of basalt. The green-gray breccias 
are pedominantly matrix with a small percentage of 
mostly mineral clasts. The matrix is cohercnt, is rich 
in poikilitic orthopyroxene, and has vesicles as large 
as several centimeters in diameter. The blue-gray 
breccias are matrix breccia9 with a more varied 
population of clasts than the green-gray breccias. The 
blue-gray matrix is slightly vesicular with some 
fine-scale banding and a recrystallized texture. The 
light-gra] breccias are layered and foliated, have a 
higher percentage of clasts, and are less coherent than 
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the green-gray and blue-gray types. The clasts, both 
lithic and mined. are g-ierally feldspar rich and 
include fmt- apd second-order breccias. The light- 
gray matrix texture is fragmental. The brecciated 
gabbroic mcks are similar to the crushed cataclastic 
anorthosites returned on the ApNo 15 and 16 
IniSSiOnS 

The breccias can be divided chemically into two 
groups: the blue-gray. greengray. and light-gray 
bmcias with npproximately 50 percent normative 
plagioclase and the brecciated gabbroic rocks with 
approximately 70 percent normative plagioclase. The 
bluegray. green-gray, and light-gray breccias have 
strikingly more potassium, phosphorus, rubidium. 
yttrium, zirconium, and niobium than the brecciated 
gabbroic rocks Based on analysis of one light-gray 
breccia, they appear to have slightly higher rubidium, 
yttrium, and drconium contents and a slightly lower 
stn;ntium and nickel content than the blue-gray and 
green-gray breccias. Both the major- and trace- 
element compositions of the blue-, green-, and light- 
gray breccias are very similar to  those of the 
KEEP-like rocks (those that are rich in potassium, 
ramearth elements, and phosphorus) from Descartes 
and are e s p e d y  similar to those of the brown-glass- 
matrix breccia from Hadley-ApennC* >e brecciated 
gabbroic rocks chemically r e m  ,mila rocks 
from the ApoUo 16 mission and t ._ ccially closely 
resemble A p U o  IS sample 154 IS. 

The Apollo 17 soils are generally divided into two 
types: soils on the valley floor derived as regolith 
from the underlying basalt and soils from the massifs 
and light mantle derived as regolith from the breccias. 
At the transition zones between the two units and at 
the foot of the Sculptured Hills, the soils are a 
mixture of the two tyyes. Exotic glasses (orange and 
black glass spherules), first noticed at Shorty Crater, 
are present in soils throughout the valley. The orange 
soil is generally basaltic but has a hi# er percentage of 
magnesium and a very strikingly high abundance of 
zinc as well as other traceelement differmces (e.g., 
high chromium oxide). The orange soil also contains 
more low-temperature volatiles than do other soil 
samples. 

SUR FACE ELECTRICAL PROPERTIES 
EXPE RIMENT 

The surface electrical properties (SFP) experiment 
was used to measure the dielectric constant of the 

lunar regolith in situ and also to provide information 
on the subsurface structure in the region covered by 
the geology traverses. Electromagnetic radiation zt six 
frequencies between I and 32 MHz was transmitted 
from a fur4 crosseddipole antenna and received 
through an antenna attached to the LRV. Preliminary 
indications are that useful data were received only 
during the traverse from the SEP site to  station 2. On 
the basis of early analysis of the signals recorded 
during that traverse. two different models can be 
developed. One model explains the observations in 
terms of a dielectric constant that increases as a 
function of depth, in particular with a marked 
discontinuity at a depth of approximately 50 m. The 
other model inclgdes two layers having diffeient 
dielectric constants the interface of which decreases 
in depth from approximately 20 m at the lunar 
module (LM) site to IS m at station 2. 

LUNAR TRAVERSE GRAVIMETER 

By tlie comparison of measurements made on the 
Earth and at the ApoUo 17 landing site with the same 
instrument, the lunar traverse gravimeter, the value of 
gravity at the LM site was found to be 162 695 f 5 
mgal. Relative gravity measurements were obtained 
for a network of 12 stations spread across the valley 
floor. At four stations near the LM (the LM, ALSEP. 
and SEP sites and station 1 A), the 10 measurements 
agree within approximately f 3 mgal. At four other 
stations on the valley floor located as far as 5 km 
from the LM (stations 3, 4, 5 ,  and 9). the Bouguer 
anomaly is generally small and slightly negative (-5 
to -10 mgal). At fnur other stations either at or very 
near the massifs istations 2, 2A, 6, and 8), the 
Bouguer anomaly increases rapidly to between -20 
and -25 mgal. Between stations 2A and 3. a distance 
of less than 1.5 km, the Bouguer anomaly changes 
from -20 to -5 mgal. The Bouyer anomaly curve 
has been interpreted in terms of a model with a 
1-km-thick plate of basalt for the valley floor, 
assuming a density contrast of 0.8 g/cm3 with respect 
to the material on either side. 

LUNAR SEISMIC PROFILING 
EXPERIMENT 

The lunar seismic profiling experiment is an 
extension of the active seismic experiment carried on 
the Apollo 14 and 16 missions. Light explosive 
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charges (rangmg in size from 57 to 2722 g! were 
deployed at distances between 100 and 2700 m from 
a triangular geophone array. These charges were later 
detonated on command from the Earth, zqd travel- 
time measurements were obtained that, together with 
the LM-impact signals, indicate a three-layer model 
for the valley floor at Taurus-Littrow. The first 
248-m-thick surface layer has a seismic velocity of 
250 m/sec. The second layer, extending to a depth of 
approximately 1200 m, has a seismic velocity of 1200 
m/sec. Below I200 m, the third layer, with a seismic 
velocity of approximately 400 mlsec. begins. A 
reasonable model, with basalt flows filling the valley 
of Taurus-Littrow to a depth of 1.2 km. can be 
derived from these observations. The 4000-m/sec 
velocity for the third layer is a valuable tie point 
between the shallow surface velocities measured 
earlier and the deeper velocities measured by the 
passive seismometers from distant events. 

LUNAR SURFACE GRAVIMETER 

The lunar surface gravimeter was designed to make 
very accurate ( I  part in IO") measurements of the 
acceleration of lunar gravity and of its variation with 
time. These measurements should allow investigations 
of gravitational waves by using t!!e Moon as an 
antenna and also investigations of tidal distortions of 
the shape of the Moon. Following deployment of the 
gravimeter, ptoblems occurred in trying to balace 
the beam. These problems were probably caused by 
an incorrect mass of the beam and have at least partly 
been overcome by applying pressure on the beam 
with the maschanging mechanism. Data in the form 
of seismic events at sunrise and sunset have been 
receiveJ, and it is hoped that the instrument can be 
used in its off-nominal mode to  obtain the data for 
which it was designed. 

LUNAR EJECTA AND METEORITES 
EXPERIMENT 

The objectives of the lunar ejecta and meteorites 
experiment, whic 1 is part of the ALSEP, are to detect 
secondary particles that have been ejected by meteor- 
ite impacts on the lunar surface and to detect primary 
micrometeorites themselves. The particle detectors of 
the instrument are multilayered arrays that are 
capable of measuring the velocity and energy of 

incident particles. No meaningful results are yet 
available from this instrument. 

LUNAR ATMOSPHERIC COMPOSITION 
EXPERIMENT 

The lunar atmospheric composition experiment is 
designed to identify the various gases in the lunar 
atmosphere a n i  :o determine the concentration of 
each species. Previous measurements using the cold 
cathode ion pges have been limited to total gas 
concentrations. heliminary results for the first three 
lunations indicate the presence of (1) three native 
species in the lunar atmosphere (helium, neon, and 
argon) and ( 2 )  a large number of other species, some 
of which are undoubtedly contaminants (e.& atomic 
hydrogen. nitrogen, oxygen, chlorine, hydrochloric 
acid, and carbon dioxide). The measured concentra- 
tions of these contaminants has continued to  decline 
with the passage of time. 

The measured helium concentrations and their 
behavior as a function of phase in the lunation 
(increasing by a factor of 20 toward lunar midnight) 
are in agreement with predictions tha; helium does 
not freeze out on the surface at night and that its 
source is the solar wind. The concent-ation of neon, 
measured only at night, is a factor of 20 lower than 
predicted, and the results are not understood. The 
concentration of argon also decreases (in fact, be- 
comes undetectable) during the night as expected for 
a gas that freezes out on the surface during the lunar 
night. Shortly before dawn, the argon concentration 
begins to rise, apparently indicative of the migration 
of argon across the approaching sunrise terminator (a 
predawn argon breeze); the behavior of the contanu- 
nants is markedly different in that they show a sharp 
rise just at local sunrise. 

HEAT FLOW EXPERIMENT 

The deployment of a second heat flow experiment 
on the lunar surface as a part of the Apollo 17 
ALSEP allows comparison of Imar heat flow mea- 
sured at two different stations, the Apollo l 5 and I7 
landing sites. Both Apollo 17 probes were success- 
fully inserted to their full depth of 2.36 m. 

Preliminary results indicate that the heat flow at 
the Apollo 17 site is 2.8 X W/cm2 for the first 
probe and 2.5 X W/cm2 for the second probe. 
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These values can be compared with a revised value for 
the ApoUo I5 site of 3.1 X W/cm*. The 
uncertainty for all three values is f 20 percent. The 
heat flow gradient for probe 1 is uniform in agree- 
ment wnrh a similar observation made at the ApoUo 
15 site. For probe 2, however, the gradient is 
deffitely not uniform and the difference is believed 
to be due to insertion of the probe very near a buried 
boulder. 

Corrections for topography have not yet been 
applied to the heat flow values. Although the size of 
these corrections is not clear at this time, it would 
appear that they will result in a reduction of the 
present vali es by a factor of 15 to 25 percent for the 
Apollo 17 measurements and an uncertainty of +- 10 
percent for the Apodo 15 measurements. The pos- 
sible resulting difference between the heat flow values 
measured at the two different sites may be explain- 
able in terms of hlgher thorium abundances, observed 
by the ApoUo I5 gamma ray instrument, in south- 
eastern Mare lmbrium as compared with southeastern 
Mare Serenitatir In any case, values of the heat flow 
between 2.4X IO-6 and 3.0X W/cm2 are 
confirmed as characteristic of more than one site of 
the Moon. If applied generally to the entire Moon, 
~ o s e  values argue for relatively large quantities of 
radioisotopes in the outer layers of the Moon. 

LUNAR NEUTRON PROBE EXPERIMENT 
Time-integrated fluxes of thermal neutrons (5 1 

eV) as a function of depth in the regolith were 
measured using the lunar neutron probe. These 
measurements were accomplished with targets of 
boron-IO and uranium-235 placed at intervals along a 
2-m rod that was inserted into the hole left by the 
deep drill core when it was extracted. Preliminary 
analysis of tracks in the mica detectors that were used 
in conjunction with the uranium235 targets agrees 
with both the magnitude and shape of previous 
theoretical work on the neutron flux as a function of 
depth in the lunar regolith. Therefore, the problem 
concerning the fact that integrated neutron dosages 
for soil samples indicate more rapid and/or deeper 
regolith turnover than geological evidence indicates is 
not resolved. Hence, neither the mixing depth nor the 
time scale of the regolith model, br-th of which are 
needed to fully interpret the gadolinium ratios, has 
been defined. 

PASSIVE SEISMIC EXPERIMENT 
A passive seismometer station was not included in 

the Apollo I7 ALSEP. The impacts of the ApoUo 17 
LM and SlVB were observed by the four stations 
already in place at distances as great as 1750 km. 
These impacts and the occurrence of other natural 
events since the Apollo 16 mission (especia!ly an 
impact on the far side near Mare Moscoviense) have 
helped to further define the lunar seismic model 
below the “crust” as being characterized by a thick, 
seismically inactive, relatively homogeneous lithu- 
sphere that encloses an asthenospheric zone of partial 
melting. Moonquake activity appears to be concen- 
trated at the boundary between these two zonesat a 
depth of approximately 1000 km. Evidence hss also 
been found for the existence of two belts of seismic 
activity as plotted by epicenter locations. Seismic 
observations to date cannot be used to either confirm 
or deny the possible existence of a small iron-rich 
core. 

COSMIC RAY EXPERIMENT 

A new set of cosmic ray detectors was carried to 
the surface of the Moon on the Apollo 17.missi-m. 
Two sets of detectors (including mica, quartz. @ass, 
plastic, and foil) were exposed, one set facing the Sun 
and one set in the shade facing away from the Sun. 
During the time that the detectors were exposed, no 
significant solar activity occurred. Although the 
absolute flux level; for the 0.02- to I-MeV/amu 
energy range were considerably lower than those for 
the Apollo 16 mission, the shape of the spectrum is 
similar to that for the flare that occurred dunng the 
Apollo 16 mission and indicates that proportionate 
numbers of energetic particles are emitted by the Sun 
even during quiet periods. Heavyelemcnt enrichment 
noted during flares is also present during the quiet 
periods. Tracks were also noted in the detec:ors 
iacing away from the Sun. Because these particles 
also have a “solar energy” spectrum and presumably 
come from the Sun, the “antisolar” tracks indicate 
the existence of irregularities in the interplanetary 
magnetic field outside the orbit of the Earth that are 
capable of “reflecting” these solar cosmic rays. 

SOIL MECI?ANICS EXPERIMENT 
Although there is considerable local variability in 

the properties of thc soil, large-scale averages have 
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been very similar for all Apollo landing sites with the 
exception of Descartes. where the relative density is 
notably lower than at the other sites. Although the 
soil density in the Apollo 17 doublecore sample 
obtained from the orange soil is the highest yet found 
on an Apollo mission, the difficulty in driving the 
core tube was not exceptional, leading to the conclu- 
sion that it is not a low mean porosity but a h& 
specific gravity of the individual grains that causes the 
observed high density. Because of the long-term 
stability of the deep drill hole, it is concluded that 
the soil strength is relatively high at depths on the 
order of 1 to 2 m. 

APOLLO LUNAR SOUNDER EXPERIMENT 

The Apollo lunar sounder experiment camed in 
the scientific instrumeni m d u l e  (SIM) bay was a 
three-frequency ( 5 ,  IS, and 150 MHz) chirped radar 
sounder. Depth of wbsulface exploration, in terms of 
features defined by changes in the dielectric constant, 
decreased with increasing frequency. 

The Apollo lunar sounder was designed for three 
primary modes of operation: sounding, profiling, and 
imaging. The sounding mode pertains to the detection 
and mapping of subsurface features such as a prob- 
able 100-m-dxp interface detected in western Mare 
Sere;iitatis. The profding and imaging modes, which 
are similar to conventional surface return radars, can 
provide quantitative metric and topographic data as 
well as albedo measurements. 

Preliminary rzsults obtained by processing some 
small selected portions of the data indicate that 
useful data were obtained. 

ULTRAVIOLET SPECTROMETER 

The ultraviolet spectrometer flown in the SIM bay 
of the Apollo 17 spacecraft was a single-channel 
scanner having a 12" by 20" field of view and 
covering a spectral range of 1 I80 to 1680 W (1  I8 to 
168 nm). The entire spectral range was repetitively 
scanned every 12 sec. The primary objective of the 
instrument was to measure the lunar atmosphere 
using resonance line scattering. No lunar atmospheric 
constituents were detected except for a short-lived (2 
to 4 hr) "cloud" just after the descrnt of the LM. 
Among new lower limits that were established is one 
of < IO atoms/cm3 for atomic hydrogen at the lunar 
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surface. This low value (at least IO times lower than 
predicted for a transient lunar atmosphere resulting 
from the solar wind) implies that during diffusion at 
the lunar surface. hydrogen molecules are formed. 
The upper limits for hydrogen molecules from the 
current observations are not inconsistent with this 
idea. Xenon is also less abundant than predicted as a 
native constituent of the lunar atmosphere. 

INFRARED SCANNING RADIOMETER 

The infrared scanning radiometer, camed in the 
SIM bay, was used to map the lunar surface in 
352-lu1rwide strips centered on the groundtracks 
with a resolution of better than 10 km. This mapping 
was accomplished by sweeping Cie 1' instantaneous 
field of view in contiguous strips perpendicular to the 
orbital groundtrack. The spectral bandEass extended 
from 1.2 to 70 pm. 

In addition to a number of individid thermal 
anomalies, preliminary examination of the data 
shows, among other things, a great concentration of 
nighttime thermal hot spots in the Oceanus Procel- 
larum region, particularly in contrast to the relative 
smoothness cd r.i&ttime scans of highland areas. The 
nighttime thermal picture of the far side of the Moon 
is relatively featureless compared to that of the near 
side. 

S-BAND TRANSPONDER 

The general similarities of the Apollo IS and 17 
groundtracks allowed good comparisons to be made 
between gravity data obtained on the two separate 
missions. Agreement in many areas (e.g., over Mare 
Crisium) was good. The model for the Serenitatis 
mascon, however. was shown to be inadequate; the 
Apollo 17 observations were 1.6 times 12rger than 
those predicted for the Apollo 17 groundtrack by the 
Apollo IS model. Because the new Apollo 17 data 
increase the areal coverage of Mare Serenitatis, it is 
obvious that an improved model can be expected. 
Very good areal coverage was also obtained of 
Grimaldi Crater. and there is evidence that this 
mascon has the largest mass distribution yet observed 
for any mascon (approximately 1000 kg/cm*). 

An estimate derived from these observations for 
the value of lunar gravity at  the landing site (162 722 
mgal) compares .sry well with that obtained by the 
lunar traverse gravimeter (162 695 mgal). 



SUMMARY OF SClENTlFIC RESULTS 

BIOSTACK EXPERIMENT 

The Apollo 17 biostack experiment (biostack 11) 
was of very similar configuration to the Apllo 16 
biostack experiment (biostack I). The total radiation 
dose received by biostack 11 was approximately IS 
percent higher than that received by biostack 1. The 
primary difference between the two experiments was 
the different set of species flown on the two missions. 
(Three of the four species flown on Apollo 16 were 
flown again on Apollo 17 as well as three other 
species.) Initial results, using organisms not hit by 
cosmic rays, show that, as on the Apollo 16 mission, 
viability is apparently not affected by other factors 
related to space flight. The Apollo 16 results showed 
markedly different sensitivity + J  radiation between 
different strains of the same species. These aspects 
will be further investigated as work is continued on 
biostacks 1 and 11. 

BIOCORE EXPERIMENT 

Five pocket mice were flown in a self-contained 
unit in the ApoUo 17 command module to study the 
effects of cosmic rays on living tissues, especially the 
brain. Four of the five mice survived the trip. 
Processing of the bodies of al l  fne Apollo mice and of 
a number of control mice is underway. Sectioning of 
the brains has been delayed pending full analysis of 
the cosmic ray tracks in the subscalp monitors. An 
average of 16 tracks/monitqr was found for the 
monitors on the mice that survived the trip. Portions 
of the scalp of one Apollo mouse have been examined 
and found to contain some lesions, but a direct 
relationship between these lesions and cosmic ray hits 
wil l  have to await further analysis and comparison 
between locations in the scalp and in the monitors. 

Other organs are also being examined, but no results 
are yet available. 

VISUAL LIGHT PHENOMENON 
Observations of the l i t  flash phenomenon con- 

tinued during the Apollo 17 mission. As on Apollo 
16, the Apollo light flash moving emulsion detector 
was worn by one crewman for a 1-hr observing 
session during translunar coast. No results are yet 
available on the time history of tracks in these 
emulsions. When available, these data should define 
the particles responsible for the light flashes. 

Some statistical data are available now on observa- 
tions made during the last four Apollo missions. In 
particular, two items stand out. First, a relatively long 
period of time is required before the perception of 
the first event compared to the time between events 
thereafter. This fact would indicate that dark adapta- 
tion is hvolved and that the events occur in the eye. 
Second, the length of time before the observation of 
the first event was longer during transearth coast than 
during translunar coast; also, the rate of observed 
events, after the first one, was lower during transearth 
coast than during translunar coast. The cause of the 
greatly reduced ability to see the light flashes during 
transearth coast as opposed to translunar coast is not 
clear. 

ORBITAL GEOLOGY 
More than a score of individual investigations of 

surface and spatial features have been performed so 
far based on the Apollo 17 crew orbital observations 
and panoramic and metric camera photographs. The 
scope of these investigations ranges from studies of 
the structure of individual craters to studies of the 
sequences of mare stratigraphy and mare ridges to 
studies of the solar corona and zodiacal Itght. 
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THE GEOLOGY OF MARS 

Michael H. Carr 
U.S. Geological Survey, Xenlo Park, Calif. 94025 

The Mariner 9 mission revealed Mars to be a much more diverse planet geologically than had 
been anticipated. Unlike the Earth and the Moon, the planet preserves on its surface a seemingly 
continuous record of dynamic activity from the late stages of accretion to the present day. Large 
volcanoes of widely differcnt ages and extensive fracture systems attest to  a long history of internal 
activity while the preservation of iarge areas of primitive densely cratered terrain indicates that 
crustal mobility and erosional processes have been far less effective than on Earth in destroying the 
early record. Perhaps the greatest surprise of Mariner 9 was the discovery of fluvial-like features. 
Since liquid water is unstable under present conditions at  the Martian surface, +e presence of the 
channels indicates either an origin other than aqueous or climatic conditions in the &t that were 
quite different from those that presently prevail. The great canyons and numerous cliff-like features 
suggestive of active erosion were also surprises, as were the widespread layered deposits at the poles. 
The significance of these unexpected results is still far from understood, and the planet remains a 
fertile field for speculation. 

The surface of Mars can be divided into two hemispheres: one exhibiting nearly all the 
primitive cratered terrain; the other, nearly all the young shitid volcanoes and volcanic plains. The 
division is not exclusive but generally holds. At the boundary between the two hemispheres, the 
primitive cratered terrain appears dissected and broken into numerous buttes and mesas. At greater 
distances from the boundary into the young plains, the mesas become smaller and more dispersed 
until fmaily none remain. Although the present boundary appears to be the product of erosion, it 
may have resulted initially from early fractionation of the crust. 

’ 

The large, young shield volcanoes are concentrated into two regions, Tharsis and Elysium. The 
Tharsis shields are enormous by terrestrial standdds, Olympus Mons being 23 km above the sur- 
rounding plains. The large size compared to terrestrial counterparts is believed to result from an 
absence of crustal plate motion and the great depth of magma origin. Lines of strato volcanoes are 
absent on Mars, but since on Earth these are generally located above subduction zones, their 
absence on Mars is not surprising. The NE-SW alignment of the Tharsis shield may be related to  a 
general updoming of the Tharsis region. The dome, approximately 4000 km across and 7 km high at 
the summit, is at the center of a vast fracture system that encompasses almost half the planet. The 
fractures are crudely radial to  the Tharsis region and appear to have formed before the onset of the 
main shield building period in Tharsis. Shield volcanoes older than the fracture system do occur but 
do  not achieve heights comparable to the shields that postdate the fractures. Although the shield 
volcanoes are the most spectacular cxamples of volcanism, the plains may be more significant 
volumetrically. On high-resolution frames of the plains, long subdued lobate scarps are common. 
They resemble those found on the lunar maria and are widely interpreted as flow fronts. Older 
plains units that occur in the intercrater areas of the primitive cratered terrain, also may be volcanic 
in origin, but because they lack the characteristic flow features, their origin is much more 11 )certain. 
Less ambiguous examples of volcanisrr in the primitive cratered terrain are subdued, heavily 
cratered shield-like structures. 



The large canyon of Mars (Valles Marineris) is aligned along the direction of the Tharsis 
fractures; thus, its orientation appears to be fracture controlled. It is not, however, purely tectonic 
in origin; secondary processes such as aeolian and fluvial action almost have certainly contributed to  
its present dimensions. At the eastern end of the canyon (downslope) are wide areas of chaotic 
ternin. The surface has been broken into numerous blocks by seemingly randomly oriented frac- 
tures, and each fractured area has subsided 1-2 km as though support had been withdrawn from 
beneath. Issuing from the chaotic region are the largest channels on Mars. By comparison with 
terrestrial periglacial flood features, these channels have been attributed to massive release of 
subsurface water. Large channels occur elsewhere particularly in the primitive cratered terrain. Their 
wide spacing and absence of distributary systems with dimensions comparable to  the size of the 
main channels make origin by surface runoff of rainfall unlikely. However, myriads of fine channels 
throughout the equatorial region argue for an atmospheric origin for water. 

The polar regions are quite unlike the rest of the planet. The caps, composed mostly of C02, 
advance and recede with the seasons. As the caps recede in the spring, they uncover a series of 
distinctively polar deposits. Because the imagery is d!fficuIt to interpret, there is considerable 
uncertainty about the geometric relations, but the following general picture has emerged. Sitting 
unconformably on the underlying nonpolar materials are the “etch-pitted deposits” whose surface is 
smooth and level except for irregularly shaped pits and craters. In most places, the etch-pitted 
terrain is overlain by laminated deposits whose surface is smooth and crater free. The fine layering 
of the laminated deposits are exposed mainly at  their equatorward edge. Overlying the laminated 
deposits is the present emphemeral cap. Both the laminated and the etch-pitted deposits have been 
interpreted as a residuum of less volatile components of the cap, mixed with aeolian debris. The 
layering may preserve a record of past climatic changes. 

460 



With permission, reprinted from Journal of Geo- 
p h y s i c a l  Research, vol. 78, no. 20, July 1973, 
pp. 403 1-4036. 

A Generalized Geologic Map of Mars 

R.  s. SAUNDERS 

Jet Propitlsion Laborato y, California Instilute of l'cehnoloyy, I'uxadena, California 91lO.J 

A geologic map of Mars has been constructed largely on the basis of photographic evidence. 
Four classes of units are recognized: (1) primitive cratered terrain, (3) sparsely cratered volcanic 
eolian plain-, (3) circiilar radially symmetric volcanic constructs such as shield volcanoes, domes, 
and craters, and (4) tectonic erosional units such as chaotic and channel deposits. Glabens are the 
main structural features; compressional and strike slip features are almost completely absent. 
Most grabens are part of a set radial to the main volcanic area, Thsrsis. 

A generalized geologic map of Mars has been 
constructed largely on the basis of differences in 
the topography of the surface. The success with 
which the geology can be deduced from surface 
topography depends on how distinctively &he 
originnl tqpography of a feature reflects its 
mode of origin and the estent to which subse- 
quent modification can be recognized and 
assessed. We are fortunate in having a number of 
topographic features on Mars whose forms are 
highly diagnostic of their origin. Of particular 
note are the shield volcanoes and lava plains. In  
some areas the original features have been 
considerably modified by subsequent erosional 
and tectonic processes. These have not, however, 
resulted in homogenization of the planet's 
smface but rather have emphasized its variegated 
character by leaving a characteristic imprint in 
specific areas. The topography of the planet 
therefore lends itself well to  remote geologic 
interpretat ion. 

The map (Figure 1) is an outgrowth of nil 
earlier version of the equatorial belt [ . l ld '~~k: /  
e1 d.,  19721. The techniques and conventions 
used are similar to those used for the mooti and 
have been fully drscrihcd elsewhere [ Il'ilhelms, 
19721. The surface has been divided into several 
units, each of which has n specific- range of 

C w r i g h t  0 1973 by the Anlerican Ceophysic.i! l'nron 

topographic characteristics. I n  the map explana- 
tion (Figure 2) the units are arranged according 
to their age as inferred from superposition and 
transection relations, crater counts, and so forth. 
The map also provides a genemlized indication 
of tectonic deformation. Most of the units 
represent materials of a specific origin deposited 
within a restricted period of time. Other units, 
such as the  chaot,ic and knobby materials, are 
not strictly geologic deposits bu t  are modifica- 
tions of preesisting materials. The modifications, 
however, have been so drastic as to, in effect, 
create ncw geolngic units, and they are mapped 
as such. 

For this early version of the map, data  from 
the various spectral instruments have been 
largely ignord  because of the difficulty in 
obtaining the data  in n form readily correlataMe 
with the visuai image. However, we would not 
espect that,, at the scale at which the map is 
tlepictetl heie, the spectral data would signif- 
icantlj affect delineation of the various units. 
'l'he scale WRR dictated by journal format and 
shou! 1 not be taken as  indicative of a present 
level of knowledge. The map is a very coarse 
ge,ic~r:iIizr.tion of the information available. A 
more detailed map that will do justice to  thc 
w:ilth of information i n  the hIarincr phntog- 
rapliy will be I)ublished i n  the tint ton distant 
future. 

I 
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AGE RELATIONS 

r 

STRUCTURAL SYMBOLS 

A- 

FAULTS, BAR AND BALL ON DOWNTHROWN SIDE. - 
GRABEN, WHERE FAULTS MAPPED SEPARATELY, BALL ON 
DOWNTHROWN BLOCK. WHERE GRABEN I S  NARROW, 
SHOWN BY SINGLE LII 1E AND BALL. 

__ x--- 

ROUNDED ESCARPMENT. CARET POINTS DOWNHILL. 

---+ 
LOW RIDGE, RESEMBLING THOSE ON LUNAL.' MARIA 

- - - - - .. - 
LiNEAMENT 

LIST OF UNITS 

ch CHANNEL DEPOSITS ps SPARSELY CRATERED PLAINS 
y CANYON DEPOSITS pm MODCRATELY CRATERED PLAIN 
h CHAOTIC DEPOSITS pc HEAVILY CRATERED PLAINS 
k KNOBBY DEPOSITS pp MOTTLED CRATERED PLAIN 
gc GROOVED TERRAIN MATERIAL, COARS: m MOUNTAINOUS DEPOSITS 
gf GROOVED TERRAIN MATERIAL, FINE i m  CRATERED DEPOSITS, MMNTLED 
v VOLCANIC DEPOSITS cu CRATERED DEPOSITS, UNDIVIDED 

Fig. 2. Age idal ions and explutint ions of m:ip symbols. 

1 ) E t . ~ l p r I O X  OF UNITS 

Deneely Crarered L'nils 
Densely cratered terrain covers approsimately 

one half of the planet's surtace, inC"u4ng mor: of 
the central and southern parts of tlie mnp nncl the 
south polar regions. The cratered area was 
photographed by Mariner 4, 6, and 7 in 1964 
and 1969 and has I~ecn described in  det:til 
[Murray el al., 19711. The sirrface is r,!most 
naturated with large (> 20 km) flnt-floorrd 
cratem; the density of srnallcr crnters, which arc 
mostly bowl slinped, falls short of s:ituratiotl hy a 
factor of 10. Several Iwie rinK xtrurturw re- 
nemblirig lunar basins occur within the tlciisrly 
crutereti terrain [ ll'ilhehs, 10731. The charut ter 

of the cr:iterrd terrain varies hoth locally nnd on 
u rqional scale. .Irouatl the I:irKe impart basins, 
positive rrlirf features are niow comnioii than 
cIsr\vhcr(*, providiiig the hisis for tlisrriininat ing 
a niouiit : i i~~oun u i i i  (in). I n  other areas the 
cratered terrain appears to I)r purtly mnntled, 
so tliiit fewer intermedi:ite niitl sniall (<20 km) 
craters :ire present nnrl the larger craters nppcnr 
sul~tlurtl. A uiiit tsrmcd 'cratered tleposits, 
mnntlcd' (rm) h:is tlicwfore brcii tlesilr;nated; the 
rrst of the tleiiscly rrr~tercd clrposits :ire left 
undivitled ( c e ) .  

' h i s  unit 
forms the primitivp ntwctionnry ?;urf:wc of tlic 
planet. I t  orcurs primnrily i n  the soutlirrn 
miillatitutlc-s hut csteiicls to 40's arorriid tlic 

Crrtlered deposifs, iindividcd (w). 
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33OOW meridian. Isolated areas occur in the 
volcanic province. The unit is saturated with 

flat-floored commonly rimless craters. 
Intercrater areas are flat and featureless except 
for scattered small bowl-shaped craters. Locally 
they may be partly coveied by younger deposits, 
80 that the topogrsphy has a muted appearance. 
Ridges, resembling those on the lunar maria, 
occi-r in some of the muted areas. The unit 
probably consists mostly of reworked impact 
breccias hut locally includes younger volcanic 
and eolian deposits. 

." t m d  &pmb,  manUed (cm). This unit is 
mapped only where extensive areas appear 
mantled. Fewer intemediite and small craters 
(<W, km) occur than in unit cu. The unit occurs 
primarily in high southern latitudes and is 
interpreted as cratered deposits mantled by 
various thicknesses of youliger material. Lobate 
flow fronts indicate volcai !c materials in some 
areas, but the mantling material almost certainly 
includes significant portions of eolian debris. 

illoocnlaiwm &pods (m). This unit forms 
the rugged parts of the rims of the three largest 
recognised impact basins, Argyre, Libya, an2 
Hellas. Argyre (50'5, 43OW) is sui*rounded by 
rugged terrain cut by graben. The Libya basin 
(15ON, 27OOW) rim is preserved as a distinct 
mountainous unit only at  the south side of the 
basin. The Hellas (45OS,295'W) rim is wbdued. 
Mountainous terrain with relief comparable to 
Argyre is preserved only in isolated areas, 
particularly to the east where there is a complex 
array of isolated mountains. The mountainous 
unit is interpreted as remnants of pacts of the 
primitive crust uplifted during the formation of 
the impact basins. Remnants of basin ejectc are 
also included. 

Plains-Forming Materials 

Plains, showing various degrees of crakring, 
occur over most of the planet not covered by the 
densely craterod units. The plains-forming 
materials are thought to be largely volcanic and 
eolian in origin. Tli-y have been divided into 
three units on the basis of the number and 
character of the superimposrrf craters. 

Heavily cratered plains materials (pc). This 
unit is the most heavily cratered of the phins 
units but has fewer large craters than the 
densely c r a t e d  units described. IC is equivalent 
to unit mc of HcCauley et al. [I9721 and occurs 

mainly in the areas north arid south of Lunae 
Palus and in Aesperia. Ridges resembling those 
01; the lunar maria are common. This material 
ia ;nterpeted as old lava plains similar to the 
lunar marii. (Small areas of material similar to 
this are present widely L'lroughout the densely 
cratered area; they are not mapped because of 
scale limitations.) 

Jloderately cr*d plains m a h i d s  (pm). 
T!,is unit has fewer cratem in the sise range 
2-20 km than m i t  pc but more than unit ps 
[Caw, 19731. I t  occurs in Elysium armnd the 
major shield volcanoes, in the Arcadia-Tharsis 
region, where it is exposed mainly as islands 
surrout~ded by mi t  ps, and in the rtgion of 
Phoenicus Lacus. In the Arcadia-Tllarsis region 
the unit is almost everywhere intenst iy fractured. 
It is interpreted as volcanic lava plains inter- 
mediate in age between units ps and pc. 

Sparsely crdmd plains vyderials (ps). This 
unit occurs mainly in the Amasonis-Tharsis 
region and in the large impa-t baoins in the 
densely cratered province. Unit pa is the least 
cratered ant presumably the youngest of the 
plains units. At  wide-angk resolution it is 
relatively featureless, except in places close to its 
contact with the densely cratered terrain, where 
indistinct ridges and low rounded hills are 
common. A t  narrow-angle resolution irregular 
lobate scarps suggestive of flow fronts are 
common, especially in the Tharsis region. Lov 
hills, islands of highly fract.ured t ain, sinuous 
channels, and polygonal fractures occur in other 
areas. More rarely, the nerrow-angle pictures 
are featureless. In the Tharsis region thc plains 
appear to be composed mainly of volcan '.ows, 
since lobate flows are detectable on nearly all 
narrow-angle pictures. In the Amasonis region 
and in the large impact basins, Argyre, Hell-s, 
and Libya, volcanic features are rare, and the 
eolian component probably dominates. The unit 
cnibays all other units, confirming the young age 
inferred from tbc crater counts. 

Mottled cratered plains malerials {pv). This 
mit occurs only at high northern latitudes where 
it forms an annulus around the pole. The density 
of large (>20 km) crater :., romparnble to that 
of unit pc, but the density of smaller cratem is' 
substantially lowcr. Large craten are subdued 
and apparent mainly because oi an albedo 
contrast between the light crater floow and the 
dark Rurrounding materials. 1 IN h a 1  albedo 
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caitmt... give the unit a mottled aplmmne. 
The albedo of the unit as a whole W lower than 
that of unit pa, wit.h which it is generally in 
contact to the south. It in interpreted as cratered 
plains material (pc) overlain by a mantle of 
eolian debris. 

I'dranic I 'nitu 

Included under this heading are all volcanic 
units rc.~oeiated with mi *ircular volcanic 
structures, 85 distinct frum bile extensive plains 
unitg Because of limitations of scale, only two 
categories are depicted: a gneral unit v and 
another unit consisting of two facies (jgc and gf), 
xhich form some very dktinctive terrain around 
Nix Olympia. 
Volcanic Rca(e+ials (e). This unit includes 

materials associated with shield volcanoes, 
volcanic domes, and volcanic craters (units vs, 
vd, and vc of JfcCauley et al. [1972]). Most of 
these features are circular and radially sym- 
metric and have a central crater and gently 
sioping Banks. They occur primarily outside the 
d e d y  cratered region, although two features 
within the densely cratered province are indicated 
on the map. The volcairic &posits have a wide 
range of ages. Those associated with Nis Olym- 
pica are rehtivdy young [Ilartmann, 1973): those 
vithin the cnlered province alp relatively old 
[Cam, 19731. 

Qrooaed terrain malm& (gf a d  gc). Two 
facies of grooved Lerrain are mwgnigecl: a unit 
gc with a co(u~e surface topography that o c c u ~  
close to Xix Olympica and a unit gf wi:h a finer 
surface texture that occurs fsrther away. The 
coarse unit gc is characteriwt by linear moun- 
tains 1-5 km wide and typically 100 km long. 
The mountairm are commonly separated by 
valleys that iiave flat floors with a fine striation 
parallel to the length of the valleys. The unit 
SpjRars to be broken into blocks along arcuate 
fault3 that tilt thc blocks pntly i n w d  toward 
Nix Olympica. The fine-testund unit gf is 
characteriaed by closely spaced equidimensional 
mountains whose horizontcrl mid vertical dinren- 
sions decrease outward from Nix Olympica until 
the mountains merge with the wrrounding plain3. 
Both units are romplex embyed by the sur- 
rounding plains deposits. 

The grooved termin deposits may represent 
old volcanic materials derived from the Nix 
Olympica ceder and since complesly fractured 

by the wirtrnual tectutric activity ay.ireiated with 
the forinatmi of the mitral shield. Air altenurtive 
hypothesis is that the groowd terrain represents 
the outer rer.::mnts of a once much larger Nix 
Olympiea that ha.. been redueed in size by 
whatever proms has formd the bounding scarp 

Other t'nits 
In several areas erosional and tectonic pm- 

reyses have resulted in the formation of distinc- 
tive geologic uits.  Four categories haw beel 
identified. 

ClraRacl &pads (A). These have all the 
characteristics of terrestrial stream deposits. 
They amur in long, linear, sometimes sinuous 
channels that commonly have a-elldedoped 
trilvtaries. Narrow-angle pictures .&ow terrsees, 
ban, finely braided networks of channek, and 
superimposed meanders. The mast prominent 
channels head in the area of chaotic terrain 
around 2"N, 3O"W and run northwest to the 
Chryse ksin. Most, but not all, other channels 
occur in the denscly cratered terrain near its 
contact with the plains. The unit is interpreted 
as materials deposited by a fluid, presumsbly 
water [d l ikm,  1W31. 

Canyon deposits (y). This unit includes 
materials that are espmd on the floor of the 
major rift system that extends 4OOO km acm 
thc surface close to the equator between 30" and 
100"W. The talus on the canyon walls is escluded. 
In most p137e21 the floor appears smooth, but 
locally jumbled blocks are present. At the eastem 
end of the canyon the unit merges with the 
chaotic terrain. At the western end the unit is 
pinched out as the canyon grades into a gone c d  
branching troughs. 

Chaotir deposits (h). Chaotic deps ib  have 
been described in detail previously (Sharp el al., 
19711. The surface of the unit is cfossed by 
numerous intersecting cracks that break the 
surface into blwks that. have a wide range of 
s i m  and that may be tilted slightly in dif zent 
clirections. The chaotic dcposib normally m s 
in locally low arerts, occasionally in compietely 
closed bayins. The outcrop a m 3  are usually 
surrounded by an iiiward-facing mq). The main 
a m  of occurrence k a broad region around 5 9  
latitude, 35"W longitude. The origin of the unit is 
obscure. Some process of sapping from below and 
subsequent collape is requid.  

Knobhy &pods  (k). The unit is characterized 
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by ir.cyrrhr n)uiided hilb a i d  iirtwveiiiirg phiis. 
The liills art* all sites, frotii .wveml Iiutitlreci 
kilonieters dowii to the limit of  molutitwr 
(< I km). The unit m u m  mostly iir Y MIIIC up to 
500 km wide betweti the c r a t e d  terrain and 
the phiw units. 111 geiieml, the iiitlivicilurl hills 
are larger ~inl  have more nurtiliiimi outlines and 
flatter bps closer to the c ra ted  temiii. Farther 
from the eratered terrain they h o m e  rounded 
atid smaller in both hohtital atid vertical dimeti- 
sions until they i I i e ~  with ihe mrroundinp; 
plain. The unit includes the unit kt of .I/cCauky 
etd.[19721ai:d thefrptted terrainof Sharp [1953]. 

STRUCTURAL FEATURES 
Mars is eharr-cteriwd by at1 abundance, if not 

a great variety, of StNCtUral features. The most 
common are graben, typically 1-5 km ode. They 
may occur as closely speed pairnr.lel arrays, as it1 

the Arcadia region. or as i-ulated frsetum 
several t.housand kilmieters kng, as in the Mare 
Simnum region. The distribution uf g m b n  i.. 
markedly notrunifmi. Most grabens are part of 
a system of faults approsinrately d i a l  to the 
Thawis ridge. The we tmi  part of the Coprates 
canyoii a h  appears to Iw part of this e t .  The 
focal point of this vL*t systeni cf fracture is t b  
Phoeriicus Lacus arm, whid is also the higt..?it 
part of the ridge. The Iuttcnr nppars to have 
formed as a rcsult of  the estensio1r aSWiatM1 
with the hnmd doniinl I ,)lift o f  the Tharsis 
regi.m. 

Elsewhere fraetum occur mnceiitric and radial 
to the large impact basin of the densely c r a t e d  
province [R'ilAClm, 19731. Fractures also occur 
loeally around the large shield volcanoes [Carr, 
19731 and at and parallel to the margin of the 

(I<mived Jriiturry 4, 197'3; 
r e v i d  Slarch 14, 1973. ) 
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With permission, reprinted from humal of Geo- 
physical Research, ~ 1 . 7 8 ,  no.20, July 1973, 
pp. 4009-40m. 

An Overview of Geological R e d s  from Mariner 9 

Mariner 9 acquired pictures of all of Mars a t  a resolution of 1-3 km; 1 4 %  of the planet 
U rovered by pictures d 100- to 3OIhneter molution. From t h e  data, pdiminary 1:5@00.- 
OOO s a l e  photomosaics have been ma& of the entire planet, Lnd a 1:25L5poopoO scale shaded 
relief mhp wtblished. Geologic mrps of the planet have also been made at a variety of d e s .  
The more than 7300 pictures acquired iRdiCde that Mars is more varied and dynamic than 
previously inferred. About one half of t h e  surface consists of ancient cratered terrain; the 
largest circular feature. Hellas. is almost t a i e  the s h e  of the largest basin on the moon, 
Imbrium. The remainder of the surface is covered either by younger \.olcsnic rock0 and con- 
structs that stand as much as I7 km above the mean level or by extensive tracts of PlpiDS 
deposits. some of which are sedimentary in origin. The vokanic piles with summit calderap 
have fresh flank ha-s and a p p a r  to be geologically young. The great equatorial chasm 
or ranyon system, camparable in ,&e to the East African rift vdky system. terminates in 
a complexly fasI:ed plateau to the west and in large patches of ciaotk terrain on the east. 
Lqrge fluvial channels originate in this chaotic terrain +bIy by melting of permafmt 
and appear to flow northsari  into the Chryse region. Other large sinuous channels with 
many tributaries have no such obvious source mas and many mall dendritic channel net- 
works abound in the equatorial regions and imply posgihle collection of rainfall. In addi- 
tion. many small la la  channels with distinctive characteristics ai- p m n t  like those on the 
maon and earth. Many of the k4in  floors are underlain by k v a  flows inferred to be basaltic 
from the form of the flows, ridges. and domes that characterhe their surface. The polar 
repions are corered by glacio-eolian layered sediments that appear to be still forming 
under the p m n t  r l imt ic  regime. Older. layered, somewhat different deposits are being 
ennied into large pits and troughs around the margins of the poles. A mantle of eolian debris 
presxmably derived from these ended rircumpolar zones thins equatorward. Both eolian 
erosional featurrv such as yardangs a d  depmitional features mrh as dunes have been 
identified. Eolian erosion and deposition procees  are currently sctire, as is seen by nu- 
merous changta in the  albedo pattern- that were nionitored after the clearing of the planet- 
wide dust storm. The largest planetary wale differences in cnrdal style are betrwn thr 
southern highlands, Imsumably undcrhin by l e s ~  dense rocks, and the northern lowlands 
or 'manic" b a s k ,  underlain by more dense rocks. The greatest difference along the equator 
is between the high 'continental' block of the Tharsis ridge with its volcanoes aligned along 
its marRin and the oceanic floor of the Amazonis basin in which the S i x  Olympica volcanic: 
pile lies. 

This paper provides a summary of Jfariner 
9 mission operations insofar as they affected 
acquisition of geologic data. Sleeted results 
with a minimum of supporting e\.idence are 
presented to give, as briefly as possible, the 
lpoloair highlights of the miusion. More detailed 
disc .._ ,ion$ of varioas wgional and topical prob- 
l em aw given in othcr pipen by various mem- 
brs ,of  the telrvision tmm. Also included alp 
h y p t  he*@ inferml from preliminary evidence 
that will have to await the test of later geologic 
mapping :ind tlctailnl topical studies. These 
hyporherrs are inclrided to c:dI attention to 

Copyright @ 1913 by the American Geophysical Union. 

areas in which potentially valuable work can 
be performed. It should be emphasized that 
many of t b  obsen-ations and hypotheses given 
have developed during discrueions wit h man?. 
of the membcrs of the Mariner 9 television 
team. M y  puqwe here is to attempt a first 
distillation from the enormous body of f:tcts 
and rhrory generated by the miPsion as a guide 
to the other p q e m  in this issue snd to prcwnt 
the most snlicnt grologic rwtilrs that  distingiish 
Mtrs 3s a p1:inct from both earth and the moon. 

Mariner 9 was Iaanrhed from C:tpr Kennedy 
on M a y  30, 1971, and was inserted into Man 
orbit on Sovembrr 13; the spacerraft continued 
to take pictures and to make mmerirements 
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until October 27,1972. hiore than 54 billion bits 
of information were transmitted to earth. More 
than f300 pictures were taken of hfars and its 
satellites; about Is00 picturn of the planet 
were obtained by the 50-mm foeal length wide- 
an& television camera, which has a resolution 
of 1-3 km [cf., Masur&y et d., 19703. A pre- 
l i a n i ~ r y  map of the entiw surface of hfars at  
a sale of I:25,OOO,OOO bas been made from a 
maeaic of these pictures; a prelimrnery shaded 
relief map, the first detailed complete map of 
Mars, has been published at the same s d e  
[US. Geobgical Survey. 19121. 
The namw-angle camera (500-mm focal 

length) acquired high-resolution pictures (100- 
300 meters) of between 1 and 2% of the sur- 
face. Ceodesy pictures taken with the wide- 
an#e earnera from higher altitudes cover most 
of the southern hemisphere. These low-resOiu- 
tion pietures (4-9 km) were taken to provide 
control points for maps to be made from the 
high-resolution pictures. Thirty photomosaic 
maps at a scale of l:S,OOO,OOO have also been 
made for preliminarv analysis and platting of 
v a h  types of data; later editions, based on 
improved control and use of enhanced pictures, 
have been made [Batson. 1973) ; final maps will 
be made over the next several years. 
Many pictures were taken to show time vari- 

ations in cloud cover, polar cap fmst, and the 
light and dark surface markings [ S q v  et d., 
19731 on the planet. The infrared interferom- 
eter spectrometer [Had et d., 19723 and 
ultraviolet spectrometer experiments [Barth et 
d., 1972; Hord et al., 19721, in addition to 
acquiring the atmospheric data, made pressure 
measurements from which the cartographers 
will attempt to compare integrated contoiir 
maps with occultation measurements [Coin et 
al., 1973; Rliore et al., 19721 and earth-based 
radar [ D m s  et al., 1971; Pettengill et al., 
19711. Systematic geologic mapping will be 
performed on the final cartographic products. 
Rectification, scaling, and additional enhance- 
ment of pictures and their integration with 
numerical results from the other experiments, 
such as gravity measurements provided by the 
celestial mechanics experimenters [Lorell et al., 
19731, will allow more sophibticated analysk, 
particularly of the thickness and density of the 
Crust. 
Because Man is a low-contrast object, the 

pictures must be extensively computer enhanced 
to bring out Burface detail. Suppmmion of 
electronic noise in the television subsystem rrnd 
upgrading of enhanmnent techniques, espe- 
cially early in the mission when dust in the 
atmosphem obscured the surface, alioved the 
image detail to be made visible [LeoirctRcd et 
d., 19731. 

With the loss of Mariner 8, the exteneivety 
prepland  different but complementary objec- 
tives established for both spacecraft bad to be 
integrated into a new mission plan for Mariner 
9. Ca the arrival of Mariner 9 at Mars, the 
planetwide dust storm that had been oberved 
in kite September was stili regine [Cejpea d 
Martin. 19il], 90 ihat this unuplex postlaunch 
mission plan also had to be abandoned. Recon- 
naissance pictures were taken until Jnnuary 1, 
when the dust storm subsided 5uiEckntIy to 
begin mapping sequem,  along with eefeeted 
pictures taken for geodesy, variable features, 
atmosphere, and satellite studies. This made 
continued with numerous SuceeSSive d m -  
tions brought on by operatiod constraints 
until 70% of the planet had been mapped. 

After a period of 2 months, during which pic- 
tures could not be taken because of mlar d- 
tation, the mapping mission was resumed. 
During this period the northern spring season 
pmgressed, and the north polar hood disap 
peared. Two new stars (Arctunts and Vega) 
were used for the €mt time in any space pro- 
gram to orient the spacecraft into more favor- 
able picture-taking attitudes, thus allowing the 
remaining 30% of the planet in the northern 
hemisphere to be mapped. Some candidate 
landing Stes for the Viking program in 1970 
[&Hen and Yomg, 19721 also were photo- 
graphed. After another interruption of 6 weelm 
during superior conjunction (Mars and the 
spacecraft paFised Lzhind the sun), the final ex- 
tended mission picture sequences were taken to 
fill gaps in the photographic coverage, to photo- 
graph areas of special interest, to monitor the 
retreat of the north polar cap [Soderblm et al., 
1973~1, and to study cloud formation over the 
volcanic constructs such as Nix Olympica 
[Leovy et al., 19i3]. 

VOLCAXIC FEATURES 
The first features that emerged through the 

dust pall that blanketd the planet were four 
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Fig. 15. irtnnr Orhitcr 6 photcyrr~ph showing lobate flow front on the moon in central 
part of ImhriUni basin. 8imifnr flow r.o!lcrtcd (11 thc hrdlo 15 lrintfinn site are basaltic in 
tompositron. 
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Orientale [Hartmann and Kuiper, 1962; Hart- 
mom and Wood, 19711. However, the deposita 
are altered by subsequent events, including 
eolian modification, so that they do not display 
the structural and depositional textures still 
preserved in the drastically iess dynamic lunar 
environment [Wrilhelms and McCauley, 19x1. 
Rough-textured, externally and internally ter- 
raced, generally circular craters with central 
peaks are thought, like those on the moon, to 
be of impact origin if they are not so degraded 
as to have these diagnostic characteristics 
obliterated. 

Craters of impact type are clearly distinct 
from the smooth-rimmed volcanic craters with 
their commonly attendant radiating lava chan- 
nels and flows. Secondary crater arrays are 
visible in several areas and are distinct from 
the linear airay3 of volcanic craters along 
structural lineaments. They are, however, far 
less abundant than on thc moon and generally 
cannot be identified as to source. 

PLANETWIDE DISTRIBUTIOS OF GEOLOGIC USITS 
The cratered terrain apparently is the most 

ancient on Mars and probably records, as it 
does on the moon, the impact of cosmic debris 
on the early diff brentiated planet [.llasursky. 
1973; Can et d., 19i3, Figure 13. Preliminary 
correlation of gravity mapping achieved by 
tracking the Mariner 9 spacecraft with topog- 
raphy from severa: sources indicates that the 
lowlands and plateau regions previously de- 
scribed are largely isostat ically compensated. 
This resu!t is in agreement with the distribution 
of rocks on the moon, where the highlands are 
underlain by low-density crustal rocks with 
high AI/Si ratios ilnd the lowlands are underlain 
by basalt3 that may rest directly on mantle 
rocks. For Mars, the cratered terrain that 
occupies most of the southern hemisphere may 
represent the more siliceous 'continental' cn i~ ta l  
rocks. The Amazonis and adjacent Elysium 
basin arid the northorn lowlands may be under- 
lain by basalts resting on the mantle and may 
be the gross equivalents of the terrestrial ocean 
basins and Oceanus Procdlamm on the moon. 
Within the primitive cratered terrain are arms 
filled by smoothor, younger material with lower, 
but still substantial, crater populations. These 
cratered plains are overlain by smooth deposits 
that forr.1 the plains, which compritle several 

different units. The smooth plains locally exhibit 
lobate laval flow front.: rnd broad low shield 
vdcmoes attesting to the probsble basaltic 
nature of the smooth deposits. 

Mintling the smooth I;iva plains are possible 
:illuvial deposits a t  the mouths of the channels 
in the Chryse and Lun:ie Palus regions. These 
deposits probably form piedmont alluvial and 
possibly playa sequences near where the chan- 
nels debouche into the low1;tnds. so that some 
of the smooth plains may consist of sedimentary 
deposits. Pediplanation may have taken place 
in a few areas along channel margins and where 
plateau edges and isolated hills and mesas seem 
to be retreating [JZiltoa, 1973: 

Eohn deposits derived !tom the polar-eolian 
scufment traps may have been spread equator- 
ward [Sodcddotn et  d.. 1973bI. The thickness 
of these loess nnd dune deposits on the northern 
I;i\-:i plains c:i!i be estimated from their a p  
psrcnt thickness in the south polar region. 
Herr the mantling eolian material cmnot ex- 
reed tens to hundreds of meters in thickness, 
for it pirtly but does not completely mask the 
south polar c r a t e d  terrain. Thinner deposits 
of mli:in sediments (posibly silt and sand) 
covrr the centrnl part of the planet in places. 
.\pparently these deposits in the central part 
of the ~ h n e t  :ire mobile, .is the continually 
rhanpinp light and dark patterns monitored 
after the great c'rist stom attest. They must 
be only a few meters in thicknes, - P  they 
do not obscure testnral detail in the cratered 
and f:iulted terrain. Thicker l o w  deposits prob- 
ably lie within Hellns and other similar large 
rirriihr basins and waters, but their thickness 
wnnot be detrrmined : such regions do appear, 
however. to he the sciirce areas for many 
1l:irti:in dust $terms, inclriding that of 1971 
[ C n p e ~  and Martin.  19711. 

Thr sorit h polar glacio-eolian deposits overlie 
the cratered terrain: the north polar deposits 
overlie smooth and craterrd plains. The north 
polar region is aboi:t 3 km lower than the 
southern region (.4. .I. Kliorr. personal com- 
munictt ion. 1972). This ohsrrvation is con- 
sistent with the morpholov of the terrain, 
which suggpdts that  the south polar region is 
part of the rontinrntal mass: the north polar 
region is part of thr 'ocean' basin floor. 

The margin3 of thr central continent-' block 
;\re varied. At 100" to I M 0 W  the margin is 
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abrupt and the slopes are steep: the crest of 
the Tharsis ridge is marked by the three aligned 
volcanic stactures. Pcrhap this continental 
margin is the site of incipient plate tectonic 
movement ; alternatively, the volcanoes may lie 
along a zone of vertical movement boundini 
the continental block. The northern margin 1s 

irregular with gentler slopes. The contact be- 
tween the cratered plains and the low-lying 
smooth plains is gradational and has many 
irregularly disposed l~iils and mesas. The cen- 
tral canyon or troughed zone may mark a rift 
zone developed by the highland rocks sliding 
into the northern lowlands; again alternatively, 
the canyons may mark complex vertical fault- 
ing. the mosi comples faulting being in the area 
of greatest uplift and adjacent to the thickest 
young volcanic rocks that overlie the conti- 
nental crust. 

GEOLOGIC HISTORY 
The various topical studiea presented in this 

issue and the regiona1 geologic mapping accom- 
plished to date pcnnit an expansion and syn- 
thesis of the earlier preliminary geologic histories 
presented for the equatorial belt [JlcCauley 
~t al.. 1972: Carr et al.. 19731. The principal 
data used are overlap relations between geologic 
units and differences in their crzter poy ulations. 
These relations show that Mars has a decipher- 
able history that dntr.: far back in rime. This 
history may placc some boundary conditions on 
theories about the evolution of its atmosphere 
and the development of an ice regime. The 
heavily cratered generally high-standing rocks 
that lie predominantly in the mid-latitudes and 
southern latitudes are the most ancient on the 
planet, as hns been recognized since Nariner 
G and i I-Lo-ghton and dlirrray, 19711. 

Large lunar basins such as Imbrium formed 
aftvr the initial differentiatim of the entire 
moon. Ejecta from these basins contain noritcs. 
nnorthodic gabbros. and anorthosites that form 
the cnistnl rocks, which stand hgh because of 
t heir lesser density. .4 similar process probably 
took place on Mars. so that the high-standing 
heavily cratered rocks may be part of the e:irly 
diffrrent i,ited continental enist. 

Diirinp; a lime of rnpitlly decreasing flux of 
impnrtinp; bodies, the many large fiat-floored 
cratcv formed, as well as the ! q e  impact 
hn-iii.-, Hellas, Argyrc, and I ;!,?.a. Hellas ap- 

pears to be the oldest, as its rim has been 
:hos t  conipletely destroyed and the number of 
superimposed craters around its edge is com- 
parable to the rest of the heavily cratered 
terrain. -4rgyre and Libya are more rugged than 
Hellas and have fewer superimposed cnters. 
They probsbly formed later. 

Impact presumably continued at a derreiiing 
rate, but volcanism started early in this episode. 
The oldest volcanic feature recognized is a 
volcano on the northeast rim of the Helhs 
basin (11. H. Cam, personal communication, 
1971). This heavily cratered (it has twice as 
many cmters 3s the oldest of the plains units) 
and eroded feature at first was difficult to recog- 
nize: other features may be found as systematic 
geologic andysis continues. The ancient volcano 
is of particulsr significance because it indicates 
that volcanism of the type obsened in the 
.41'n;iZOnb region began early in Mars history 
and within the ancient cratered terrain. Old 
plsins units mantle parts of the ancient cratered 
terrain and are marked by lower crater fre- 
quencies. They are difficult to delineate because 
erosion and deposition h;ve obscured their 
contacts. The oldest plains unit that can be 
mapped satisfactorily wculs in the Lume Palw 
area and overlies part of the volanic structures 
in the Hespcria region. It has a greater crater 
density than most of the lunar maria. Its abso- 
lute age. like that of the other Martian units, is 
difficult to : i ses  because the relative contribu- 
tion* to the Pus of cometary and astenidal im- 
pacts are not known. 

Sest yoringer in age are the heaviiy faulted 
plnins around Sis Olympica. in Arcadia, and in 
Alba. They appear tc be basalt flows, similar 
to those in the sumourding smooth plains. that 
tin ve been slight 1y uplifted, faulted, heavily 
modified by eolian erosion, and moderately 
cratered. hlottled rratered terrain underlies 
large aieas in the northern regions. It is mod- 
rr:itPIy cr:itercd find partly covered by eolian 
deposits. Yolc:inism prob:thly started in the Six 
Olynipiru :\rea ahorit the same time that these 
plains formed. Thr erosional .cirp :it the base 
of S i x  0lympic:i s1iggrsts that thew Inyers were 
hring rrodnl while the riplwr part of the moan- 
t:iin w s  still being constructed. The next 
youngest plains unit orr im in the Dhoenicis 
Lacus and Elysium areas. It is moderately 
cratered and faulted; the number of craters is 
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comparable to that on most lunar maria. It 
embays knobby terrain, indicating that the 
process forming the lstter unit began before 
deposition of the moderately cratered plains. 

Ppwarping or epeirogeny then took place 
in the Tharsis region and resulted in mosaiclike 
fault patterns as well as the extensive rifting 
to the east in the main part of the Coprates 
canyon system. The upper part of the Nix 
Olympica as well as the Tharsis shield volcanoes 
then formed. Contpmporaneously, the young 
lava plains with their abundant flow fronts and 
lava domes were estnided. Chaotic terrain de- 
veloped later along the margins of the rqua- 
tonal plateau. Broad chanriels then formed, 
apparently over a considerable time, since some 
of their floors are moder:itely cratered and 
others are little cratered. Their development 
may hare  parallrled the construction of the 
large volcanoes. 

Eolian deposition and erosion es?ended over 
a considerable time u p  to the present: in the 
polar regions the laminated ternins  were being 
deposited and 3roded and redeposited in great 
mantles of sand and loesslike deposits that thin 
equatornwd. Etch-pitted plains eurrounrling the 
poles attest to  the intensity of eolian erosion of 
earlier deposits in the vicinity of the polar caps. 
This erosion raises the possibility that carlier 
generations of laminated terrain have been re- 
distributed. The present polar deposits may 
record only the latest episode of deposition of 
layered materials. 

The possible fluviatile channels may record 
episodes when water was much more abundant 
in the atmosphere than it is at present. Planet- 
wide warmer interglacial periods would release 
not only the water locked in the polar caps but 
also that frozen in the siibsiirface as permafro5t. 
Similar warmer and colder periods also are 
characteristic of terrestrial hktory. Stil: cnn- 
tintiing is the erosional modification of Ian& 
forms and deposition of witlrsprmd silt arid 
day lorss depasita anu local wnd c!rincs. 
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EDUCATIONAL PROGRAMS AND SERVICES 

Garth A. Hull 
kmes Research Center, NASA, Moffett Field, Cplif. 94035 

NASA’s Ames Research Center is responsible for providing to colleges and universities in the 
eleven Western states - including California and Oregon - speakers, films, publications, and center 
visits to  augment school curriculums. 

For information about these services, please contact the Educational Programs Office, NASA- 
Ames Research Center, Moffett Field, CA 94035, or call 415/965-5543. The personnel responsible 
are Garth Hull, Mike Donahoe, and Bar’3ara Busch. 

Films 

The National Aeronautics s.nd Space Administration provides films describing NASA research 
and development programs in space and aeronautics, and documents the results of this research. 
Aypoximately 75 titles are currently being loaned, including documentaries on each Apollo lunar 
exploration. There is no rental charge; however, borrowers must pay for the cost of return postage 
and insurance. Please order at least 30 days in advance (see Appendix H). 

Publications 

Educational Publications are designed to present and explain NASA’s goals and projects and to 
document new knowledge generated by these programs. These publications are free-ofcharge to  
teachers, upon request. Additional copies can be ordered from the Superintendent of Documents, 
U. S. Government Printing Office, Washington, D. C. 20402. The foldout (black-and-white) flyers 
are available free-of-charge to all requestors, in single or bulk quantities. 

Educational Publications Mailing List 

A mailing list maintained by NASA Headquarters in Washington, D. C., provides teachers with 
a sample copy of new educational publications. An application form for that mailing list can be 
obtained through NASA-Ames. 

Special Publications 

NASA’s Scientific and Technical Information Dik -ion publishes detailed reports on NASA’s 
accomplishments. These publications are also available from the Superintendent of Documents. The 
Federal Book Store, 450 Golden Gate Avenue, San Francisco, provides the same ordering service ir 
a shorter period of time. Library reference copies are available for the entire series at mdor library 
depositories, located at the University of California/Berkeley, the Los Angeles and San Diego Public 
Librarit.5, and at Ames Research Center. 
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Speakers 

NASA provides speakers, including education specialists as well as its scientists. The specialists 
provide special lectures to  audiences at  community colleges, augmented by audiovisual materials, 
models, etc. These specialists, in their mobile vans, move throughout the Western states providing 
this service. NASA scientists and engincers, when time and travel funds permit, enjoy the opportun- 
ity to address community college students and faculty in their subject fields. When an on-site 
lecture is not practical, lectures are sometimes given from Ames by telelecture. The telelecture is a 
technique whereby visual aids are sent ahead to  the requesting organization, and the speaker then 
addresses the audience via a two-way audio hook-up. 

In addition, the Jet Propulsion Laboratory, Pasadena, California, provides speakers concerned 
with JPL‘s missions, particularly to  Southern California audiences. 

Slides and Audio Visuals 

Ames Research Center maLtains a varied collection of 35-mm slides on various aspects of the 
space program. In addition, Ames provides slidecopying service. The users, bringing their own film, 
can reproduce these resources during Ames’ working hours. In addition, our Earth Resources Data 
Facility encourages users to  copy their resources, mostly high-altitude photographic coverage of the 
Western Uzited States. The entire Earth Resources Photographic Collection is located at EROS 
(Department of the Interior), Sioux Falls, South Dakota 57198. The telephone number is 
605/594-65 1 1. ERTS, SAylab, and high-altitude aircraft photography in various spectra are available 
at cost. 

Library Resources 

The Ames Research Center Library is open to  students and faculty. The Library specializes in 
aeronautics, astronautics, and iife sciences collections. An excellent periodical and abstract service 
collection is available. These materials are available for reference use. 

Work-Experiettce Programs 

Ames !?.?search Center provides work experience opportunities for college students. The Foot- 
hill and San Mateo Community College Districts currently have 107 students working at Ames in 
eightezn career categories. 

Center Visits 

Ames Research Center hosts college and university students and faculty whenever possible. 
Programs are normally scheduled for approximately two hours, at 1O:OO a.m., 1 :00 p.m., and 
2:45 p.m., Monday through Friday. Briefipgs are normally associated wCn our wind tunnels, 
motion simulations, and research aircraft. If possible, special programs aie arranged for specific 
interest areas. Please contact us at least one month in advance to  arrange for these pragrams. 
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APPENDIX 

SOURCES O F  INFORMATION AND MATERIAL 

A. Lunar and Planetary Geology Text Books 

Hartmann, W. K., 1972. Moons and Planers, Bngden and Quigley, Inc., Tarrytown-on-Hudson 
New York, and Belmont, California. 

Mutch, T. A., 1972. Geology o f  the Moon: A stratigraphic view. Princeton University Press, 
Princeton, New Jersey. College-level text and reference, well written and illustrated. 
Extensively revised from th  1970 first edition. $22.50. 

B. Reference Books and Papers 

Carr, M. H., ed. 1970. A strategj' fo r  the geologic exploration o f  the planets. U. S .  Geological 
Survey Circular 640. Free from U. S. Geol. Survey, Washington, D.C. 20242. General 
account of the methods and rationale of planetary geology. 

Baldwin, R. P., 1949. The Face of the Moon, Chicago, Univ. of Chicago Press, 273 p. 

Baldwin, R. P., 1963. The Measitre of the Moon, Chicago, Univ. of Chicago Press, 488 p. 

Davies, M. E. and B. C. Murray, 197 1. The View jrom Space, Columbia Univ. Press, New York. 
College-level reference on lunar and planetary spacecraft that carried imaging systems. 
Excellent review of advantages and disadvantages of different systems. $14.95 

Fielder, G. ed., 1971. Geology and Physics of  the Moon, American Elsevier Publ. Co., L w  
York. A collection of papers on different aspects of lunar geology. $25.50 

Fielder, G., 1965. Lunur Geology, Dufour Editions, Inc., Chester Springs, PA. $10.00 

Guest, J. E., ed., 1971. The Earth and Its Satellite. Rupert Har,-Davis, Ltd., Londcn. Excellent 
collection of papers by various authors on tk geology of the Earth and Moon, illustrated 
with color and black and white photographs. $10.00 

Kopal, i., .966. An Introduction to  the Study o f  rhe Moon, New York, Gordon and Breach, 
Dordrzcht-Holland, D-Reidel, 464 p. 

Kosofsky, L. J. and F. El-Baz, 1969. The Moon as Viewed b y  Lt:nar Orbiter, NASA SP-'LOO. 
An excellent collection of annotated lunar photographs from the Lunar Orbiter series. 
*GPO $7.50 

Lowman, P. D. 1969. Lunar Panorama, Pulb. Weitflugbild, R. A. Muller-Feldmeilen, Zurich. 
Collection of lunar photographs from unmanned missions, with annotations of th t  
geology. $12.45 

*GPO = Superintendent of Documents, Government Printing Office, Washington, D. C. 20402. 
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C. 

D. 

Schultz. P. H. 1974 tin press). Moon k tvphology .  Univ. Texas Fress, Austin, Texas. College- 
level test on the g.amorphology oT &'le Moon. Profusely illustrated with Lunar Orbiter 
inrages and arranged s x h  that the lex! and illustrations can be examined separately 
withmt losing continuity. 

Whipple. F. L. 1968. Earth. 'loon und Planers. Harvard Univ. ha, Cambridge. Excellent 
general treatment of the Solar System; very little geology. Paperback edition, $3.00 

W;Ihelms, D. E. 1970. Summary of Lunar Siratip~phy-Telescopic Obsenwtio s, L'. S. Geologi- 
cal Sun. y Professional Paper 599-F. 47 p. Good account of the methods of lunar geo- 
logic mapping. *GPO 6OC 

Atlases of Luttar and Planetary Phorogmph: 

A1 ter. Dinsmore. 1967. Picion'al Guide to the Moon, n U i i A  Y. Crowell Co., Kew York, 199 p. 
Primarily an atlas of telesccpic photographs with an extenshe t e x t  S8.95 

Alter, Dinsmore. ed.. 1964. Lw:w Atlor Dover Poblications. Inc., New York. Collection of 
telescopic lunar photcjgriiphs. 1 54 plates. Paperback $6.00 

Bowker, D. E. and J. K. Hughes. '  i tar Orbiter Photographic Atlas of the Moon, NASA 
SP-206 (67J plates). Collection of selected Lunar Orbiter photographs. *GPO 519.25 

Collins, S. A.. 1971. The Mariner rS and 7 pieticre: sjf Mars, NASA SP-2b3, 159 p. Complete 
colle -+ion af photogrqhs with a shcrt explanation of the r.,issiom. *GPG $4.25 

Cortwright, E. M.. 1968. E.rploring Space with a Camera. NASA SP-I68,214 6-  Collection of 
the best si ace photographs taken until the publication date; includes scenes from Gemini 
(of ET -th, in color), Ranger, Surveyor, Lunar Orbiter, with descriptions of the spacecraft 
and missions. *GPO S4.25 

Kuiper, G. P., 1969. ed. Photographic L u : w  Atias, Chicago, Univ. of Chicago Press. 

Musgrove. R. G.,  1971. Ltcnar Photogruphs from Apollo 8. 10, and 11, NASASP-246, 119 p. 
Selectt ! phctcgraphs from the earl;..st maxied lunar missions; some pictures in color. 
*GPO 5 ; 00 

Public information bulletins on lunar and planetary missions, infc.mative, well written and 
illustrrited: excellent teaching materials. Available from *GP3 

Lwur Orhrtrr. NASA Facts-32/ vol. 4. no. 4 
The view from Ranger, NASA EP-38 
Ji)rtrne~ to the Moon NASA Facts40/i 1-67 (wall chart) 
L >g of Apollo . I (first lunar landing), NASA EP-72 
The first lirnur lanuing. m iold by 1 hL astronauts, NASA EP-73 
Afariner Spacecraft, NASA Facts-39/2-68 204 

*GPO = Superintendent of Documents. U. vrrnment Prin.ir affice, Viashingtun, D. C. 20402. 
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354 

754 

-- 
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E. Maps and Chmis 

The Earth’s Moon, 1969. National Geographic Society, Washington. D.C. 20036, 51.00. 
W’X 27”. Nearside and fanide, with index to named features; information on lunar 
shape and motion on the margins; the best general lunar chart available. 

The Red Planet, MARS, 1973. National Geographic Society. Washington, D.C. 20036. S 1-00. 
Excellent map prepared from Mariner 9 data. 

Wilhelms, D. E. and J. K. McCauley, 197 1. Geologic Map of the nearside of the Moon, U. S. 
Geoi. Sulvey &dp 1-703.54” X 36” ‘GPO S 1-00 

Lunar Chart LEM - frontside. Available in three scales from +GPO: 
66” X 66” (1 :2,500,000 scale) two sheets, S2.00 
35” X 36” ( 1 :S,O00,OOO scale) $ 1-00 
19,’ X 17“ ( 1 : 1 O,OCO,OOO scale) $0.50 

Lunar Chart LPC-I Frontside, backside. and polar regions, l:lO,OOO,OOO 38” X 26”, *GPO 
Sod 

F. Globzs 

Denoyer - Geppert Lunar Globe. Times Mirror. 5235 Ravenswood Ave., Chicago. Ill.  60640. 
16” dismeler ($68.30 - hand mounted, $27.24 mass produced); hlghly detailed and well 
produced. 

k n o y e r  - Ceppert Mars Globe. Ties Mirror, 5235 R a v e n s w d  Ave., Chicago, Ill. 60640. 
16” diameter, $60.00 hand mounted. Excellent globe, shows the named features as of 
1973. 

Rand McNally Lunar Globe. 12” diameter. surface detail not as accurate as DenoyerGeppert, 
but i t  inciudes more names of surface features and crater depth for sel-cted craters. 

G. Photographs - most of the followiig agencies and institutions will supply indices of available 
photographs, with prices, on request. 

Public Affairs affice, Ames Research Center, National Aeronautics and Space Administration, 
Moffett Field, California 94035. 

National Spdce Science Data Center. Goddard Space Flight Center, National Aemnautics and 
Space Administration, Greenbelt, Maryland 20771. Source for photographic prints and 
negatives of research quality for Lunar Orbiter, Surveyor, Apollo. Mariner, etc. missions. 
Individual catalogs for missions are available. Photographs are supplied at cost. 

+GPO = Superir,.cndent of Documents, Government Prir “lg Oifice, Wash gigton, D. C. 2G.32. 

495 



Observatory telescopic Ghotogrdphs of the Moon. planets, and stars: 

Lick Observatory. Univ. of California at Santa Cruz. Santa Cmz, Calif. 95060 

Hale Observatories. Calif. Inst. Tech. Bookstore, 1201 E. California Blvd., Pasadena, Calif. 
91 109. Also sells NASA photographs from Apollo, Surveyor. Ranger, and Mariner 
missions. 

Yerkes Observatory. Williamc Pay, Wisconsin 53 193.354 for a catalog. 

H Motion Picrures 

NASA film catalog-available from Ames Research Center, NASA. Moffett FiAd, Calif. 94035. 
Films ~ J Y  available free to  bonafide representatives of edbcational, industrial, professional, 
youth activity and governmental organizations for group showings 

U. S. Geological Survey-Astrogeology Branch films -- listing is available from The Information 
Office, Geological Survey, Washington, D.C. 20242. 
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CHAPTER xni - TEACHING METHODS 

Approaches for Teaching Planetology - R. Greeley 

Selenology Exercise - R.  Greeley 

Lunar Photo Exercise - f’. H. Schulrz 

Impact Crater Experiments - R. Greefej 

Geologic Mapping Exercise - R. Greelej. 

Lunar Samples - R. Greeley 

ApoUo Landing Site Exercise - R.  Greeley 

Use of Lunar Orbiter r rotographs in Earth Science Courses (Reprint) 
- G. E. McCill and P. A. Chiiook 
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APPROACHES FOR TEACHING PLANETOLOGY 

Ronald Grezley 
University of Santa Clara, Sdnta Clara, Calif. 95035 

1. INTRODUCIION 

The primary objective of the “Short Course in Lunar Geology” is to  provide information and 
ideas for instructors so that aspects of planetology can be introduced or  expanded in their earth- 
science cumculum. Although the ways that this is accomplished are probably as varied as the 
number of participants, I would like to  offer some suggestions for incorporating planetolog.,r into 
earthscience programs. Three general possibilities are: I )  supplemental instruction in existing 
courses, 2) introduction of special projects or formal courses in plznetology, and 3) introduction of 
shortcourses for high school instructors, o r  as community affairs programs. 

11. PLANETOLOGY IN EXISTING COURSES 

Community college earthscience instructors generally teach a variety of courses (physical 
gecjlogy, historical geology, physical science, astronomy) in which the solar system, “Earth’s place 
in sFace,” and the early history of the Earth are discussed. A great deal of the recent information on 
the characteristics cf the solar system and ideas of its origin has come from lunar and planetary 
program. Thus. it would be appropriate to  expand and supplement lectures with the data gained 
through their short course in regird to  geochemistry, ages of lunar material, and characteristics of 
the terrestrial planets. Now that lunar landings have been accomplished and large nhotographic 
libraries &-e being compiled from detailed views of other planets, Solar System rlanomy has 
changed dwstically. The study of surface features is basically thn field of the geologist, not the 
astronomer. Consequently, the topics in Solar System astronomy over the last decade have been 
redirected to the outer planets, to meteorological problems, to comets, and to  the relatively 
“inaccessible” (3s yet) planetary objects. The study of planetary surfaces is typically approached by 
astronomers as arA aside. However, this topic is closest to  the field of the geologist. 

In one form or another. earthscience courses disc IS geological processes. One approach for 
planetology is to show that the same gcological processes are (or have been) operative on all 
terrestrial planets. Impact cratering as a geological process is usually neglected in general geology, 
even tilough it has been significant in the evolutionary history of mod planets, including the 
primitive Earth. Comparisons of the relative effects of impact cratering as well as other processes 
(volcanism. gradation, and tectonism) for each planet could be discussed and supplemented with 
spacecraft Am agery . 

The h s i c  concepts and principles of geology (superposition, uniformity, etc.) are used to  
decipher the geology of the other planets, just as they are used for Earth. As these topics art  
discussed, extraterrestrial cases could be cited. For example, the lmbrium lava flows photographed 
by Lunar Orbiter and Apollo 15 demonstrate superposition on a grand scale! Or, craters cut by 
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linear rilles (graben) show cross-cutting age relations for the formation of the crater and lunar 
crustal faulting. In addition, extrapolation of meteoritic flux data and ‘kal-time” cratering events 
backwards through geologic time permits an understanding of the geological history and evolution 
of the Moon, demcnstrating geological uniformity. 

111. PLANETOLOGY AS A COURSE 

Some schools have already initiated separate courses in space science, or lunar and planetary 
geology. These courses often start as reading projects or seminars (eg., ‘Geological Exploration of 
the Moon and Planets”), and evolve into formal courses. Depending on the background of the 
instructor and the student population, the theme of the courses varies froin photogeology, geo- 
chemistry, or geophysics to general space sciences, etc. Some courses are restricted to  the Moon; 
others cover the Solar System. 

This short course could serve as a core for a lunar geology course of about four (4) quarter 
units. With laboratory, it could satisfy State requirements as a physical science laboratory course. A 
sample class schedule Io. the Planetary Geology course that I teach at Foothill College is included 
here. 

IV. SHORT COURSES 

A general function of community colleges is to  offer public service programs. Most commun- 
ities have a ready-made audience for short courses in lunar and planetary geology through local and 
campus astronomy clubs. Short courses and specid lecture series organized as community programs 
are particularly effective when they coincide with planetary probes (e.g.. Pioneer 1 1, 1974; Viking- 
Mars, 1976; etc.). 

Nearly all high schools teach physical science and many have initiated earth-science courses. 
They, too, could offer aspects of planetology in their normal curriculum. Short courses could be 
organized for high school instructors and offered for extension credit along the same general theme 
as this short course. 

V. LABORATORY EXERCISES 

Regardless of the approach taken to introduce planetology in the earth-science programs, 
laboratory exercises should be an integral part of the curriculum. We traditionally use the “do and 
learn” method in geology and this is true of planetology as well. Exercises in additici to  those that 
are part of this short course are given in the accompanying material. Most of these can be adapted 
directly to the classroom, depending upon student level and instructor intcrest. 

Material for the exercises (photographs, maps, etc.) can be obtained from the sources !isted in 
the Appendix of the chapter, “Educational Resources.’’ 
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Planetary Geology 

SELEN0u)CY EXERCISE 

Ronald Greeley 
University of Santa Clara, Santa Clara, Calif. 95035 

OBJECTIVE: To become acquainted with the physical chariicteristics of the Moon. 

METHOD: Analysis of lunar photographs, charts and reference materials. 

The following questions refer to  the fulldisc photograph of the Moon. 

1. Is the surface of the Moon homogeneous, that is, is it composed of material that appears to be 
the same everywhere? 

2. Separatc .ne Morn into two main geographic areas and list the ciiaracteristics for each. 

AREA 1 AREA 2 

3. What physical properties of the lunar surface (that can be distinguished on the photographs) 
did you employ in characterizing the areas? 

4. Attempt to subdivide each area into subareas. What is :he basis for your subdivisions? 

5 .  Examine Lunar Chart LPC-1 and the National Geographic map of the Moon (frontside, back- 
side, and polar regions). How does the backside differ froin the frr nt side? 
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6. In your opinion, what is the most common type of surface feature on the Moo?? 

The Lunar Charts, prepared (from telescope photos) at a scale of 1 : 1,000,000 and contoured at an 
intmal  of 300 meters, were drawn (using an air brush technique in which shading aids in simulating 
surface relief) by specialists of the US. Air Force Aeronautical Chart and Information Center. Parts 
of LAC 40 and 96 are reproduced on the following pages. Chart LAC 40 shows a region in the 
southern part of Mare Imbrium consisting of relatively flat lava flows into which a large, young 
crater (Timocharis) has been excavated. Chart LAC96 displays a topography typical of the old 
central highlands. 

7. Using the graphical layout provided on the next page, construct a topographic profde acrw, 
each of these surfaces along the lines A - A’, B - B’, C - C’, and D - D’. In order to emphasize 
differences in relief, the vertical scale for each section has been exaggerated by a factor of 
four. 

Normal contours are shown as long dashed lines. Depression contours are indicated by 
hachured lines. For the larger craters, the number above the crater name represents the maxi- 
mum elevation in meters (rounded off to  the nearest 10 or 100 m value, depending on the 
control available). The number enclosed in parentheses refers to the total average depth in 
meters from the high point of the crater rim tu the low point in the centra! crater floor. 

a. Contrast the topographic relief of LAC 40 and LAC 96. 

b. Compare and contrast the linear relief features of LAC 40 and LAC 96. 

c. Is the “flat” mare terraip of LAC 40 really flat? Explain. 

d. To what geological process would you attribute the rugged relief of LAC 96? 
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PART I1 

To be completed at home before the next meeting. From the list below, locate and write-in each 
feature on the attached full disc photos. Suggested references inc!l.de the National Geographic 
Society Moon map, Lunar Atlases by Dinsmore Alter, Lunar Charts LEM and LPC-1, etc. 

A. Maria 
1. Oceanus Procellarum 
2. Marelmbrium 
3. Sinus Aestuum 
4. Mare Serenitatis 
5 .  Mare Tranquillitatis 
6. MareHumorum 
7. MareNabium 
8. Mare Fecunditatis 
9. MareCrisium 

B. Craters 
1. Copernicus 
2. Tycho 
3. Aristarchiis 
4. Alphonsus 
5. Bailly 
6. Langrenus 
7. Kepler 
8. Messier 
9. Gassendi 

10. Archimedes 

C. Miscellaneous 
1. Alpine Valley 
2. MariusHills 
3. Schroeters Valley 
4. Apennines 
5. HyginusRille 
6. Ariadaeus Rille 
7. TaurusMts. 
8. Southern Highlands 

10. Mare Frigais 
11. Mare Orientale 
12. Mare Muscoviense 
13. Mare L’aporum 
14. Mare Nectws 
15. Sinus ladcm 
16. Mare Smithii 
17. Sinus Roris 

1 1. Timoc:iaris 
12. Theophilus 
13. Plato 
14. Ptolemaeus 
15. Arzachel 
16. Clavits 
17. Grimaldi 
18. Riccioli 
19. Schiller 
20. Hipparchus 

9. Jura Mts. 
10. Alpine Mts. 
11. Central Highlands 
12. Haemus Mts. 
13. Pyrenees Mts. 
14. Rheita Valley 
15. Cordillera Mts. 

C. Space Probe Sites 
1. Rangers 6 , 7 , 8 , 9  
2. Survcyors 1 , 2 , 3 , 5 , 6 , 7  
3. Apollos 11, 12, 14, 15, 16, 17 
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Planetary Geology 

LUNAR PHOTO EXERCISE 

OBJECTIVE: 

METHOD: 

MATE RIALS: 

Peter H. Schultz 
Ames Research Center, NASA, Moffett Field, Calif. 94035 

To be introduced to lunar surface features and to learn probLms of photo- 
interpretation. 

Interpretations of lunar crater origin based on observation and personal 
experience. 

Photographs of lunar cxater with increasing resolution, map of the Moon, scratch 
paper, tracing paper (optional). 

INTRODUCTION FOR INSTRUCTORS 

There are two basic methods for laboratory exercises. First is the “lead-through” or “spoon- 
feed” approach; the seco,id, the “selfdiscovery” approach. Selenology lends itself to both tech- 
niques but several lessons in the scientific method can be learned by permitting the student to 
discover for himself plausible models of lunar surface processes. At one extreme, he is given a lunar 
photograph and only enough background to  recognize the proper photographic scale and the 
lighting conditions at the surface (Exercise A). At the other extreme, he is provided with questions 
that generally guide him through the exercise (Exercise B). The choice of extremes typically 
depends on the experience of the student. However, if enough warning is given to what is expected 
of the student, he should be able to  wade through either approach. A necessary part of the exercise 
is a summary and discussion period in which the student recognizes what was pertinent, what 
assumptions did he make (perhaps without knowing), and what was he supposed to  learn about the 
Moon. If the student is left only to his own resources, then he must be given credit for ingenuity 
and approach rather than for the correcr answer. In this sense, the exercise is not really conducive 
to a grading system but is used as a learning exercise. 

The primary goals in a selfdiscovery approach are both the ehcouragement of independent 
thinking and the exposure of preconceived ideas. Whether the student is a science or humanities 
major, he probably will recognize the thin line between observation and interprrtation. For 
example, a surface feature might be labeled on  the basis of personal experience, and this label might 
carry with it a connotation or origin. Less philosophical goals include the ap?reciation of the type 
of data and resirictions in photo interpretation. In addition, the student will be exposed to a variety 
of surface features, a variety that will become more apparent the longer he looks at the 
photographs. 
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INSTRUCTIONS AND DISCUSSION 

These two alternative selenology exercises are designed for groups of four students working 
together on the same set of lunar photographs. Larger working groups tend to  stifle different ideas 
from the more timid students. Both exercises depend on their formulating a theory of the origin of 
lunar craters based on what they see and that they know from previous experience. This is basically 
the approach used by a photo-geologist; the difference is that the student might not have a geologi- 
cal background. 

Two crater: will be examined (see accompanying illustrations). Two or three working groups 
will be given one crater, Copernicus; other groups, a different crater, Gassendi. These craters have 
been selected because they are significantly different in appearance, indicating a difference in origin 
or modification. The theme is: “Based on the crater you have studied. what is the origin of lunar 
craters?” Each working group will select a spokesman to present their conclusions. Because the 
working groups indegendently examine two different craters and because the question of origin was 
made in a very general sense, a debate may result. This is intended and should be encouraged. In 
p?.ticular, it is likely that the groups will fall into two camps: those advocating an impact origin and 
those advocating a volcanic origin. 

Division of opinion illustrates several problems in photo interpretation: 

1. The dependence of the interpreter on his own past experience, regardless of training. 

2. The danger of over applying a process recognized for one crater to all other lunar craters. 

3. The necessity of maintaining a list of alternative origins and checking their plausibility as 
new information becomes available. 

4. The difficulty in demonstrating one theory over another theory. 

5. The ease with which dogmatic statements can slip into a discussion. 

2 instructor should watch for thea qroblems in photo interpretation as they are exposed in the 
classrooni, problems that characterized the early history of selenology. 

A very important pcJint is that seemingly wild ideas suggested by a student should not be 
summarily discarckd. Re.Tember, the students wert asked to  base their interpretation on their own 
experience, regardlecs of background. Such ideas should be examined for processes analogous to 
ctrrrently more popular theories of lunar crater formation and should be discussed in terms of both 
confirmable tests and your own knowledge of conflicting evidence. 

If the students have sufficient geologica! background or if the level of questions and sugges- 
tions indicate that they are on the “right” track, then you might develop a line of questioning: 

1. Could you see evidence for degradation or smoothing of surface features? What processes 
could do this smoothing on the Moon? 

506 



2. What features are similar to both Copernicus and Gassendi? What features are dissimilar? 

3. Do you think Copernicus and Gassendi were formed by the same mechanism? 

4. Could Gassendi be a degraded version of Copernicus? 

Discussion of these questions probably will lead to  three alternatives (also see table 1). First, 
Gassendi was once similar to Copernicus, an impact crater, but meteoritic erosion produced exten- 
sive degradation. Second, Gassendi is a volcanic caldera, whereas Copernicus is a relatively recent 
impact crater. Third, Gassendi was originally formed by impact, but volcanic processes associated 
with the emplacement of the lunar maria produced extensive modification. I prefer the last alterna- 
tive based on the following evidence: 

1. Craters exist (Taruntius, Atlas) that exhibit floor features resembling those in Gassendi 
but an ejecta blanket resembling that of Copernicus. 

2. Most Gassendi-type craters (those with extensive floor fractures) occur along the borders 
of the maria and commonly have mare units emplaced on the floor. 

3. Central peak height within Gassendi-type craters is Comparable to that in Copernicus-type 
craters; however, several Gassendi-type craters have shallow floors with the central peaks 
extending above the rim. Thus it appears that the floor and central peak complex were 
raised en masse. 

4. Craters with a wide variety of inferred stratigraphic ages exhibit Gassendi-type floors, yet 
floor features suggest a degree of preservation comparable to  the maria. 

The impact origin for Copeniicus is generally accepted. This is based on the extensive evidence from 
returned Apollo samples for impact processes acting on the lunar surface over a long period of t h e ;  
the massive blanket of material and secondsry impact craters that surrcund the crater to enormous 
distances; and the absence of significant preferred associations of such craters with volcanic terrains. 
The argument that there is no volcano of comparable size on the Earth only can be used as 
supporting evidence. Any stronger stand may bring up the comment that scientists, too, havL 
limitations in their experience or knowledge of the early history of the Ed:. 

507 



(Instructor: Suggest that each participant keep a record of the observations on a piece of 
paper 1 

In this investigation you will be divided into four groups. Each group is to study the geologic 
features associated with the crater shown in the lunar phoLographs. You have been given four sets of 
photographs that have progressively increasing resolutions: 

1. Lunar Orbiter IV, medium resolution (framelet width appioxiniately 100 km) 

2. Lunar Orbiter IV, high resolution (framelet width approximately 12 km) 

3. Lunar Orbiter V, medium resolution (ftsmelet width between 3.3 and 4 km) 

4. Lunar Orbiter V, high resolution (framelet width between 0.44 and 0.5 km) 

The photographic scale, the north direction, the direction of the sun, and the elevation of the 
sun above the horizon are marked on each photograph. 

Each group is to study the crater in order to  derive a list of plausible origins. The intent of the 
exercise is not to  amve at a correct answer. Rather, it is fcr you to  examine the surface features and 
deduce conclusions from your observations based on your experience. Select a spokesmian to 
present briefly your findings to thc rest of the groups. Be prepared to  defend your conclusions for 
+he origin of lunar craters. 

In order to  provide some direction for the study, consider thc following questions: 

1. 

2. 

3. 

4. 

5 .  

EXERCISE A 
(selfdiscovery , minimum guidance) 

What are the relative ages of t+e geologic features you see; in particular, the crater of 
interest? 

What evidence for geolopric processes do you see on the ,loor, wall, and rim regions of the 
crdter? 

What geologic features are found on A. Earth that appear analogous to  the ones you see 
on the Moon? 

What origin d o  you propose for the different features you see? 

Based on your observations, what process do you feel is responsible for lunar cr-ters? 

You will be given about forty-five minutes to  consider these questions. 
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ALTERNATE EXERCISE B 
(guided self-discuvery exercise) 

A. From the distant view (Lunar Orbiter 1.4, medium resolution) 

1. What are the most obvious features of the crater that are visible at this resolution (a 
resolution comparable to telescopic views from the Earth;..' 

2. Are there other similar craters visible? If so, using a map, identify these craters by name. 

3. What is the relation of the crater to the surrounding texrair.? 

B. From a closcr view (Lunar Orbiter IV, high resolution) 

1. Livide the crater into three areas: floor, wall, and rim (beyond the rim crest; . .A. List 
characteristic surface features in each zone. 

2. Is the crater rim outline circular, polygonal, irregular, or :allopeG? M a t  about 3ther 
craters in the area? Do you see any signihance to similarities or differenczs in crater 
plan? 

3. What do you think the crater looks like in cross section? Draw a rough profile based on 
your impression. What criteria did you use? 

4. At this increased resolution, what other relations do you see between the crater and the 
surrounding terrain? 

C. Still closer view (Lunar Orbiter V, medium resolution) 

1. Compare the floor and wall zones; list characteristic features. 

2. In general, what is the age relation between the wall and the floor? Are there any 
exceptions? 

3. Can you divide the floor into different regions based on morphology? If so, list the most 
characteristic features that make these regions different. 

D. Closest view (Lunar Orbiter V, high resolution) 

1. Describe thc floor in this high resolution photograph (smallest feature visible is approxi- 
mately 10 m) with respect to  crispness of detail, types of small craters, and types of other 
features. 

2. Are any of the features you recognize similai to features on the Earth? 

E. On the basis of the observations and y a i r  own background (whether geology or hop? 
economics) list the different origins you can imagine for lunar craters. Which do you feel is the 
most plausible? Which do you feel is the most implausible? 
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Opposite: 
figure 1.- 7he cmter Copenticuz 7he distant view, (a)  (LOW-126-M). meds 

the brigAt my system, md an extensive ewta bhnker wilh numerrtus wcon- 
aby mten is shown in (b)  (LOIV-121-H2). The width of (a) c o m s p d s  to 
770 km; the width of (6). 200 km (frmndet d t h  12 h). 7he stereo #mir, 
(c) and (d). focuses on the cmter floor cnd cenlmi peuks. 7hese ate medium- 
resdution imqes fmm otnm &biter V (LOV--154-M and LOV-152-M) in 
whkh the fmmeIet W t h  cmponds  to 3.3 km. See fisure I O .  Mendw. 
for further discussion. 
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TABLE 1.- COWb RISON OF COPERNICUS AND GASEND1 

COPERNICUS 

FLOOR 1. Multiple central peaks fridges). 
2 Two distinct floor units: one rela- 

tively tlat, the other hummocky. 
3. The floor generally overlaps the wall. 
4. Volcanolike cones and rimless pits 

on the tlat floor, m i n g  vnmank 
processes (see medium and high 
Fesohtion photographs). 

5. Small  f rac tures  (high-resohtion 
photos) ,  several surrounded by 
smooth-surfitced deposits (thought 
to represent pyroclastic debris). 

6. Numerous domes surrounded by 
depressions or "moats" (high resolu- 
tion photos). 

7. Boulder trails down central peak. 
8. Variety of small crater appearances: 

from blocky to  highly subdued. 

WALL I .  Extensive slumping and slides. 
2. Flow features extending down the 

wall and apparently originating in 
rimless elongate depressions Flows 
may have beeil molten or landslide 
debris. 

3. Smoothsurfaced "pools" on the ter- 
races, several of which exhibit flow 
patterns and fractures. 

RIM 1. Division into tliree zones: first zone 
nearest rim crest characterized by 
annular  f rac tures  and smooth- 
surfaced units in local depressions. 

2. Second zone: annulus around first 
zone; hummocky dunelike terrain. 

3. Third zone: beyond second zone; 
numerous secondary craters with 
"herringbone" pattern; extensive ray 
system ( n o t  alwdys radial to 
Copernicus). 

GASSENDI 

1. Shal low floor with numerous 
fractures. 

2. Central peaks (elevation is just below 
m t e r  rim). 

3. Smooth mare units within moatlike 
depression closest to mare. 

4. Contmsting floor surfaces with mark- 
edly different crater densities 

5. Highly textured surfi~c:s (high- 
resolution photos). 

6. Ridge on edge of floor adjacent to 
mare-fiied depression (remnants of 
base of wall). 

1. Highly subdued wall slumps on 

2. Absence of wall slumps in moat 
western and northern walls. 

region. 

1. Absence of ray system and ejecta 
sequence comparable to Copernicus. 

2. Relatively symmetric rim/wall ridge 
adjacent to m m  - in contrast to 
subdued rim profire adjacent to 
highlands. 
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Planetary Geology 

IMPACT CRATER EXPERIMENTS 

Ronald Greeley 
University of Santa Clara, Santa Clara, Calif. 95053 

OBJECTIVE: To learn the mechanics of impact cratering. 

M r n @ D .  Observations of laboratoryproduced craters and f i  of hypervelocity experi- 
ments; comparative analyses of lunar craters. 

Sand-fded tray,*supply of dyed sand,slingshot, projectiles, scale, cross-sections of 
hypervelocity-produced craters, and lunar photographs. 

MiQTERb L: 

Prepare a smooth, flat sand surface by scraping the board across the sand tray. Ask instructor 
to .:mplice a layer of dyed sand over the prepared surface. Divide the target area into four (4) 
sections. 

1. In one quarter-section, produce a crater using the slingshot to launch a 6 mm projectile 
f i  n m d  (at 9@, or vertical) to the target surface. Sketch a plan (map) view and cross section of 
the c.ater. Be sure to sketch the pattern of the l;ghtcolored sand around the crater. This material is 
ejecta. Where did it come fmm? 

?;haz would you expect to find beneath the ejecta? 

Would you expect the ejecta to be of equal thickness everywhere? What is its distribution and 
thickness in relation to the crater? 

2. In the second -v-irter-section, produce a crater with a 6 mm projectile launched at about 
65” to the surface (%timate the angle). Sketch the crater. Is there a murked difference between the 
two craters or ej-*?s patterns? 

3. In +ne third quarter-section, produce a crater with a 6 mm projectile launched at about 40” 
to the swace. Be sure no one is “down range” in case the projectile ricochets. Sketch the crater. 

#. In ,.he fourth quarter-section, produce a crater with a 6 mm projectile launched at about 
‘\-lo” to the surface. Fe sure no one is “down range” in case the projectile ricochets. Sketch the 
crater. Note the awrmetric cross section. 

‘lOOp sand i? : :commended. Sand can by dyed easily by mixing it with dry powdered tempera paint. 

- 
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5. Examine the sand craters and your sketches. What are the relationships between impact 
angle. crater morphology (shape, fmn),  and ejecta distribution? 

6. Examine the photograph of the lunar crater Messier.* What interpretations can you make 
concerning its formation? Did the projectile which formed Messier enter from the east or west? 

The next section deals with the relationships of projectile mass (weight) and velocity (average 
speed) to  crater sue. 

7. Recover the projectiles from the experiments above and thoroughly mix the dyed and 
undyed sand to produce a uniform mixture. Smooth the target surface with the board. The remain- 
ing experiments will be performed without a dyed upper layer of sand. 

Produce four (4) craters on the smooth target surface, using 8 mm projectiles. Make the first 
crater by dropping the projectile from a height of 10 cm above the surface, the second crater from a 
height of 2 m. The third projectile should be launched from the slingshot extended 23 cm (9’); the 
fourth, from the slingshot extended 36 cm (14”). Mass of projectile = 2 grams. 

Complete the following table: 

Velocity ** Crater diameter 

Shot 1 

Shot 2 

Shot 3 

2 cmlsec 

200 cmlsec 

1000 cmlsec 

Shot 4 3000 cmlsec 

8. Recover the projectiles and smooth the target surface with the board. Produce three (3) 
craters by dropping 4 mm. 9 mm, and 18 mm steel projectiles from a height of 2 m above the target 
surface. Record the crater diameter. 

*See figure 18 “Impact Craters.” 
**Approximate 
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MlW Crater diameter 

B o t  1 (4 mm) 

Shot 2 (9 mm) 

Shot 3 (18 mm) 

.34 

3.52 

28.14 

9. Recover the projectiles and smooth the target surface with the board. Produce three (3) 
craters by dropping 18 mm steel, glass, and hollow aluminum projectiles* from a height of 2 m 
above the target surface. Record the crater diameter. 

Mass Crater diameter 

Shot 1 (steel) 28.14 

Shot 2 (glass) 8.07 

Shot 3 (hollow aluminum) 2.37 

10. From observations of your experiments, answer the following questions concerning 
impact cratering: 

a. In producing craters, which is more important, projectile diameter or projectile mass? 

b. What is the relationship between projectile velocity and crater size? 

Impacts involve the transfer of energy from the projectile to the target. Kinetic energy (energy in 
motion), K.E. = 4k mv2, where m = mass (weight) and v = velocity. The above exercises involved 
iow velocity impacts (maximum velocities of only a few meters per second). Natural impact events 
commody occur at velocities of more than 10 kilometers per second (22,500 mph!); “projectile” 
mass (meteorites) may be several kilotons. 

11. Determine the amount of energy involved in producing the crater for “Shot 2” of Ques- 
tion 7. 

K.E. = % my2 

*Projectiles available from Industrial Techtronics, P:O. Box 1128, Ann Arbor, Michigan 48 106. 
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I?. Determine the kinetic energy for an iron meteorite 20 m in diameter (mass = 
3.34 X 1 0 ’ O  g), impacting at a velocity of 10 km/sec. For comparison, 1 kiloton of TNT = 
4.2 X 1019 ergs. 

13. Investigation of hypervelocity (high velocity) impacts requires extensive laboratory equ ip  
ment. Your instructor will explain hypervelocity impact studies performed at NASA-Ames and 
show high speed motion pictures of impact events produced by a Hydrogen Gas Gun. 

View the film and note the sequence of events in crater formation. The flash of light seen 
Juring the initial stage of impact resulted from “impactshocked” electrons shifting from one orbit 
to another within the molecular structure of the sand. A significant part of the kinetic energy of 
impacting projectiles is transformed io hear. This heat Qften melts part of the target or planetary 
surface. Explain the geological significance of this fact. 

Examine th,, slabs* prepared from targets impacted in the NASA-Ames light gas gun. In the 
space below sketch the “rock” layers. 

a. Is the crater rim higher, lower, o r  the same level as the original target surface? 

b. Trace the uppermost “formations” (colored sand layers) through :he rim. What hap- 
pens to these units? 

c. Are the units in the crater walls of uniform thickness? 

d. What happens to  the units beneath the crater floor? 

14. Examine the filmt and photograph** of “Mare Exemplum” produced at NASA-Ame. 
Research Centcr. 

a. Pick out a large crater and describe the changes that occur as it “ages” with time. 

*See ftgure 10(a) “Impact Craters.” 

?Film “Mare Exemplum” available froin Public Affairs, NASA-Ames, Moffett Field, CA. 
**See figure 17 “Impact Craters.” 
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b. Select a large crater formed late in the sequence. How does its ejecta alter the sur- 
rounding surface? 

c. Is impact-cratering an effective erosive process? Would it be as effective on Earth as on 
the Moon? On Mars? 

d. Considering the lunar surface, would it be possible to obtain “relative” age dates for 
different geological units on the basis of crater statistics? Could you obtain “absolute” age 
dates? Explain. 



Planetary Geology 

GEOLOGIC MAPPING EXERCISE 

Ronald Greeley 

OBJECTIVE: To produce a lunar photogeologic map. 

METHOD: Following the procedures, mapping methods, and time scale outlined by Wiulelms 
(1970, 1972), a geologic map is to be made for a part of the lunar surface. Units 
should be placed in the lunar time scale, described, and their possible origins 
discussed. 

The instructor will show the solution at the conclusion of the exercise. 

MATERIALS: Glossy photographs of the map site (DO NOT MARK OR MAR!), lithographic 
copy of map site, chart for unit descriptions. 

1. Examine the photographs of the mapping site and determine tentative geologic units. 

2. Sketch possible contacts on one copy of the map site. 

3. Place units in relative time sequence. Check contact relations against the age sequence. 

4. Check the validity of the map by drawing crosssections through the area. Remember that a 
geologic map (in contrast to a geomorphic map) shows three-dimensional rock units. 

5. Finalize contacts on second copy of map. Complete the chart for unit descriptions, placing 
units in proper age sequence. Use the appropriate symbols for the units on the map and chart. Offer 
possible explanations for the origin of each unit. 
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Planetary Geology 

LUNAR SAMPLES 

Ronald Creeley 

OBJECTIVE: To become familiar with the mineralogy and petrology of lunar surface rocks. 

METHOD: Familiarization with common rock textures and structure as related to their mode 
of formation; comparison of terrestrial rocks with lunar samples through the use 
of thin sections dhd “pseudosections.” 

The instructor will review the main categories of rocks and processes leading to their forma!ion 
: thin as illustrated thrwgh the Rock Cycle. In addition, he will discuss the technique of 

sections to analyze rocks. 

I .  Using both normal and polarized light, examine thin sections A, B, C, and 3  ion 
terrestrial rocks) and record your observations on the chart. When you are completed, ask instructor 
to check your results, then bt certain thai you can recognize the characteristic textures for igneous 
(plutonic and volcanic), sedimentary, and metamorphic rocks. 

2. Examine pseudo-section 3 and record your observations on the chart. This is a section 
through a pyroxene crystal (cross polarizers) taken from the rock suevite from the Ries Basin, 
Germany. The deformation lamellae (linear structures) resulted from high-pressure shock waves 
generated by the impact that created the Ries Basin (size of original 0.32 X 0.22 mm). 

3. Examine pseudo-section 4 and record your observations on the chart. This is a section of a 
glass bomb from the Ries Basin, found within suevite. It shows schlieren (yellow flow patterns), 
bubbles (round, white areas) and mineral fragments (white, angular material). (Size of original 
0.79 X 0.55 mm.) 

Explain how this material could form during impact: 

4. Examine photographs AS 1 1-45-6707 and AS 1145-6708 through the stereoviewer. These 
were taken by the Apollo 11 astronauts of the lunar surface; each photo covers an area a few 
centimeters square. Describe the physical character of the lunar surface: 

Where did the fragmental material come from? 

The shiny material coating the rock fragments is glass. Where did it come from? 
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Explain the origin of the irregular vesicles in the rocks in the bottom of photographs 
AS 11-45-6708. 

5. Examine lunar sample pseudosectior.s 122, 125, and 126. The round objects werc recov- 
ered from the lunar "fines," or s%l; they are commonly 1.0 mm or less in diameter. The lack of 
internal structure (crystal form) identifies them as glass objects. Why do they have a rounded shape; 
how might they have formed? 

Notice the small pock-marks on slide 122. What might they Le? 

6. Examine pseudo-section 135 (crossed polarizers) and note your observations on the chart. 
Size of original C. '7 X 0.64 mm. It is a thin section of lunar material and contains feldspar (plagio- 
clase) pyroxene. 

It most closely matches terrestrial rock 

7. Examine pseudo-section 142 (crossed polarizers) and note your observations on the chart. 
Size of original 0.09 X 0.06 mm. It is a thin section of lunzr material. 

It most closely matches terrestrial rock 

8. Examine  pseudo-section !:!3 (originai 0.38 X 0.25 mm), section 141 (original 
2.9 X 1.9 mm), and strew slidc 121, all of lunar material. Describe sections 123 and 141 and record 
your observations on the chart. 

Do you see a possible genetic relation between 123, 141 and 121? Explain. 

How might the rock of sections 141 and 123 have formed? 

9. From your examination of this material, give a summary of the rock typec fcdnd on the 
lunar surface and the geologic processes that led to  their formation. 
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APOLU) LANDING SITE EXERCKE 

Ronald Greeley 

INSTRUCTOR NOTES 

1 - This exercise enables the student t o  use the information gained in lunar geology toward the 
d u t i o n  of a practical problem. To be effective, the exercise should be given toward the end of the 
course so that the students have suffiien’ background in lunar geology. 

Using reference materials for a genemf landing site (e-g., the crater Copernicus), a specific 
landing site is to be selected and geological travenes planned. 

2. The exercise can be handled several different ways, depending upon the class and available 
time: 

Oprion A. Students work individually, all on the same general site (eg., Copernicus, 
Marius Has, etc.). 

Option B. Students work individually, each on a different general site. 

Option C. Students work in groups of 3 t o  5 ,  all on the Same general site. 

Option D. Students work in p u p s  of 3 t o  5 ,  each group on a different general site. 

3. Regardless of option selected, the assignment could be made for either outside work or as 
lab work for two or three lab periods 

4. If time permits, the last lab session could be used for the presentation of various sites 
selected, during which the site and scientific rationale of the selection could be defended and 
debated as an open forum. 

5. The maifi part of the exercise should be the photogeologic analysis and mapping, from 
which the specific landing site and geological travems are derived. The listing of the “capabilities” 
of the Orbiting CM-SY and the surface experiments are secondary to  the photogeologv. The 
inclusion of :his material is twofold: fusf, it requires the student to gain some understanding of 
remote sensing techniques and geophysical instruments, and second, the type of geological data that 
can be gained with the various instruments (heat flow, subsurface structure, etc.) will influence the 
site selection. 

SPddent level and capability as well as available time will determine the emphasis placed on the 
%on-photogeologic” aspects of the exercise. 



6. Candidste sites are presented in the material that follows These are some of the general 
s i t e  that were considered during the Apollo program as potential landing a r e a  For each site, lists 
m. given for a d 3 b l e  maps and photographs Material best suited for the exercise is indicated with 
an asterisk and the best photographs iire reproduced. Photographs can be obtained at cost from the 
National Space Science Data Center and maps from the Superintendent of Documents 

7. Site material for each student or group shwld consist of 

k U.S.C.S. Zeological Map, 1 : 1 ,ocrO,OoO, covering the ycneral area. 

B. LAC 1 : 1 ,OOO,OOO charts for general area. 

C. Base Map or Lunar Orbiter Photograph. Students prepare their geologic map, landing 
site, and geological traverses on this base, using tracing paper. 

I). Reference photas and maps (other Orbiter and Apollo photos, etc.). 

8. An abbreviated and moditiid form of this exercise could be given as a fmal examination 
(probably a “tiilce-h~me” examkation). 
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Planetary Geology 

APOLLO LANDING SITE EXERCISE 

Ronald Greeley 

I, OBJECTIVES 

To select an Apollo landing site by applying your current knowledge of lunar geology to the 
analysis of lunar data, photographs, and maps. 

11. MATERIALS 

Sets df photographs, lunar charts, 1 : 1,000,000 geological map(s) and reference material. 

iii. HYPOTHETICAL SITUATION 

Assume that there have been only three lunar landings (Apollo 11.12, and 14) and that there 
is to be only one more landing - the one that you are to plan. You must select the site and plan the 
mission to derive maximum geological data and to solve as many lunar problems as possible. 

I\'. CAPABiLITIES 

(See reference material for instrument descriptions.) 

A. Orbiting CM-SM (Command module - service module) will have the following instruments: 

Gamma-ray spectrometer, X-ray spectrometer, m a s  spectrometer, infrared scanning spec- 
trometer, lunar sounder, panoramic camera, mapping camera. 

R. Lunar module (LM) 

1. ALSEP (Apollo lunar surface experiment package): lunar active and passive 5eismom- 
rters, lunar heat flow, triaxis magnetometer, lunar atmosphere composition. 

2. Other zxperiments: geology investigation, surface electrical prcperties. 

3. Lunar rover: 3 EVA (extravehicular activity) traverses, each cannot be more than 
10 km long, round trip. 

C. Engineering constraints: 

The Apollo spacecraft travels in an inclined equatorial orbit from east to west. The LM 
separates from the CM-SM and begins its descent hundreds of miles from the f a d i n g  site, 
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bringing the LM into the site on a vcry low approach angle. The astronauts must have a clear 
view of the landing site during approach. Therefore, the landing site must not have high, stee, 
mountains on its east side. The site must be fairly smooth, level, and free of large boulders. 

V. REQUIREMENT 

Under the conditions described above, you are t o  prepare a report, ‘Geological Analysis of 
Apollo Landing Site.” The ceport should consist of the following parts: 

h Objective. 

A simple statement of the mission objective(s). Whzt specific !unar pablems poti:. ’ i  :!; 
could be solved? 

B. Regional Geology. 

Describe the broad geologic, physiographic and structural setting of the area. 

C. Site Selection. 

Select the exact landing site within the general area indicated. Use the clear plastic sheet 
with the 10 km diameter circle (range of the L u n x  Rover) to  select the best site. 

D. Site Geology. 

Describe the local geology of the site (physiography, stratigraphy, structure). Prepare a 
detailed geologic map showing landing site. 

E. Detailed Kim. 

Devise 3 Rover EVA’s (1 0 km round trip) and 2 foot EVA’s ( 1.5 km round trip) on the 
site map. Describe the specific objectives of each EVA, show stations along each traverse and 
discuss the dutica to  be carried out for each station. 

F. Summary. 

Which of the following geological, geochemical and geophysical problems will this site 
poten tially solve: 

1. Chronology 
a. “Original crust” 
b. Origin of major mare basins 
c. Mare flooding 
d. Post-mare time scale 

2. Composition 
a. “Primitive” rocks 
b. Deep-seated rocks 
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c. Differentiated rocks 
d. Transient events 
e. Atmosphere 

3. Processes 
a. Cratering 

( 1 )  Impact 
(2) Volcanic 
(3) chain 

(1)  Ejecta 
(2) Gravity 

c. Volcanic-Tectonics 
(1) Fault 
(2) Dome 
(3) Flows 
(4) Rilles 
(5) Ridges 
(6) Seismicity 

b. Transport 
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COPERNICUS 

Geological Description 

Copernicus (9'52'N, 19'55'W) is a relatively young, very large bright-rayed probable impact 
crater approximately 95  km in diameter and located south of Mare Imbrium. The primary objective 
of the mission to the floor of the crater, 4 km below the crater rim is the examination of the central 
peaks and the crater floor material. The central peaks (800 meters high) probably are composed of 
deep-seated material. Samples from the central peaks could aid in determining the internal c h m c -  
teristics of the moon. Examination of the domes and textured material of the crater floor could 
provide an understanding of the process of crater floor filling and help to clarify the role of 
volcanism in post-impact crater modification. Age determinations of the central peak material, the 
cratering event, and the subsequent crater illl material will aid in understanding the origin and 
modification of large impact craters. 

Scientific Objectives 

1. Sampling the central peaks materials with emphasis on variations in texture or appearance. 
2. Study the structures within the central peaks and the relationships between the peaks and 

3. Sample the floor materials. 
4. Sample and study domical hills within the floor. 
5. Emplace geophysical instruments and monitering experiments of the distant wall terraces. 

floor materials. 

Reference Material 

Photography: 

Mission 
Orbiter I1 
Orbiter IV 

Orbiter V 

Mission 
Apollo 12 
Apollo 12 

Magazine 

Q 
Q 

Frames 
7535 
7541 

Frame Number 
M, H-162 (oblique) 
H-121 (213) 

-121 (113) 
-1 26 (213) 
-126 (1/3) 
M, H-150 

-151 
-152 
-1 53 
-1 54 
-155 
-1 56 
-157 

Film Size 
70 mm 
70 mm 
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Cartography: 

Type Map 
Topographic 
Geological 

Photomosaic 
TOPOCOM 

Item 
LAC 58 
Copernicus (LAC 58) 

- 

H. H. Schmitt, N. J.  TraTk 
and E. M. Shoemaker, 1967. 
USGS Map 1-5 15 

Copernicus V-3 7 
Orb V-37 (200) 

Scale 
1,000,000 
1,000,OOG 

- 

200,000 
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MARIUS HILLS 

Geological Description 

The Marius Hills (14'36'N, 56'34'W) are a serizs of doves, cones and rilles of Eratosthenian 
material located northwest of the crater lliarius iiear the cente: of Oceanus Procellarum. The 
morphdogic units which comprise these hills are analogous in form and sequence to terrestrial 
volcanic complexes which display a wide spectrum of rock compositions and ages. The various 
geologic units suggest that a prolonged period of volcanic activity has occurred in the Marius Hills 
area and that magmatic differentiation has produced a spectrum of rock types and a series of 
volcanic landforms displaying characteristic structural relationships. Therefore,, the primary objec- 
tives of a mission to  the Marius Hills are to  study the geologic units in order to estalilish the extent 
and age of possible magmatic differentiation and to determine the structural relationships of vol- 
canic landforms in the maria. 

Scientific Objectives 

1. Sampling the variety of volcanic domes and cones present in the area to collect evidence for 

2. Sampling and studying the structures of the mare (wrinkle) ridges, sinuous rilles, and 

3. Sampling the plateau plains material. 
4. Emplacing and conducting geophysical experiments. 
5. Obtaining high resolution photography on this high inclination mission of the western part 

differentiation of lunar materials and its extent. 

rimless depressions in the area. 

of the moon's nearside. 

Reference Material 

Photography: 

Mission 
Orbiter IV 
Orbiter IV 
Orbiter V 

Frame Number 
M-150 (2/3) 
M-157 (2/3) 
M, H-210 
H-211 
H-2 1 2 
H-2 1 3 
H-2 14 
H-2 15 
H-2 16 
H-2 17 
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Cartography : 

Type Map 
Topographic 
Geolqic 

Photomosaic 
TOPOCOM 

Item 
LAC 56 
Hevelius (LAC-56) 

J. F. McCauley, 1967 
USCS Map 1491 

- 

Marius F (V51) 

Scale 
1,000,000 
1,000,000 

- 

1 :250,000 
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HYGINUS RILLE 

Geological Description 

The crater Hyginus (8O08'N, 6O24'E) is located south-southeast of Mare Vaporum at the 
juncture of &e two branches of the Hyginus linear rille. The crater is 10 km in diameter and is 
characterized by a very low rim and numerous domical hiUs on the crater fioor. Two linear rille 
oranches of Rima Hyginus trend northwest and east and are charactcrized by associated chains of 
low-rimmed craters. RimuHyginus appears to be a structural graben, formed in imbrium plains- 
forming units. The northwest rille segment is in the Cayley Formation. Smooth plains-forming units 
surrounding Hyginus Crater may be of volcanic origin and closely related to the crigin of the crater. 
The eastern rille segment is in a widespread upland plains-forming unit (possibly Cayley) whose 
origin is not well understood. The craters associated with Hyginus rille are morphologically similar 
to terrestrial volcanic craters known as maars. On Earth, deposits associated with this type of 
volcanic crater often contain samples brought up from deep within the mantle. The primary objec- 
tives at this landing site are the sampling of possible deep-seated material and the plains-forming 
material in the vk-inity of Hyginus crater and rille. 

Scientific Objectives 

1 - Sampling the ejecta fields of the crater Hyginus or the associated lobate crater. 
2. Sampln;g the ejecta fields of the crater chains associated with Rima Hyghwi in search for 

3. Sampling the plainstforming (Cayley Formation) materials in the vicinity. 
4. Studying the structures along the walk of Rima Hyginus in search for layering or banding. 
5. Emplacing geophysical experiments. 

xenoliths or deep-seated rock fragments. 

Reference Material 

U ission 
Orbitei 111 
Orbiter IV 

Orbiter V 

Apollo 10 

I 

Magazine 

S 
S 
R 
R 
R 
R 
R 

Frame Number 
H-73 (oblique) 
-97 (2/3) 
-97 (3/3) 
-102 (213) 
-102 (3/3) 

M and H-94 
-95 
-96 
-97 

481 1 * ,oblique) 
4813 

4650 
465 1 * 
4652 

*Recommended 
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Cartography: 

Type Map 
Topographk 
Topographic 
T O P - P ~ ~ ~  
Geologic 

Photomcsaic 
Topocom 
Photomap 
Topocom 

Item 
LAC 59 
AIC 59B 
AIC 59c 
Mare Vaporum 
(LAC 59) 
D. Wilhelms, 1968 
USGS Map 1-548 

- 

Rima Hyginus 

Rima Hyginus 
(V-23.1) 

Scale 

1 ,ooo,oO0 
500,000 
500,000 

- 

1,000,000 

200,000 
250,000 
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HADLEY-APENNINES 

Geological Description 

Rima Hadley (24'57'N, 2'27'E) is a V-ssaped lunar sinuous rille which parallels the Apennine 
Mountain front along the eastern boundary of Mare ImSrium. The rille is in mare material of 
Eratosthenian age. The rille apparently originates in an elongate depression in an area of associated 
volcanic domes and gelrerally maintains a width of about 1 km and a depth of 200 meters until it 
merges 100 km to the north with a second rille of apparent structural origin. The origin of sinuous 
rilles such as Rima Hadley is enigmatic but is probably due to some type of fluid flow. The 
Apennine Mountains rise up to 2 km from the area of Rima Hadley and probably contain ancient 
material exposed during the excavation of the Imbrium basin. The determination of the nature and 
origin of a sinuous rille and its associated elongate depression and deposits will provide information 
on an importailt lunar surface process and may yield data on the history of lunar volatiles. Sampling 
of Apenninian material should provide very ancient rocks whose origin predates the formation and 
filling of the major mare basins. 

Scientific Objectives 

I .  Sampling the pre-Imbrium materials of the Apennine Mountain front and studying the 

2. Sampling and studying the material within the sinuous riile (Rima Hadley). 
3. Sampling the material surrounding the Hadley C crater for clues of its origin. 
4. Sampling the mare material of Palus Putredinis for comparison with other mare samples. 
5. Emplacing and conducting geophysical experiments and atmosphere detection devices. 

structures and textures displayed. 

Reference Material 

Photography : 

Mission 
Orbiter IV 

Orbiter V 

Apollo 15 

Frame Number 
H-102 (3/3) 

-103 (1/3) 
-109 (3/3) 
-110(1/3) 

M-H- 1 04 
-1 05 
-106 
-107 

Stereo Pan Frames 
Rev 27 9425 and W30 

9427 9432 
9429 9434 
9431 9436 
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Cartography : 

Type Map 
Topographic 
Geologic 

Item - 
LAC41 
Montes Apenninus 
Region (4 1)  

R. J. Hackman, 1966 
USGS Map 1-463 

Apollo 15 pre-mission 
Geologic Apennine-Hadley Region 

M. H. Can, K. A. Howard, 

USGS Map 1-723 
F. El-Bm, 1971 

Photomosaic Rima Hadley (V26.lb) 
TOPOCOM 
Topographic Orthophotomap Hadley 
NASA 

Scale 
1,000,000 
1,000,000 

- 

200,000 

250,000 
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SPACECRAFT 

D 

Once the scale bas been computed (see above), the 
INCIDENCE ANGLE may be used m conjunction 
with Flgme 4 to dete~mine theheit of mountains and 
w - b  above adjacent lowlands (see explanation to 
F i  4). 

SELECTED PHOTOGRAPHS 

Twenty-six photographs are recommended for use 
m O O ~ U S ~ S .  These ye either single photographs or nested 
sets considered superior for a partkuh feature or use, 
or nested sets that illustrate a wide range of features 
at different scales. The descriptions which follow are 

0 
O R 2 o 3 o 4 o s o 0 7 o e o s o m  

SHAOOW LENGTM. ARBITRARY UNITS 

PICIpc 4: Diagram for d- dative highto froam 
dudor length. Fohw ohadow 1- upward uatiI propor 
hideuce ~ ~ n g k  d u e  (Uns  radiating frsrm origia) t 
intemeed, owl d correspoding &IiVe height d t w  
dong left mpdn in mme units wed to nwawaue shadow 
leruta. Shadow length mast be amammed directIy dom 
mn. It b easier to use! tbe dipppm if tha decioml point 
b phced in scales so that determination ia PI close io the 
right-hand ma&n as die. Decimal point in ralcr 
may be m d  from one measwement to thc next beeawe 
onita are arbitrary. It is, in fact, pennirribIe to d t i p l y  
shadow Imgh by any factor needed to move reading away 
froa congested lower-left comer of diagom. Elevation 
difference obtained mort, of course, be divided hy the 
same factor. 
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crams, mountaiu raqes, maria, etc, but are also 
sharp enough to permit recognition of tbe major map 
pbk Stta'igraphic units. Moreovef, they provide 9 
regiand framearork for the more detailed pictures m 
theneedset 

1) FM Maum m: Wotograpbs IV-l1BM; 1V- 

Centend on junctim of crates Fra Mauro* Perry, and 
Bonphd (8" S. Lat., 17" W. Lung.). Induded on 
Riphrreur Movntains qaadmgk (LAC 761, geology 

V-139M: V-139HI; V-139&; V-139Ib. 

by Egghaal (1965). 
photosraph 1v-12oH, is d i e  for stratigraphic 

stpdies, showing pre-Imlxian maherial an the cram 

F6rmation), and smooth plairrs divisible into two or 
three Stratigrapk a A *  range of crater ages 
is also present Some ofthe datkmatetial is sociatd 
with and covers a rille, and may be volcanic. This 

rims, part of the lmbrian ejecta blanhet (Fra M a m  

matepial is &OWU in detail V-l39M and 
V-139HZ. m- between pk- 

aad V-139M. The Orbiter V -titm 
and stmigraphic units are well shown on N-120& 

kraphs~sadlsnrficial<cetailsasvuiation m 
mo&obgy of smallcraters (paxsmably a functhof 
age), patted ground on slopes, amcentratkms of 
large blocks of Foclr (not a very good example for 
tbis feature), and variation m crater density. 

2) A- nest: Ph~mm IV-108M; W- 
108HZ; V-117M; V-118HX; V-118HS. m t e d  on 
western rim of crater Alphornus ( 14" S. kit., 4" W. 
Long.). Largely included 011 the ptolemaeus quad- - (LAC 77), PIOW by Hoftrard and Mars~r- 

phdograph IV-lOSH2 SIIOWS F-Imbriaa mateerial in 
sky (1968). 

the rims of old cram m o d i  by the Imbrian 
"scalpnue," and yoanger smooth plak materids di- 
visiile mto two or three mappeble units. A moderately 
good range of crater ages is present. The three major 
craters-Ptokmaeus, Alphonsus and Arzachel-show 
different degrees of rim degradation, suggesting that 
they are of different ages. 

Alphonsus has several dark spots on its floor spatially 

derail on V-117M and V-118H2. The latter photo- 
graphy clearly illustrates the difference in crater den- 
sity between the dark spot and a lighter area of crater 
floor in the northwestern corner of the photograph. 
These dark spots are suggestive of volcanic activity, as 
is a crater cham in the northwestern comer of N- 

Photographs V-llSHz and V-1 18Ho also provide 
an excellent example of patterned ground, and show 
variation in morphology of small craters. The crater 
Anachel illustrates large-scale slumping of crater walls 
(photograph IV- 1 OSHz 1. Both Arzachel and Alphonsus 
have central peaks. 

dated to rilles and pits. one of these spots is shown m 

108Hz. 

If ody one nest is obtlliaeri, the one to get will 
depend on the user% primary objectives. The Fra 
M a w  set bchdes the better low-resolution Orbiter 
1V photograph because it is centered near the sou& 
ern margin of Mare Imbrium which is used as the 
type areafor lunar map- by the US. Gdogicd 
survey. In addition, photograph IV-120& is better for 

iog ertamples of \.dcanic features and deposits, as 

of crater wall% and the correlation of crater density 
with relative age. 

stratigraphic studies than is W-lOSH2. On the 
other hand, the Nphomus set includes more conviuc- 

wen as better examples of p a t t e d  ground, slum& 

on the basis of clarity of yuperpositioa and cross- 

and tbe total relative age raoge present, three photo- 

studies. Mapping units may be distinguished from eacb 

and topographic texture. They may be armnged m 
stratigraphic seqlmce by superposition, embayillg re- 
lationships, crater density, and contrasting rela- 
with structutalfeaaues soch ascraters and riues. Good 
general summarieg of the lunar smtigraw scheme 
are those by shoemaker (19641, McCauley (196%). 

The scheme has changed somewhat with time, as 
best explained by McCadey (196%) and Wihelms 
(m press). 

the three, is m the southeastern part of Mare Im- 
lnium and includes most of the crater Archimedes. The 
area is included on the Montes ApenninuS quadrangle 
(LAC 41 ) , geology by Haclunan ( 1966). Photograph 
IV- 1 69H2 is next best and is along the southwestern edge 
of Oceanus Procellarum. No published quadrangle in- 
cludes this a m .  The third photograph, IV-97H2, is 
inciuded on four quadrangles: Mare Vaportun (LAC 
59), geology by Wiulelms (1968); Julius Caesar (LAC 
60). ged0g)r by Momis and Wilhelms (1967); Mare 
Serenitatis (LAC 42), geology by Cam (1966); and 
Montes Apenninus (LAC 41), geology by Hackman 
(1966). 

Photograph IV-I 14M from the Fra Mauro nest may 
be used to provide a regional frame for both IV-109Hr 
and IV-97H2. 

relatiomsbips,thenumbexofmappaMeunits, - (rV-lOs&, IV-169Hx. d IV-97Hj) = 
umsidedyu~rsioglephotographsforstratigraphic 

other by albedo (qehtk brightaess), crater density, 

Mutch (1970, p- 117-139), and Wilhelms (in PES). 

Photograph N-IO9%, which is probably the best Of 

Phorogmphs oj Specific Features 

1) Volcanic landforms: Photograph: IV-lt;?H,, V- 
214M; and V-216H3, on Hewlius quadmgle fLh*' 



561, gcduw hy Mccauley (1967a) ccwstime a nested 
set showing the Marius hiis in*& center ot Oceanus 
Rocellarum. This a m  provides the most convi~~ing 
evidence of volchsm on the moon (Mccauley, 1967a; 
Mutch, 1970, p. 2 17-23 1 ) . The Orbiter IV photograph 

with summit pits, plus sinu~us rilles and wrinkle ridges. 
The higher resolution pictures supply many i~.:resting 
details, including crater types directly comparable to 

is cowred with domes and steepsided peak-,, rmmy 

types essociated with terntrial ~.olcanism. Photograph 
11-213M is zu i~teresting oblique View of this 8fe8, 
but because this picture has been reproduced by Mutch 
(1970, p. 218). by Kosofslry and &Baz (1970, p. 
122), and by Lowman (1969, plzc: Sa), it is probably 
not necessar~ to buy it. 

2) Impact water morphology: PfPotograpbs V-197; 
V-199H2; and V-ml&, on Aristarchus quadmqle 
(LAC 39). p l y  by lwoore (1965). The medium- 
cesohltion photG$?ph clearly shows the radial zoning 
ofthe raised rim d Aristardrus, ;hunpingof the iauer 
wall of the rim, thr: radial array ofsccondary clam% 
thp central peak, and rmmerous minor &mckmtm. 

(1962) pnsents a discussion of the char- 
acteristics and probable origin of craters similar to 
Ariptarcbus. Photograph V-199Ht is a closmp of the 
aorthern portinn of the imide of the crater showing 
numerous concentrations of large boulders, the pecllc 
iar "blistery" topography of much of the crater floor, 
and patterns suggestive of the flow of some fluid ma- 
terial down the inner Wan of the rim. Photograph 
V-20lN is a close-up of a portion of the outer rim. 
It indudes some of the most amvhciag flows on 
the rnoon4eamres with lobate forms raised above 
the sumo- smoother and darker snrfaax than 

. .  

S M O u n d i a g ~  andtrerylowcraterdensities. 
3) -US riue: V-204M and V-204& oil Arist- 

archus aud Seleucns quadrangles (LAC 39 and 38), 
genlogy by Moore (1965 and 1%7), are a nested pah 
of photographs of a portion of Vallis schriiteri on the 
Aristarchas Plateau ia oceanus procellam. This sian- 
om d e  has a smaller, meandering d e  within it which 
shows what appears to be a cut-off meander and 
partial burid of a meander loop by talus from the 
Wan of the larger rille. This meandering inner rille is 
particularly controversial because it so closely resem- 
bles terrestrial stream channels, yet may have a totally 
different origin (e.g., Schumm, 1970). 

Photograph V-204M includes a small segment of 
the crater Aristarchus in the southeastern corner, and 
the radial array of secondary impacts from this crater 
covers nearly half the photograph. Patterned ground 
and boulder amcatrations at the bases of slopes am 
visible on V-204&, with m e  visible track left by a 
rolled boulder in framelet 202. 

4) Crurer chin: Photographs V-94M and V-95H1, 
on Mare Vaporum quadrangle (LAC 59), geology by 

Wilhelms (1968). This is a nested pair of the Hyginus 
Rille, near the center of the visible disk. This feature 
is large enough to be clearly visible on the low-resohc 
tiou M i t e r  IV photographs listed under the nested 
sets. Rima FQgins is the classic example of a rille 
that is also a &atex chain. Tbe craters of the chain 
h v e  been interpreted ;bc volcanic 5y Widms (1968). 
The lunar surface appears darker and possibly d@ly 
lessclatieredneartherillethanekwbre, perhaps due 
to a covering of pymdastk deposits. Ihe bighesolu- 
tkm photograph shows a portion of the largest crater 
(Hyginus) abng the rille, a crater very different m 
appearance from those generally explained as due to 
impact. The walls of this crater show paafxned 

ples of tracks left by rolled bonlders. 

thecopltrastsbetweenmaria and terrae m tapokraphp, 
albedo, smoothaesp, and fractare pauexns. Photograph 

m u d ,  boulder -~&OIIS, and good exam- 

5 )  M& VS. t m :  Ph~togi@~~ 111-213M and N- 
161&, on Grhnaldi quadmgk (LAC 74) il;ustrate 

I I I a 3 M  is an oblique pictnre of a portion of the 
Western &ore of oceanas whereas N- 
161& is a partiaUy ovedapp@ vertical pbotogapb. 
Although the primary purpose of these pho topph  
is to illustrate the differences between the two major 
types of terrain on the moon, they also provide excel- 
lent viewsof wrinkle ridges, grabm-like rilles, acrater 
with a floor webbed by branchiq rilles, and a syste+ 
matic grid-like alignment of small topographic forms 
on the terrae. The photographs are also usehi for 
inustrating the distortion created by oblique views. 
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APPENDIX: .SOURCES OF MATERIAL 

Lunar Orbiter Photographs 

The phatographp and supporting dam are obtsincd from: 
Data Service0 Branch 
National Space Science Data Center 
ooddard Space Flight Center 
Code 601.4 
Greenbelt, Maryland 20771 

The first step is to request thc following guide to orderiog 
Beeler, M. and Mifblovitz. IC., 1969, Lunar Orbiter 

This publication includes anplete Orbiter index maps es 
Photographic h a :  NASA, NSSDC 69-05. 
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well as instructions for ordering photographs. The 10x24'' 
prints of the Orbiter photographs referred to in the text of 
this paper are the NASA-LRC enhancements, which cost 
about 54.001 each. The Data Center will provide all Orbiter 
photographs on microfilm for 527.001. Althoiigh the micro- 
fdm versions of the photographs were noticeably degraded 
in quality. they are very convenieni as an aid tu ordering addi- 
ditional full-sized prints. 

When ordering Orbiter photographs, it is important to 
emphasize that high resolution pictures are being identified 
according to the NASA-LRC numbering system (1 to 3 from 
swth to north for L.O. I\'. 1 to 3 from east Lo west for L.O. 
V). Many people order according to the AMS numkdag 
system which is  exactly opposite this one. It may be helpful 
to tell the Data Center which end of the strip (north or south. 
east or west) you want in addition to giving them the proper 
NASA-LRC number. The microfilm set we have is numkred 
acuuding to the AhlS system, so care must also be exercised in 
plzcing orders for additional pictures. 

4poiio Lunar Photographs 

1:ie D a a  Center also provides copies of Apollo pictures, 
for mhich various indexes have been published. Available on 
reques' as of October, 1970, are: 

1)  Apollo 8 Lunur Photography; 70mm Frame Index: 

2) A,*ollo 10 Phorogmphy index: 70mm und 16mm Frame 

3 )  Apoi'o I I Photography; 70mm. I6mm. and 35mm Frame 

1) Apollo 1.' 70mm Photographic Catalog: NASA, NSSDC 

5 )  Apollo 12 Lwar Photography: NASA, NSSDC 7049. 
6) Apollo 12 70mm Photographic Catalog: NASA NSSDC 

7) Apollo 12 Photography; 70mm. 16mm. and 35mm Frame 

PIASA. NSSDC 69-06. 

1n0.x: NASA, NSSDC 69-14. 

index: NASA, NSSDC 70-72. 

70-07. 

70-10. 

Index: NASA. NSSDC 70-1 1. 

Charts and Maps 

Except for number 1, all the following items are obtainable 
from: 

Superintendent of Documents 
U.S. Government Printing Office 
Washington, D.C. 20402 

1) U. S. Geological Surrey geologic quudrangle maps of 
the noon:  These are sold by the US. Geolc$al Survey, 
Washington, D.C. for $1.00 each. 

2)  US. Air Force L U M ~  Reference Mosaic: An ortho- 
graphic projection of the lunar near side identifying major 
features. Available in two sizes: 
a) LEM-I, scale 1:5.000,000 lunar diameter 

=?7 inches, price, $1.00. 
b) LEM-IR, scale 1:2,500,000, lunar diameter 

=54 inches, two sheets, price 52.00. 
Both sizes are suitable for hanging on the wall for reference 

and display. 
3. N A S A  lumr churts: The entire moon ig covered on three 

sheets at a scale of about 1:5,000.000. The Earthside and 
Farside charts (covering a belt between 4S0N. and 48O S. 
latitudes) are Mercator projections, the Polar chart is a polar 
stereogrhphic projection. 

*These prices should be checked with the Data Center before 
ordering. 
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a )  Lunar Earthside Chart (LhlP-I): price, 5W. 
b) Lunar Farside Chart (LMP-2): price, 5 0 ~ .  
c )  Lunar Polar Chart (LMP-3): price, SO#. 
d)  LAC Cltarts: These are a series of I :  1,000.000 charts of 

the near s:4e of the moon, by quadraneles. QuadrazGin are 
identified both by number and by the name of a prominent 
feature included. Each chart includes an index to the lo- 
cations of all charts, price, 5% each. 

5 )  Orher cham and publications rc.!.*rng to the moon: 
Request from the Superintendent of Documents, the price list 
for publications dealing with uspace." 
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