NASA SP-330

NATIONAL AERONAUTICS
AND SPACE ADMINISTRATION




APOLLO 17 PRELIMINARY SCIENCE REPORT



ing site.

Apollo 17 command and service module over the Taurus-Littrow land



APQLILO 17

Preliminary Science Report

PREPARED BY
LYNDON B. JOHNSON SPACE CENTER

Scientific and Technical Information Office 1973
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C.




EDITORIAL BOARD

The material submitted for the “Apollo 17 Preliminary
Science Report” was reviewed by a NASA Editorial Review
Board consisting of the following members: Robert A.
Parker (Chairman), Richard R. Baldwin, Robin Brett, Jerry
D. Fuller, Robert L. Giesecke, John B. Hanley, David N.
Holman, Robert M. Mercer, Susan N. Montgomery, Michael
J. Murphy, and Scott H. Simpkinson.

Cover Photographs: Clockwise from upper right: (1) The command and service module
scientific instrument module bay viewed from the lunar module. (2) Photomicrograph of a
thin section of the orange soil sample collected at Shorty Crater. (3) Orange soil on the
rim of Shorty Crater with the gnemon in the background. The soil consists of small orange
glass spheres as shown in the photomicrograph above. (4) Large breccia boulder sampled
near the base of the North Massif. The boulder appears to have rolled down the massif and
broken into five pieces. The lunar roving vehicle is parked to the right of the boulder.

For sale by the Superintendent of Documents,

U.S. Government Printing Office, Washington, D.C. 20402
Price $7.95

Library of Congress Catalog Card Number 73-600152
Stock Number 3300-00523



Foreword

The character of the Apollo 17 mission to Taurus-Littrow was such that it invited
superlatives. By almost all measures, it was an immensely successful voyage of
exploration: the greatest harvest of new scientific data, the most kilometers traveled on
the surface of the Moon, the largest number of scientific experiments performed—both in
real time, by a scientist on the surface, and by automatic instrumentation installed and
left behind—the longest time spent on and around the Moon, and the greatest amount of
lunar samples returned for study in laboratories all over the world. But numerical
measures like these, pleasing though they may be to the thousands of us whe had some
connection with this mission, do not seem an adequate characterization of this sixth and
last of the Apollo series of manned lunar landings.

We cannot now be sure how history will assess this extraordinary enterprise. It may be
that, from the perspective of decades, the Apollo Program will stand out as the most
singular achievement to date in the history of man’s scientific and engineering endeavor.
From this perspective, seen without hubris, it may be seen that all of us will be
remembered for having lived at the time of Apollo. It may be that, in days to come,
Apollo will be perceived as a threshold for mankind from the planet Earth.

Dr, James C, Fletcher
Administrator
National Aeronautics and Space Administration
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Introduction

As the splashdown and recovery of the Apollo 17
crew marked the end of the Apollo flight program,
this final volume marks the end of the Apollo
Preliminary Science Reports. From every aspect,
Apollo 17 was indeed a fitting capstone to the Apollo
missions. Its awesome and magnificent midnight
launch, its flawless operation, its 72-hr lunar stay
time, its deployment of scientific instrumentation, its
return of the richest collection of lunar materials
from any lunar site, its orbital science coverage, and
its glorious splashdown in the Pacific Ocean surely
marked Apollo 17 as the mission most impressively
exemplifying the Apollo Program.

The Taurus-Littrow landing site for Apollo 17 was
picked as a location where rocks both older and
younger than those previously returned from other
Apollo missions and from the Luna 16 and 20
missions might be found. For this mission, it was
hoped that the discovery of younger basaltic rocks,
differing in crystallization age from the 3.2 to 3.7
billion years of previously returned mare basalts,
would lead to an improved understanding both of
volcanism and of the thermal history of the Moon.
Similarly, it was hoped that the discovery of rocks
formed earlier than 3.7 to 4.0 billion years ago would
lead to further understanding both of the early funar
crust and of material present at the time of the
formation of the Moon.

The identification and selection of the landing site
resulted from Astronaut Worden’s Apollo 15 orbital
observations (he noticed dark patterns that looked
like cinder cones in the Littrow region of the Moon)
and from detailed analysis of the Apollo 15 imagery,

“There is nothing more difficult to take in hand,

or perilous to conduct, or more uncertain in its success,
than to take the lead in the introduction

of a new order of things.”

Niccold Machiavelli

The rim of the Serenitatis basin in the Taurus Littrow
region seemed to have all the elements geologists
would want to explore in this final Apollo mission.
Cinder cones and steep-walled valleys with large
boulders at their base presented the possibility of
sampling, at the same location, both young volcanic
rock from depth and older mountainous wall ma-
terial. Thus, the setting for the conduct of the Apollo
17 landing was a unique place in which to carry out
many investigations and to return lunar materials that
could aid in answering many fundamental questions.

From the standpoint both of geologic features and
of samples returned, the Taurus-Littrow region repre-
sents the most diverse landing site of the Apollo
missions. Returned samples include a variety of mare
basalts resembling those of the Apolle 11, 12,and 15
missions and Luna 16; a variety of breccias (including
KREEP-like, anorthositic, and soil types) similar to
those of the Apollo 14, 15, and 16 missions and Luna
20; two coarse-grained igneous rocks of a type not
found on previous missions; dark mantie soils that
appear to be erosional products of basalts; light
mantle soils that appear to be dominantly the
erosional products of highlands; a vadety of exotic
glasses; and, most characteristic of this mission,
boulder samples that provide the best alternative to
inaccessible outcrops of the lunar surface.

At Shorty Crater, orange and black glasses that
were hopefully young volcanic material were ob-
served and sampled. However, the old age of the glass
and the astronaut observations and photographs
suggest that this impact crater apparently excavated
layers of very old pyroclastic material. Throughout
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this landing site, 10 to 20 percent of each soil sample
consists of these “exotic™ glasses, apparently brought
from subsurface layers and distributed by the garden-
ing effect. The Apollo 17 mission provided the
scientific world with the best lunar sample return in
both potential quantity of information and variety of
sample types. Except for the sampling of one possible
outcrop on Apollo 15, the Apollo 17 boulder samples
should allow the best possibility of placing retumed
lunar materials in their proper structural and strati-
graphic context. One example of how sampling
techniques have become more sophisticated since the
Apollo 11 mission was the collection of samples from
a large boulder at station 6. One part of the bouldesr
was vesicular and green gray; the other part was
practically nonvesicular and blue gray. Samples were
taken from both parts of this boulder, as well as from
various locations up fo and through the contact.
Further analysis suggests that the blue-gray material
reacted to-become more vesicular near the contact;
this  material also occurs as fragments within the
green-gray material on the vesicular side of the
contact. Sampling of this type provides insight into
the evolution of the older crustal materials.
 Khowledge of the Moon was also enhanced by the
correlation of the traverse experiments, which pro-
vided better understanding of the site’s subsurface
relatlonshlps obtained from the interpretation of
seismic, electrical properties, and gravitational data.
Seismic traverse experiments indicate that basaltic
flows extend to a depth of approximately 1.2 km.
The traverse gravimeter experiment has provided
limits to the density of the underlying material, and
the observed gravity anomaly allows development. of
a model for mass variations in the valley and in the
massifs. This model may be of significance in inter-
preting the major mascons of the Moon. The elec-
trical properties experiment has confirmed the gravity
and seismic data by establishing that the basaltic
thickness is between 1 and 1.5 km. These data also
show that the regolith is relatlvely thick, perhaps 20
to .40 'm, with some variation in thickness. The
dielectric constant and loss tangent measurements are
in good agreement with previously determined values
obtained from lunar samples and ground observations.

The heat flow measurements at the Apollo 17 site
have been shown to be roughly the same as those at
the Apollo 15 site, indicating that, at least on.the
near side of the Moon, a reasonable value of heat flow
may be 2 X 107° to 3 X 107® W/cm?/sec. -

Several other surface and orbital experiments were
conducted on the Apollo 17 mission, which include
the Iunar atmospheric composition, the lunar ejecta
and meteorites, the lunar tidal gravimeter, the ultra-
violet spectrometer, the infrared scanning radiometer,
and the lunar sounder. At the time of this writing,
there are insufficient data to give an overview from
these findings, which, in the future, are expected to
give additional information about Taurus-Littrow and
that region of the Moon covered by the command
and service module groundtrack.

The sections that follow present the preliminary
results obtained in the analysis of the Apollo 17 data
to date. As will be seen, the Apollo 17 data fill some
gaps in knowledge about the near-side surface of the
Moon but, at the same time, raise many other
questions. However, one cannot conclude a report on
the Apolic 17 mission without again emphasizing that
it was a fitting finale to the Apollo Program from the
standpoint both of operations and of science. It is
also important to review what has been learned in the
brief 3.5 yr from the first lunar landing of Apollo 11
on July 20, 1969, to the final splashdown of Apollo
17 on December 17, 1972.

Before the Apollo Program, astronomical observa-
tions provided an early picture of the details of the
lunar surface. In those days, intelligent speculation
about the origin and history of the Moon was greatly
inhibited because the scientific data required about
the chemistry and about the internal condition of the
planet ¢ould not be furnished even by the most
powerful telescopes. Some of the most important
scientific observations concerning the nature of the
Moon and existing prior to the manned lunar landings
are summarized below.

The discovery of the physiographic features of the
Moon dates back to Galileo, who observed that the
side of the Moon facing the Earth consisted of
mountainous regions that he designated terra and
smoother regions that he designated mare, similar to
terrestrial continents and oceans. He also observed a
marked difference in reflectivity between these two
regions of the Moon: the mare was much darker than
the terra. Further astronomical studies added much
detail to Galileo’s discovery, including rather fine
features such as the rilles. However, before Apollo,
the cause of these fundamental physiographic differ-
ences was not well understood. Later, some scientists
hyp(r)theSized‘ that the relatively smooth mare basins
were very extensive lava flows. Others theorized that
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they were extensive dust deposits, in fact, dust bowls.
Still other scientists seriously suggested that the maria
were filled by a type of sedimentary rock that was
deposited at a very early stage in lunar history when
the Moon had an atmosphere.

Before man landed on the lunar surface, two
explanations for the origin of the circular depressions
or craters, the most common physiographic feature
on the lunar surface, were continuously debated: (1)
that the features of the craters, similar to calderas on
Earth, were of volcanic origin, and (2) that the craters
were produced by projectiles impacting the lunar
surface, in the same way that meteorites occasionally
excavate craters on Earth. Now it is fully realized that
the surface of the Moon could be sculpted both by
impacts and by volcanic craters, but primarily by
impacts.

Dialogue on the activity of the Moon and on the
role of volcanism on the lunar surface developed into
three schools of thought on the thermal history of
the Moo, One school held that the Moon had been
relatively inactive and had undergone some chemical
differentiation only very early in lunar history.
Another school propounded that the history of the
Moon was similar to the Earth’s long and continuous
record of volcanism and chemical differentiation, and
that lunar volcanoes were active in the recent past.
Others thought the Moon had undergone no volcanic
activity at all.

The chemical nature of the lunar surface, up to the
time of Surveyor V, was totally unknown. However,
there had been a number of suggestions. For example,
it was suggested at one time that carbonaceous
chondrites were typical of the dark mare regions;
others suggested that meteorites known as eucrites
were representative of the lunar surface; still others
suggested that silica-rich glass found in mysterious
objects called tektites must represent parts of the
lunar surface. One could not even be sure that these
hypotheses were mutually exclusive.

The pre-Apollo data obtained by unmanned satel-
tites discovered (1) the mascons, which suggested a
remarkedly rigid or strong lunar interor; (2) either a
very weak lunar magnetic field or no field whatever;
and (3) a physiographic difference between the lunar
far side and the near side, in that the dark mare
regions were cssentially absent from the far side of
the Moon.

As we now look back on the six Apollo landings,
we are infinitely richer in facts concerning the Moon.

Some of these facts and observations have already
been tentatively assembled in models that are leading -
to a much fuller understanding of lunar history.
Although it is extremely difficult to account for the
remaining facts with a consistent explanation, major
areas of understanding can be briefly outlined.

A rather definite and reliable time scale for the
sequence of events of lunar history has been de-
veloped. It has been established with some confidence
that the filling of the mare basins largely took place
between 3.2 and 3.8 billion years ago. This has been
demonstrated from analysis of the mare basalts
obtained from the Apollo 11, 12, 15, and 17 missions
and Luna 16. Because these mare fillings represent a
major physiographic feature on the lunar surface, it
has been inferred that the time of formation of more
than 90 percent of the cratering on the Moon was 4
billion years ago or earlier. In comparison, the ocean
basins of the Earth are younger than 300 million
years. (Terrestrial rocks older than 3 billion years are
almost unknown.) The analysis of the highland
material collected on the Apollo 14, 15, 16, and 17
missions and Luna 20 has shown the widespread
occurrence of breccias with an apparent age of 3.8 o
4.1 billion years. There is strong circumstantial
evidence that rocks dating back to 4.5 to 4.6 billion
years ago must exist within the Moon, although very
few of the Apollo rocks have crystallization dates
lying between 4.0 and 4.6 billion years. It now
appears that heat from the intense bombardment of
the lunar surface by projectiles, ranging in size from
microscopic to tens of kilometers in diameter, was
effective in resetting most of the clocks used to
determine the absolute age of the rocks.

The relative importance of volcanic and impact-
produced features on the lunar surface appears to be
well established with the conclusion of the Apollo
missions. There seems to be almost unanimous
agreement that the dark mare regions are underlain
by extensive lava flows, shown both by rocks
returned by the Apollo 11, 12, 15, and 17 missions
and Luna 16 and by the high-resolution photographs
that give convincing pictures of features comparable
to terrestrial lava flows. Almost all craters appear to
be caused by impacting projectiles, thus leaving the
question of volcanic rocks in the terra regions
unanswered. With the conclusion of Apollo 17, it has
been suggested that volcanic activity in the highland
region subsequent to approximately 3 billion years
ago may be highly restricted or virtually nonexistent.
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Apollo experiments investigating whether the
Moon is “alive™ or “dead” indicate that, compared to
Earth, the Moon is seismically quiet. However, there
are many very small quakes, possibly triggered by
tides, at approximately 800 km below the lunar
surface. Below 1000 km, the Moon is partially
molten, A quiet Moon is consistent with the conclu-
sion that volcanism and other types of tectonic
activity have been rare or absent from the lunar
surface for the last 2 to 3 billion years. Lunar
seismology reveals that the Moon has a crust more
than 60 km thick. Both the precise origin of this crust
and the compositions causing the discontinuity in
seismic velocity are still subjects of debate. From the
Apollo Program, we can conclude that the Moon, at
one time, was very much alive and now is very quiet,

The overall magnetic field of the Moon has been
found to be negligible, as was thought before the
Apollo missions. However, the magnetometers placed
on the lunar surface reveal surprisingly strong local
fields, variable both in direction and in intensity.
Paleomagnetic studies have also determined that mare
lava flows crystallized in a magnetic field that was
much stronger than that of the present Moon. These
discoveries raise the possibility that, during its early
history, the Moon either was exposed to a relatively
strong interplanetary magnetic field or had a mag-
netic field of its own that has since disappeared.

The interior structure of the Moon and its thermal
characteristics have been investigated through a care-
ful study of the fluctuations of the magnetic field
induced by the solar wind, which reveals a relatively
low lunar electrical conductivity. The conductivity of
most silicates is, to the first order, a function both of
temperature and of chemical composition (such as
the abundance of ferrous and ferric iron). With
preliminary measurements from the Apollo 12, 15,
and 16 missions and with fluctuation measurements
of the magnetic field, lunar conductivity can be
derived. In conjunction with various chemical models
of the Moon, this conductivity can be used to place
constraints on the deep lunar interior temperatures,
which are highly model dependent.

The thermal history of the Moon was investigated
on the Apollo 15 and 17 missions through measure-
ments of the heat escaping from the Moon. These
measurements indicate that the energy flux escaping
from the Moon is approximately half that of the
Earth. This is surprisingly high, considering the
relative size of the two planets. If these measurements

prove to be characteristic of the Moon, perhaps the
explanation is that the Moon is richer than the Earth
in the radioactive elements uranium and thorium and
that these elements are strongly concentrated in the
upper parts of the Moon.

Two current theories of lunar evolution have
resulted from the consideration of information con-
cerning (1) the concentration and location of radio-
active materials, (2) the inferred voicanic history of
the Moon, and (3) the inferred upper limits of
internal temperature. The first hypothesis is that the
planet was chemically layered during its formation.
The low initial temperature of the lunar interior
(below 500 km) gradually increased, perhaps reaching
the melting point during the last billion years, while
the initial hot temperature of the Iunar exterior
gradually decreased. Volcanism is entirely accounted
for by early melting in the outer 400 km of the
Moon. The alternate model of thermal evolution
assumes that the Moon, chemically homogeneous
during its formation, underwent extensive chemical
differentiation that resulted in surface concentrations
of radioactivity very shortly after its formation. In
other words, much of the Moon was molten at its
origin. Of course, both of these theories will undergo
discussion and revision in the coming years.

The most extensive and diverse data obtained on
the lunar surface are concerned with the chemistry
and mineralogy of the surface materials. The study of
samples from the six Apollo sites and the two Luna
sites teveals a number of chemical characteristics.
Although it is very early to generalize from these
relatively few samples of the whole lunar surface, two
orbital experiments provide excellent data regarding
the regional distribution of various rock types: the
Xray fluorescence experiment and the gamma ray
experiment.

The X-ray fluorescence experiment defined the
prime difference between the chemistry of the mare
and highland regions. The mare regions have alumi-
num concentrations 2 to 3 times lower than those of
the terra or highland regions and magnesium concen-
trations 1.5 to 2 times greater than those of the terra
regions. These differences in chemical concentrations
throughout the equatorial region of the Moon are
consistent with the chemical analysis of the returned
samples. When orbital data and lunar sample data are
combined, they provide an excellent explanation of
the morphological and albedo differences. For ex-
ample, all mare basalts have been found to be



INTRODUCTION xvii

unusually rich in iron and sometimes rich in titanium.
The high iron concentrations in the mare, as opposed
to the low concentrations in the highlands, is a basic
explanation of the albedo differences, because both
glass and mineral substances rich in iron and titanium
are usually very dark.

The orbital gamma ray experiment results show
that the region north and south of the crater
Copernicus is remarkably rich in radioactive elements.
A band going from north of the Fra Mauro site to
west of the Apollo 15 site contains soil 20 times
richer in uranium and thorium than either mare or
terra in other parts of the Moon. The existence of a
rock rich in these elements was also inferred from
samples from the Apollo 12, 14, and 15 missions. The
differences between lunar rocks and terrestrial rocks
are so marked that the Moon must be chemically
different from the Earth.

The Moon appears to be much richer in elements
that form refractory compounds at temperatures of
approximately 1600 to 1800 K. Many scientists are
now coming to the conclusion that the chemistry of
the lunar surface reveals that some separation of solid
material and gas in the lunar dust cloud took place at
temperatures in excess of 1600 K. The strong
depletion of elements that are volatile at high
temperatures in the outer portion of the Moon is
consistent with the enrichment of refractory ele-
ments.

None of the three theories regarding the origin of
the Moon—separation from the Earth, capture from a
circumsolar orbit, or formation from a dust cloud
surrounding the Earth—can be absolutely eliminated
by the present data. However, the chemical differ-
ences between the Earth and the Moon, the depletion
of volatile elements, and the enrichment of refractory
elements in lunar samples make it unlikely that the
Moon was torn out of the Earth,

In summary, the age of the Moon is well deter-
mined, and the Moon has a crust (the chemical
composition of which is fairly well understood), a
mantle, and a partially molten deep interior. The
understanding of the mascons is well underway. Facts
substantiating the early theories of the atmosphere
have been obtained. Basic questions that were asked 5
yr ago, such as whether the Moon is hot or cold, alive
or dead, or has craters formed by volcanism or
impact, are no longer asked. Apollo data have
changed the types of questions asked. Post-Apollo
questions are more detailed, more specific, and more

sophisticated, Yet, despite the great strides taken in
knowledge about the Moon, its origin and formation
are still unknown.

A storehouse of resources has been retumed from
the Moon: almost 385 kg of lunar materials (obtained
from six different landing sites on the near side of the
Moon), 37 drive tubes, and 20 drill stems. To date,
only 10 percent of this lunar material has been
examined in detail. Approximately 33 000 lunar
photographs and 20 000 reels of tapes of geophysical
data have been collected. Thus, in 4 yr of lunar
exploration, our knowledge of lunar characteristics
has been substantially increased, and vast resources of
scientific data have been collected that will lead to a
decade of data analysis.

in the past decade, there have been two revolu-
tions in planetary science studies. There has been a
revolution in the new global tectonics describing the
motions of continents and the generation and de-
struction of the sea floor. In its investigations of the
origin, history, and formation of the Moon, the
Apollo Program has led to a revolution in providing
the first deep understanding of a planet other than
the Earth through the development of new tech-
niques of exploration, investigation, and analysis and
through the integration of the scientific knowledge
gained in interdisciplinary fields. The Apollo Program
has provided Earth scientists with 4 yr of anxiety,
excitement, and fulfillment. Apollo lessons may force
a reconsideration of many of the techniques and
models that are currently used in understanding the
early history of the Earth. As we look to future
generations, hopefully, we have developed a scientific
program that carried out worthy and substantial
preliminary investigations and that laid a very firm
foundation for future scientific inquiry. In decades to
come, the analysis of Apollo data may indeed lead to
a polar orbital flight around the Moon or to a lunar
base where men may explore the entire surface of the
Moon. By studying the Moon, we can better under-
stand processes of planetary accretion, evolution, and
composition so that lunar studies have implications
that extend beyond the Moon. Hopefully, our genera-
tion has performed a job that history will recognize as
a commendable scientific endeavor, a contribution of
valuable information-—useful, meaningful, and inspira-
tional.

Anthony J. Calio
NASA Lyndon B. Johnson Space Center



1. Apollo 17 Site Selection

N. W. Hinners?® P

Consideration of an Apollo 17 landing site began
in earnest during debate over the Apollo 16 site,
primarily because the Apollo Site Selection Board
(ASSB) desired to consider Apollo 16 and 17, the last
lunar missions, as a complementary pair. Therefore,
in order to put the Apollo 17 site selection in
context, it is. necessary to discuss highlights of the
Apollo 16 site selection as well. (For more details
about the Apollo 16 site selection, see ref. 1-1.) Some
of the content of this report’ is abstracted or
paraphrased from the minutes of the ASSB meetings
(written by the author) or from other unpublished
documents (also written by the author) used as
background material for or documentation of several
meetings of an Ad Hoc Site Evaluation Committee.
All that material is available on request.

PRE-APOLLO 16 SITE
SELECTION STATUS

At the time of the Apollo 16 site evaluation, soon
after the Apollo 14 flight, there was a clear consensus
among the lunar science community that both the
Apollo 16 and 17 missions should be targeted to
highlands sites. The Apollo 15 mission had not been
flown, but the mare region adjacent to Rima Hadley
and Montes. Apenninus had been selected as the
Apollo 15 site. Only minor support existed for
another mare mission, and it was mainly limited to
the Marius Hills. That candidate site, however, be-
came largely academic when a revised launch schedule
resulted in the. Marius Hills being operationally
inaccessible, or only marginally accessible, for either
the Apollo 16 or 17 time frame.

After imposition of the operational constraints,
mainly accessibility and available photographic cover-
age, and after consideration of the scientific retum,

8National Aeronautics. and Space Administration, Wash-
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Descartes and Alphonsus emerged as the prime
highland contenders for the Apollo 16 site. It was
assumed that one of these two candidates would be
chosen for the Apollo 16 site-and that the Apollo 17
site would be chosen from another candidate list. The
Apolle 17 candidate sites under consideration at that
time are discussed, in priority order, in the following
paragraphs.

Tycho and Davy Crater Chain

No relative priority was established for Tycho and
the Davy Crater chain. The objectives of a Tycho
mission emphasized the southern highlands samples
and impact phenomena.

A mission to the Davy Crater chain had the same
general objectives as an Alphonsus mission, namely
the sampling of highlands, upland basin fill (Cayley
Formation), and rocks of “deep-seated” origin. The
site differs, however, in that (1) the Cayley is not
modified by rilles and other volcanic features peculiar
to Alphonsus, (2) the putative deep-seated material
would be sampled at a crater chain instead of at a
dark-halo crater, and (3) the highlands region (pre-
sumably pre-Embrian) was not considered asapt to be
mantled by the Cayley “volcanic™ material as that at
Alphonsus. (At that time, there was no knowledge of
the brecciated nature of the Cayley Formation as
sampled at Descartes.) It was noted that adequate
photographs of Davy did not exist and would have to -
be obtained on an Apollo 16 mission to Descartes.

Southwest of Mare Crisium and
the *’Central Highlands”

No relative priority was established for a site
southwest of Mare Crisium and the .““central high-
lands.” The Apollo 15 mission was scheduled to
overfly an extensive highlands region southwest of
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Mare Crisium. It was believed that results from
Apollo 15 X-ray and gamrma ray spectrometers would
enable determination of whether gross chemical
differences exist between the Crisium and Hadley-
Apenninus regions. An affirmative answer would
increase the priority of the Crisium areas.

The central highlands between Descartes and
Alphonsus were considered because they are expected
to contain pre-Imbrian materials. As was true for
Davy, a prerequisite to selection was acquisition of
good photographs of the region on the Apollo 16
mission. It was recognized that a potential problem
existed in using Apollo 16 photographs of either
Davy or the central hightands for an Apollo 17
mission, but it was believed that the increased interval
between flights, changed from 6 to 9 months, would
make the turnaround possible.

Gassendi

A flight to Gassendi was viewed as a central-peaks
mission with Copernicus-type objectives of sampling
highlands materials (of impact-rebound origin) and of
investigating impact phenomena. A missior to
Gassendi had the additional objective of investigation
of the crater floor, which exhibits features inter-
preted to result from isostatic rebound; also, the site
is distant from Mare Imbrium.

Copernicus Central Peaks

The Copernicus central-peaks site, previously of
high priority, was greatly reduced in priority for the
Apollo 17 mission (as it had been for the Apollo 16
mission) because Copernicus ray material had prob-
ably been sampled on the Apollo 12 mission and
because there were already three sites (Apollo 12, 14,
and 15) in the circum-Imbrium region of the Moon.

A farside site—most notably in Tsiolkovsky—was
also briefly considered. Although it was shown to be
possible, at first look, to support the mission by using
a communications relay satellite beyond the Moon, it
was believed that the time schedule for the mission
preparation was too short and that the probability of
a successful mission was less than that for a conven-
tional near-side site.

APOLLO 16 SITE SELECTION MEETING

On June 3, 1971, the ASSB met to select the
Apollo 16 site and to designate a prime candidate site

for the Apollo 17 mission. At the meeting, the ASSB
recognized both Descartes and Alphonsus as good
sites. Descartes was selected as the Apollo 16 site,
mainly for two reasons. First, more was known about
the operational aspects of a Descartes mission be-
cause, in contrast to the only recently considered
Alphonsus, Descartes had been a high-priority candi-
date site since before the Apollo 12 mission. Second,
the Descartes prime objectives (sampling the Cayley
and Descartes Formations) were independent of
Apoflo 14 and 15 results whereas an Alphonsus
mission had 2 common cbjective with the Apollo 15
mission of “old highlands™ sampling.

At the same meeting, the ASSB designated
Alphonsus as the prime candidate site for the Apollo
17 mission. (Alternatively, Descartes would have been
designated had it not been selected as the Apollo 16
site.) Alphonsus was designated partly because the
scientific arguments that had made Alphonsus a
prime candidate for the Apollo 16 site had convinced
the ASSB of the validity of the Alphonsus objectives.
More to the point, however, Alphonsus was known to
be operationally acceptable whereas all other Apollo
17 candidate sites had actual or potential problems.
First, Tycho was deleted from further consideration
because of concern about the rough terrain surround-
ing the landing ellipse. Second, the central highlands
and the Davy Crater chain were questionable because
of the necessity to rely on Apollo 16 photographs
(ie., insufficient time to create operational maps,
models, etc.). Third, Gassendi, although not fully
analyzed, appeared to be dominated by rough terrain.
Fourth, the Copernicus central peaks appeared to be
losing scientific interest. Finally, one could not count
on Apollo 15 successfully photographing a suitable
site in the region southwest of Mare Crisium; that is, a
site that was operationally acceptable and at least of
equal scientific interest as Alphonsus. This, then, was
the situation until after the flight of Apoflo 15, on
which were obtained both excellent photographs of
the highlands between Mare Crisium and Mare Sereni-
tatis and good X-ray and gamma ray data for
extensive regions along the groundirack. The next
task was to determine if suitable sites could be found
in this region.

POST-APOLLO 15 ACTIVITIES

The preliminary Apollo 15 gamma ray and X-ray
spectrometer results indicated that the highlands
region southwest of Mare Crisium is generally low in
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radioactivity and has a high aluminum-to-silicon ratio,
both thought to indicate an anorthositic highlands
crust different from that of the Montes Apenninus
region. Screening of the Apollo 15 photographs
occurred during October 1971. Six highlands-
containing candidate sites, spread between Mare
Crisium and Mare Serenitatis, were selected. Four of
those sites were subsequently eliminated for opera-
tional reasons (too far east to allow sufficient
tracking time between acquisition of signal and
powered descent initiation). The two remaining were
a “pure” highland site, designated “southwest of
Crisium,” and a combination highland-volcanic site
on the southeastern edge of Mare Serenitatis, desig-
nated Taurus-Littrow. (For a detailed discussion of
the site characteristics, see sec. 6 of this report.)

When the two new sites were added to the
still-viable high-priority candidates from the previous
site selection discussion, a total of five Apollo 17
candidate sites emerged. In alphabetical order, they
were Alphonsus, Copernicus central peaks, Gassendi
central peaks, southwest of Crisium, and Taurus-
Littrow. In December 1971, a Site Evaluation Docu-
ment was sent to 32 lunar scientists, most of whom
were either principal investigators for the Apollo 17
experiments or had been intimately involved in lunar
studies and site selection discussions. The document
included a presentation of the general scientific
objectives for the Apollo 17 mission and a discussion
of the particular attributes of the five previously
mentioned sites. Recipients of the document were
requested, first, to respond with their personal
scientific priorities for the Apollo 17 mission and,
second, to indicate how each candidate site might
fulfill all the established objectives. They were cau-
tioned against unrealistically adding new sites, were
told that there could be no dependence on Apollo 16
photographs (the constraint which eliminated Davy
Crater chain and the central highlands as candidates),
and were further presented with the following strong
caveats concerning two of the candidates.

1. The highland site southwest of Crisium is in the
highland terrain unit accessible to a Russian unman-
ned sample return spacecraft. (Luna 20 subsequently
landed in that region.) Additionally, the site is
relatively homogeneous and thus would not make
efficient use of the Apollo sampling system.

2. Most lunar scientists believe that samples from
Copernicus were obtained in ray material acquired on
the Apollo 12 mission.

The responses to the Site Evaluation Document

were considered by an Ad Hoc Site Evaluation
Committee in January 1972. A clear consensus
among respondees and the Ad Hoc Site Evaluation
Committee was apparent in terms of the following
objectives for the Apollo 17 mission (in priority
order). Each objective is discussed in more detait
below.

1. Sampling pre-Imbrian highlands as far from the
Imbrium Basin as possible

2. Sampling “young volcanics”

3. Orbital coverage

4. Traverse geophysics

5. Apollo lunar surface experiments package
(ALSEP) (high priority for the heat flow experiment)

Pre-Imbrian Highlands

Samples acquired to date had been dominated by
mare materials. Relatively much was known about
mare composition and formation but, even consid-
ering the Fra Mauro and Hadley-Apenninus samples,
relatively little was known about the highlands, which
constitute approximately 85 percent of the Moon.
Earth-based photogeologic mapping, Apollo 14 and
15 sample results, and Apollo 15 orbital data all
indicated that the highlands are complex and hetero-
geneous. These factors led to the desire to sample
highlands further, but as far away as possible from
the Imbrium Basin (the source of Apollo 14 and 15
samples and possibly some Apollo 12 samples).

Young Volcanics

The limited lunar isotopic chronology developed
to the time of committee discussion indicated that
major lunar thermal and chemical evolution may have
effectively ceased approximately 3 billion years ago.
It was thought to be important to determine whether
or not ihat theory is indeed true because the
developing models of lunar origin and evolution were
very sensitive to that assumption. The existence of
lunar materials younger than 3 billion years was
predicated on the evidence of superposition and
relative crater densities. The putative “young’ mater-
ials are generally dark and often associated with
cone-type structures or dark-halo craters thought to
be indicative of explosive volcanism. The explosive
nature itself was judged significant for two reasons.

1. Explosive volcanism may indicate a relatively
high content of volatiles in the erupting magmas; such
volatiles were lacking in samples thus far seen.
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2. On Earth, explosive volcanism sometimes
brings deep-crustal or subcrustal rocks {xenoliths) to
the surface in unaltered form.

Orbital Coverage

Orbital science coverage was discussed from two
aspects. On the one hand, there was a desire to
maximize the amount of new photography, which
meant favoring sites the orbital groundtracks of
which least duplicated those of Apollo 15 and 16. On
the other hand, it was argued that some of the new
orbital experiments on Apollo 17 (infrared radio-
meter and lunar sounder) would benefit most by
groundtracks covering both the largest variety of
features and the largest area (high-latitude sites).
There was thought to be additional merit in flying the
infrared radiometer and the lunar sounder. over
regions already covered by the Apollo 15 or 16
X-ray and gamnma ray sensors and over a number of
the circular mascon basins.

Traverse Geophysics

The Apollo 17 mission was scheduled to include
three traverse geophysics experiments: lunar seismic
profiling, surface electrical propertics, and lunaf
traverse gravimeter. Because all these expenments
were designed, basxcally, to detect layering, sites with
a high probability of havmg layering were preferred
by the respective principal investigators. The unani-
mous opinion of the Ad Hoc Site Evaluation Commit-
tee, however, was that the traverse geophysics should
not be a determining factor in the site selection;
rather, it was reasoned that after the site was selected
for other factors, one should determine how best to
use the traverse experiments.

Apollo Lunar Surface Experiments Package

A desire was expressed to emplace the heat flow
experiment in a region significantly different from
that of Apollo 15 (the only other heat flow location)
or of the planned Apollo 16 site and to avpid local
topography of a scale affecting the measurement.
Opinion was also expressed that, given a choice, the
mass spectrometer should be placed at a site that
showed a history of transient events or “recent”
volcanism. It should be noted that the decreased
priority of ALSEP-related factors in the Apoilo 17

site selection resulted mainly from the absence of the
network-type ‘experiments of previous missions {¢.g.,
passive seismometer, magnetometer, and laser ranging
retroreflector).

AD HOC SITE EVALUATION
COMMITTEE DELIBERATIONS

The candidate sites Copernicus and southwest of
Crisium generated no enthusiasm among respondees
to the Site Evaluation Document or among commit-
tee members for the reasons noted previously, All
three remaining sites (Alphonsus, Gassendi, and
Taurus-Littrow) contain highlands material, but the
Ad Hoc Site Evaluation Committee saw no obvious
way to discriminate among the highlands of the sites
regarding either age or composition. Gassendi fulfilled
the objective of being farthest from the edge of the

. Imbrium Basin (apprommately ‘1000 km), but the
‘nearest, Taurus-thtrow, was approximately 800 km

distant. The difference of approximately 200 km was
not deemed significant.'A question remained about
whether the crater wall of Alphonsus, the expected
source of highlands samples, is mantled by Cayley
volcanics. Conversely, the highland blocks at Taurus-
Littrow and the central peaks of Gassendi both
appeared to contain “clean” exposures. Between
Gassendi and Taurus-Littrow, an argument favoring
Gassendi was made in that there had been no
central-peak-type mission in the Apollo Program
whereas Taurus-Littrow was a ring-basin near-side site
similar to Hadley-Apenninus.

Young volcanics are not in evidence at Gassendi,
and a strong argument could not be made regarding
the relative value of the dark-halo craters at Alphon-
sus to the dark mantling blanket at Taurus-Littrow.
Both regions were hypothesized to contain possible
xenoliths or lavas (or both) from deep interior
regions. :

The orbital science coverage arguments were not
compelling. It was recognized that a Gassendi mission
would result in the least duplication of Apolio 15 and
16 photography and would have the positive attribute
of flying over the Orientale Basin in sunlight. How-
ever, more weight was given to the argument that the
infrared radiometer and the lunar sounder could
benefit more by the Taurus-Littrow groundtracks
because of the greater variety of overflown targets.

The Ad Hoc Site Evaluation Committee concluded
that the Taurus-Littrow site was the best candidate,
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followed by Gassendi, with Alphonsus a weak third.
The overall result was based primarily on the fact
that, in terms of sample acquisition, Taurus-Littrow
was a two-objective site (highlands, young volcanics)
whereas Gassendi was a single-objective site (central-
peak highlands). The better orbital photography
coverage for a Gassendi mission was not deemed
equivalent to obtaining a second prime sampling
objective. Alphonsus, also a duval-objective site, did
not measure up to Taurus-Littrow primarily because
of the uncertainty concerning Cayley mantling of the
Alphonsus crater wall and the superior orbital science
for Taurus-Littrow groundtracks. The ranking devel-
oped by the Ad Hoc Site Evaluation Committee, and
presented to the ASSB, was consistent with that
obtained by summarizing the 32 responses to the Site
Evaluation Document.

APOLLO 17 SITE SELECTION MEETING

The ASSB met on February 11, 1972, 1o select the
Apollo 17 site. The scientific arguments and recom-
mendations discussed in the previous subsection were
presented, followed by a presentation of the opera-
tional considerations, of which only selected high-
lights are discussed in this report.

Of the three candidate sites analyzed in detail,
Gassendi presented the most problems. Although the
terrain along the landing approach was acceptable,
the landing area itself presented problems. Outside
the nominal 3¢ landing ellipse, which was acceptably
smooth, the terrain is heavily cratered, rolling, or
contains rilles. If the lunar module were to land down
range of the nominal ellipse, it was likely that, even if
the landing were successful, the crewmen would not
be able to traverse to the prime objective (the central
peaks), particularly if there were a failure of the lunar
roving vehicle (LRV). These problems were deemed
sufficient that the NASA Lyndon B. Johnson Space
Center (JSC) considered Gassendi unacceptable as an
Apollo 17 site.

At Alphonsus, both the approach terrain and the
landing area were judged “highly acceptable,” which
was the status when Alphonsus was being considered
for the Apollo 16 site. It was also determined that in
the contingency situation of a walking mission (LRV
failure), the crewmen could reach both the crater wall
and the dark-halo crater material.

Although early analysis of the Taurus-Littrow site,
performed just after the screening of the Apollo 15
photographs, had indicated that no serious problems
were associated with the site, detailed plotting of the
landing ellipse in the valley showed that with a 90°
azimuth for the approach path and with a constraint
to avoid the sudden rise in topography caused by the
scarp, the fit of the ellipse in the valley became very
tight. Because of the increased precision available
from the Apollo 15 metric camera, however, it was
shown that even without command module landmark
tracking, the ellipse could be placed such that no
landing problem would be caused by topography.
(The westernmost part of the ellipse did include a
small portion of the landslide, but it was well within
the capability of the crew to redesignate out of that
area should they be heading toward it.) In addition,
as in the case of Alphonsus, it was determined that
the prime objective at Taurus-Littrow was achievable
on a walking mission (LRV failure), even if the
landing were made outside the nominal ellipse.

The ASSB accepted the JSC evaluation that
Gassendi was operationally unacceptable and then
focused on Alphonsus and Taurus-Littrow. It was
first noted that, although both Alphonsus and Tau-
rus-Littrow were operationally acceptable, Alphonsus
presented fewer risks. The risks were not related to
safety but to mission success. The differences in
probability of success were not quantifiable; that is,
shades of gray rather than blacks and whites were
involved. Because there were no strong operational
discriminators, the discussion returned to the scien-
tific attributes of the sites. A recapitulation showed
that the scientific evaluation cleady favored Taurus-
Littrow over Alphonsus; the decisive factors were the
certainty of acquiring highlands material at Taurus-
Littrow (remembering the possible mantling by
Cayley materials of the highlands at Alphonsus), the
superior orbital coverage, and the better use of LRV
capabilities. The ASSB unanimously accepted that
evaluation and recommended to the Associate Ad-
ministrator for Manned Space Flight that Taurus-
Littrow be the Apollo 17 landing site.
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2. Mission Description
Richard R, Baldwin®

The highly successful Apollo 17 manned lunar
landing mission was the final in a series of three
J-type missions planned for the Apollo Program.
These J-type missions have been characterized by
extended hardware capability, by a scientific payload
larger than on the previous G- and H-series missions,
and by the use of a battery-powered lunar roving
vehicle (LRV). As a result of these additions, the
Apollo 17 mission had a duration of 12.6 days, a time
on the lunar surface of 75 hr with a total surface
traverse distance of approximately 35 km, and a
scientific instrument module (SIM) containing equip-
ment for orbital experiments and photographic tasks.
During their 22.1 hr of lunar surface extravehicular
activity (EVA), crewmen collected approximately
110 kg of samples and took more than 2100
photographs. All Apollo landing missions are com-
pared in figure 2-1 in terms of the science payload
weight delivered to the lunar surface, the EVA
duration, the surface distance traversed, and the
weight of returned lunar samples.

The landing site for Apollo 17 is on the south-
eastern rim of Mare Serenitatis in a dark deposit
between massif units of the southwestern Montes
Taurus, as shown in figure 2-2. These massif units
(which are believed to be breccias from large basin
ejecta), the dark mantle material, and a possible
debris flow 5 km southwest of the landing site are
features of major geclogical interest in the Taurus-
Littrow region.

Scientific objectives of the Apollo 17 mission
included geological surveying and sampling of ma-
terials and surface features in a preselected area of the
Taurus-Littrow region, deploying and activating sur-
face experiments, and conducting inflight experi-
ments and photographic tasks during lunar orbit and
transearth coast {TEC). These objectives were satis-
fied on Apollo 17 by performance of scheduled

2NASA Lyndon B. Johnson Space Center.

science activities, which included 12 lunar surface
experiments, five lunar orbital experiments, photo-
graphic and support tasks, and other experiments.
The individual Apollo 17 experiments and photo-
graphic tasks were as follows.
1. Lunar surface
a. Deployed experiments
(1) Apollo lunar surface experiment pack-
age (ALSEP)
(2) Heat flow
(b) Lunar seismic profiling (LSP)
(¢} Lunar surface gravimeter (LSG)
{d) Lunar atmospheric composition ex-
periment (LACE)
(e) Lunar ejecta and meteorites (LEAM)
(2) Surface electrical properties (SEP)
(3) Lunar neutron probe
{4) Traverse gravimeter
(5) Cosmic ray detector
b. Sampling
(1) Lunar geological investigation
(2) Special samples
(c) Soil mechanics
2. Lunar orbital
a. Orbital experiments
(1) Lunar sounder
(2) Infrared (IR) scanning radiometer
(3) Far ultraviolet (UV) spectrometer
(4) S-band transponder
(5) Sodium iodide (Nal) scintillation crystal
b. Photographic and support tasks
(1) Service module (SM) orbital photo-
graphic tasks
(2) Command module (CM) photographic
tasks
(3) Visual observations from lunar orbit
3. Gther
a. Biomedical experiments
(1) Biostack II
(2) BIOCORE
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FIGURE 2-1,—Comparison of Apollo missions.

(3) Visual light flash phenomenon
b. Heat flow and convection demonstration
¢. Apollo window meteoroid
Major operational events of the Apollo 17 mission
are described in chronological order in the following
subsections. Overviews of lunar surface activities,
inflight experiments, and photographic tasks are
presented.
The Apollo 17 space vehicle (manned by Eugene
A. Cernan, commander (CDR); Harrison H. Schmitt,
lunar module pilot (LMP); and Ronald E. Evans,

command module pilot (CMP)) was launched from
the NASA John F. Kennedy Space Center at
11:33:00 p.m. c.s.t. on December 6, 1972 (05:33:00
G.m.t. on December 7, 1972). The command and
service module (CSM), the lunar module (LM), and
the SIVB booster stage were inserted 11 min 53 sec
later into an Earth parking orbit of 91.2 by 92.5 n.
mi. After two revolutions, at 08:45:37 G.m.t., the
CSM, LM, and SIVB spent stage were inserted into
translunar coast.

At 09:15:29 G.m.t. on December 7, the CSM was
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FIGURE 2-2.—-Landing site of Apollo lunar landing missions. Apollo 11 landed in Mare Tranquillitatis

8g°

on July 20, 1969; Apollo 12 in Oceanus Procellarum on November 19, 1969; Apollo 14 in the Fra
Mauro highlands on January 31, 1971; Apollo 15 in the Hadley-Apennines region on July 30,
1971; Apollo 16 in the Descartes region on April 21, 1972; and Apollo 17 in a valley at

Taurus-Littrow on December 11, 1972.

separated from the SIVB. Approximately 15 min
later, the CSM docked with the LM. After CSM/LM
extraction from the SIVB, the SIVB was targeted for
lunar impact, which occurred on December 10 at
20:32:43 G.m.t. The impact location was approxi-
mately 84 n. mi. northwest of the planned target
point, and the event was recorded by the passive

seismic experiments deployed on the Apollo 12, 14,
15, and 16 missions.

Only one of the four planned midcourse correc-
tions was required during translunar coast. A mid-
course correction (MCC) made at 17:03:00 G.m.t. on
December 8 was a 1.6-sec service propulsion system
burn resulting in a 10.5-ft/sec velocity change. The
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first of two 40-min heat flow and convection demon-
strations was begun at 00:33:00 G.m.t. on December
9, The second demonstration was begun 2 hr 20 min
later. The SIM bay door was jettisoned at 15:05:40
G.m.t. on December 10.

Lunar orbit insertion, executed at 19:47:23 G.m.t.
on December 10, placed the spacecraft into a lunar
orbit of 170.0 by 52.6 n. mi. Approximately 4 hr 20
min later, the orbit was reduced to 59 by 15 n. mi.
The spacecraft remained in this low orbit for more
than 18 hr, during which time the CSM/LM undock-
ing and separation were performed. The CSM circular-
ization maneuver, which was performed at 18:50:29
G.m.t. on December 11, placed the CSM into a 70.3-
by 54.3-n. mi. orbit.

At 14:35:00 G.m.t. on December 11, the CDR
and the LMP entered the LM to prepare for descent
to the lunar surface. The LM was powered up and all
systems were nominal. A maneuver at 18:55:42
G.m.t. on December 11 placed the LM in an orbit
with a perilune altitude of 6.2 n. mi. Approximately
47 min later, the powered descent to the surface
began.

LUNAR SURFACE ACTIVITIES

Following a nominal descent sequence, the space-
craft landed at 19:54:57 G.m.t. on December 11 in a
valley at Taurus-Littrow, less than 200 m from the
preferred landing poiat. The best estimate of the
lunar surface landing position is latitude 20°10" N
and longitude 30°46' E (ref. 2-1). The Apollo 17
landing site in relation to those of all previous lunar
landing missions is shown in figure 2-2.

The first lunar surface EVA began at 23:54:49
G.m.t. on December 11, with the CDR egressing at

00:01:00 G.m.t. on December 12. Television cover-
age began after installation of the ground-commanded

television camera and the high-gain antenna on the
LRV. The first television pictures were received at
01:10:49 G.m.t. Before leaving the LM for the
ALSEP site, the crew deployed the cosmic ray
experiment. The site selected for the ALSEP was
approximately 185 m west-northwest of the LM.
Deployment of the heat flow experiment was nomi-
nal, with both probes inserted to a depth of 2.54 m.
The LEAM experiment and the LSG were also
deployed nominally. Preliminary operations with the
gravimeter did not indicate the beam-nulling problem
that was later encountered. The ALSEP group was

completed with deployment of the LACE and the
LSP experiment (except for explosive charges). Total
ALSEP deployment, with relative locations of the
experiments, is shown in figure 2-3. The deep core
sample was taken concurrently with ALSEP deploy-
ment. Although difficulty was experienced in extrac-
tion, all three core sections were obtained, The
neutron flux probe was then deployed to full depth
in the deep core hole. Both the receiver and trans-
mitter of the SEP experiment were deployed as
planned, with initial instrument operation scheduled
during EVA-2.

During ALSEP deployment, extra time was re-
quired to level the central station and the antenna
gimbal. The resulting time-line deficit was compen-
sated for by relocating the first traverse station to an
area near the rim of Steno Crater. At station 1A, the
crew collected geological samples, including a rake
sample, and took a traverse gravimeter reading. A
total of six gravity measurements and one gravimeter
bias measurement were taken during EVA-1. At
station 1A, the crew also deployed a 1-lb explosive
package for the LSP instrument. During their return
to the LM, the crew deployed a ¥%-1b explosive
package. The first ALSEP data were recorded at
02:54:00 G.m.t. on December 12. The first EVA,
which was 7 hr 12 min long, was completed at
07:06:42 G.m.t. on December 12.

~orin
Geophone  ¢asings
2 -~ and

- LsP
. geophone °

fransmitting
antenna

Heat flow
electronics
assembly -~

FIGURE 2-3.—Deployment of the Apollo 17 ALSEP, show-
ing the relative locations of the central station, radio-
isotope thermoelectric generator (RTG), and the five
experiments.
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The second EVA was begun at 23:28:06 G.m.t. on
December 12. The second major sampling stop of the
mission was made early in EVA-2 at Nansen Crater,
where the crew sampled primarily the rock debris at
the base of the South Massif. After leaving Nansen
Crater, the crew made an unscheduled stop (station
2A) to check the gravity gradient between the South
Massif and the valley. The major geological objective
of the third sampling site near Lara Crater was the
scarp that runs north-south between the massif units.
Activities at this stop included an exploratory trench
and a core sample, which was stored in the core
sample vacuum container. Traverse station 4 was at
Shorty Crater, a 110-m dark-halo crater. Sampling at
this location was focused on deposits and rocks at the

crater rim. A trench dug in the crater rim exposed the
much-discussed orange soil. A double core sample was

also obtained at station 4. Blocks of subfloor basalt
were found at Camelot Crater (station 5), and
sampling included a search for dark mantle material.
During the traverse on EVA-2, the SEP experiment
was operated and the crew deployed 1/8-, 6-, and
1/4-1b explosive charges. Seven traverse gravimeter
measurements were taken: one each at stations 2, 3,
4, and 5; one between stations 2 and 3; and two at
the LM site. Finally, eight LRV sampling stops were
made at points intermediate to the major stops to
increase the areal density of geological sampling sites.
During the second EVA, it was discovered that the
sensor beam of the LSG could not be nulled, even
though the LMP reverified that the instrument was
level and the gimbal was free. The second EVA was 7
hr 37 min long and ended at 07:05:02 G.m.t. on
December 13.

The third EVA began at 22:25:48 G.n.t. on
December 13, The cosmic ray detector was recovered
early in the EVA to avoid exposure to an excess of
low-energy solar protons. The first two traverse stops
(stations 6 and 7) of EVA-3 were made at the base of
the North Massif, Geological activities in these areas
emphasized boulders and boulder tracks and included
the dark mantle material and the massif/valley inter-
face. A rake sample and a single core sample were
obtained at station 6, and several rock chips were
collected from a 3-m boulder at station 7. At station
8 (Sculptured Hills), samples included the dark
mantle plains material. The crew obtained a trench
sample and a rake sample at this location as part of
the sampling plan to look for differences between the
Sculptured Hills and the Massifs. Sampling at station

9 (Van Serg Crater) was concentrated on the crest of
the crater rim and the ejecta blanket southeastward
of the rim, at both of which were found soft,
dark-matrix breccias. A final trench sample and
double core were obtained at this station. Station 10
was deleted to obtain additional closeout time for
completion of ALSEP photography and for further
attempts to resolve the gravimeter problem.

During EVA-3, four LRV sampling stops were
made and traverse gravimeter measurements were
taken at stations 6, 8, and 9 and at the LM. The
remaining two explosive packages for the LSP experi-
ment were also deployed. Late in EVA-3, the LMP
made a last, unsuccessful attempt to null the sensor
beam of the LSG. One of the final science activities in
the EVA was retrieval of the neutron flux probe from
the deep drill core hole. The third EVA ended at
05:40:56 G.m.t. on December 14.

The LM ascent stage lifted off the Moon at
22:54:37 G.m.t. on December 14. Lift-off and ascent
were recorded by the ground-commanded television
assembly on the LRV. After a vernier adjustment

maneuver, the ascent stage was inserted into a 48.5-
by 9.4-n. mi. orbit. The LM terminal phase initiation

burn was made at 23:48:58 G.m.t. on December 14,
This 3.2-sec maneuver raised the ascent stage orbit to
64.7 by 48.5 n. mi. The CSM and the LM docked at
01:10:15 G.m.t. When the LM ascent stage was
jettisoned at 04:51:31 G.m.t. on December 15, the
separation velocity was low, necessitating an evasive
2-ft/sec maneuver by the CSM. Deorbit firing of the
ascent stage was initiated at 06:31:14 G.m.t. on
December 15, Impact occurred 19 min 7 sec later
approximately 0.7 n. mi. from the planned target at
latitude 19°56' N and longitude 30°32' E. The ascent
stage impact was recorded by the four Apollo 17
geophones and by each ALSEP at the Apollo 12, 14,
15, and 16 landing sites.

INFLIGHT EXPERIMENTS AND
PHOTOGRAPHIC TASKS

Experiments and photographic tasks were per-
formed in lunar orbit and during both the translunar
and transearth coast phases of Apollo 17. Equipment
needed for performance of CM photographic tasks,
visual observations of the Moon, the visual light flash
phenomenon, the Nal scintillation crystal experi-
ment, and the heat flow and convection demonstra-
tion were stowed in the CM. Equipment for other
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| P ! . Mapping camera scientitic experiments and objectives was housed in
| : film cassette the SIM bay. This equipment, illustrated in figure 2-4,
Mapping camera--1 2N ) includes the lunar sounder, IR scanning radiometer,
J N | 1 far UV spectrometer, panoramic camera, mapping

Laser altimeter - cir=2 ] ‘
camera, and laser altimeter. The S-band transponder

experiment used existing CSM S-band communication
EVA foot _ . } equipment. Operational periods for inflight experi-
restraint-—---= Tl daTeE - Panoramic camera  ments and photographic tasks are shown in figure 2-5.
: ' The envelope of suborbital tracks for the lunar orbital
---Pancamera  phage of the mission is shown in figure 2-6.

Coherent film cassette . . .
synthetic Inflight science activities on Apollo 17 were
aperture _-Removable conducted over a period of approximately 220 hr,

{CSAR)™ nj| D 3 P cover beginning with SIM bay door‘ jet‘Fison at 15.:05:40

‘ G.m.t., December 10, and terminating approximately
3 hr before splashdown. During this interval, the fol-
lowing science activities were conducted; photography

Far UV spectrometer’ \ Lunar sounder optical  ©f most of thelunar surface area overflown in sunlight;
P “\ recorder with active electromagunetic sounding of the lunar surface
N film cassette and subsurface over portions of the near side and the

IR scanning radiometer far side of the Moon; passive sounding for determina-

FIGURE 2-4.Scientific equipment, including orbital experi- 1o of electromagnetic interference and cosmic
ment instruments and photographic equipment, located in noise; thermal mapping of more than one-third of the

the SIM bay of the service module. lunar surface; investigation of lunar atmospheric
. JTranslunar injection SIM door
Revafution / bocking jettison
Lift-oft 75 CSMILM ejection MCC-2 MEC-3
Mission event A vy’ A MCC-L A A MCC-4 (not performed) ... gy
Daylighidark = -
Steep periods ————————— ——
Visual light flash phenomenon -
Visual observations
Skylab contamination study {Periods lo be selected real time)
CM photograph
pangmm‘ﬁ cgm);m Note: As a result of iaunch slippage, it was Z
Mapping camera necessary to adgi 2 hr 40 min to (;H 1o
vaser altimeter resynchronize it with G.m.t. This
Far UV spectrometer was done at 65:00 GET. The G.m.1,
IR scanning radiometer before this has not been adjusted to
Lunar sounder reflect the slippage.
S-band transpender {Periods for dala reduction o be selected postmission}
Spacecrait X-axis
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FIGURE 2-5.—Major mission events and data-collection periods correlated to G.m.t. and ground-
elapsed time (GET).
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composition by UV spectral measurements; determi- for 100 hr in lunar orbit and 10.5 hr in transearth
nation of gross lunar topography along groundtracks; coast. A total of 10® radiometer measurements were
free-flight measurements of spacecraft velocity for made during orbital operation, covering one-third of

determination of lunar gravity anomalies; visual geo- the lunar surface.

logical surveys of selected lunar regions in sunlight; Far UV spectral data were collected for a total of

and observation of solar atmospheric, galactic, and 80 hr in lunar orbit and approximately 60 hr during

extragalactic sources of far UV radiation. transearth coast. Experiment operation included a
Ten hr 31 sec of active lunar sounder data were solar atmospheric observation added in real time.

recorded on film, including two consecutive revolu- High-quality S-band transponder data were ob-

tions each in the HF and VHF ranges, as well as tained over Mare Serenitatis, Mare Crisium, and the
specific targets in each of these ranges. The sounder Taurus-Littrow site. The data were taken in low-
was operated in the receive-only mode on both the altitude orbits and will help confirm results obtained
Iunar near side and far side. Near the landing site, from the Apollo 15 mission.
receive-only data were obtained by the sounder, both The Apollo window meteoroid and the gamma ray
with and without the SEP transmitter operating. The crystal experiments were passive and required no
sounder was operated for 24 hr during transearth  crew activities. The CM window has been retrieved.
coast to help determine levels of terrestrial noise. Activation measurements on the gamma ray crystal
Problems were encountered with the extension and were begun 1.5 hr after spacecraft entry, and early
retraction of the HF antennas. A faulty talkback  indications are that information return from the
indicator and low temperature of the extension/ experiment is more than was expected.
retraction mechanism were blamed for these opera- Panoramic camera photography was obtained on
tional delays, which caused no loss of data. portions of eight lunar orbit revolutions and after
Infrared scanning radiometer data were obtained transearth injection. A five-frame sequence was ob-
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FIGURE 2-5—Concluded.
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FiIGURE 2-6.—Lunar surface groundirack envelope of the Apollo 17 orbiting spacecraft for
revolutions 1 to 75. Areas of additional data coverage outside the envelope are determined by the
fields of view of experiment instruments and photographic cameras. (a) Near side.

tained on revolution 36 with the camera axis inclined
40° to the south of the groundtrack. On the third
sequence of photography during the I5th revolution,
an erratic velocity-to-height (V/h) signal was noted;
the remainder of panoramic photography was per-
formed with the camera V/h setting in the manual
override position. During the final lunar orbit opera-
tion of the camera, the stereographic drive motor

failed, causing the final 8 min of photography to be
obtained in the monographic rather than the planned
stereographic mode.

Vertical mapping camera photegraphy was ob-
tained on 12 revolutions and after transearth injec-
tion. For the second mapping photography sequence,
the camera deployment time was longer than ex-
pected. To avoid possible failure of the deployment
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FIGURE 2-6.—(b) Far side.

mechanism, the camera was left deployed between
several photographic passes. On revolution 49, the
camera was operated from the retracted position,
thus losing stellar camera coverage on this sequence.

The laser altimeter operated well throughout the
mission, obtaining 3769 ranging measurements. A
30-min altimeter sequence scheduled for revolution
62 was deleted to allow a special attitude sequence
for the far UV spectrometer. During the final sleep

period in lunar orbit, the altimeter was operated to
obtain 10 hr of continuous data, in addition to the
planned coverage.

Photographic and visual observations from the CM
were made as scheduled, with the exception of the
second of two solar corona sequences, which was
omitted because of time-line and attitude constraints.
The zodiacal light was photographed three different
times: once each in red light, blue light, and
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plane-polarized white light. Photographs of the lunar
surface from the CM included 10 color strips, eight
black-and-white sequences near the terminator, and
additional photographs to document visual observa-
tions. Formally scheduled visual observations of 10
lunar surface targets were made by the crew using
10-power binoculars. Accompanying comments by
the crew were made and recorded for subsequent use.

The biostack II and BIOCORE experiments were
passive and required no crew activities. The experi-
ments were recovered after completion of the mis-
sion.

APOLLO 17 PRELIMINARY SCIENCE REPORT

The CMP performed an inflight EVA at 20:27:40
G.m.t. on December 17 during transearth coast. The
EVA lasted for approximately 1 hr 7 min, during
which time the CMP retrieved the lunar sounder film
and the pancramic and mapping camera film
cassettes.

REFERENCE

2-1. Lunar Topographic Photomap of Taurus-Littrow. First
ed., U.S. Army Topographic Command, Sept. 1972.



3. Summary of Scientific Results
Robert A. Parker”

The first 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. Some
of the unanswered questions will be answered in the
future from data already returned but as yet not fully
analyzed, and some will have to wait for data yet to
be returned from instruments already in place on the
lunar surface. Still other questions must await further
exploration.

The basic objective of the Apollo 17 mission was
to sample basin-rim highland material and adjacent
mare material and investigate the geological evolu-
tionary relationship between these two major units.
In addition to achieving this general geological objec-
tive, it has also been possible to measure directly the
thermal neutron flux in the regolith, to explore
geophysically the subsurface structure of the valiey
floor, to determine the constituents of the lunar
atmosphere and observe their variations during the
lunar day and night, and to explore even more of the
lunar surface remotely from orbit.

These initial results and others will someday be
combined into a coherent picture of the evolution of
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 true legacy 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 major stratigraphic units: the

ANASA Lyndon B. Johnson Space Center.

light mantle, the dark mantle, the subfloor, the
Sculptured Hills, and the massifs.

The light mantle unit was sampled at stations 2,
2A, and 3 and at two lunar roving vehicle (LRV)
sampling stops. Preliminary indications from these
samples are that the light mantle is primarily fine-
grained debris that includes cataclasites and breccias
similar to those attributed 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 secondary ejecta at the top of the
South Massif.

The dark mantle unit remains one of the enigmas
of the Apollo 17 mission. Photogeological observa-
tions of the subdued appearance of the larger craters
and the general paucity of craters on the valley floor
had led to the expectation of a “mantling” unit
which covered the valley floor sometime after most
of the regolith formation had taken place and which
was perhaps Copernican in age. Because of dark areas
in depressions in the surrounding highlands, the
mantling unit was expected to have also covered at
least part of the highlands. No such unit has so far
been detected in situ. Instead, everywhere 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 possibly related to
the orange glass of station 4. The age of the dark
glass, however, is 3.7 X 10° yr, and it is apparently
well mixed into the regolith, which seems to rule it
out as the mantling unit.

The subfloor unit was well sampled at a number of
stations (the Apollo lunar surface experiments pack-
age (ALSEP) site and stations 1A, 4, 5, and 97) and
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was shown to be a 3.8 X 10°-yr-old, massive, light-
colored mare basalt unit containing 10 to 15 percent
vesicles, 30 to 40 percent plagioclase, together with
clinopyroxene and ilmenite as rock-forming plagio-
clase. Some local variations in texture, mineralogy,
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-size 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 may be
from deep in the regolith (but not quite to the depth
of the basalt unit).

The Sculptured Hills unit was investigated at
station 8. Because of the lack of any identifiable
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
soil 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 delayed 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 about the Sculptured Hills unit than that it
is a highland unit morphologically 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
and 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 and the lower third of the North Massif). All
the boulders are breccias of a moderately complex
nature, similar to those from the Apollo 15 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 this 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,

is composed of breccias that probably were produced
by one or more basin-forming events.

An event of great interest during the geological
exploration of the valley of Taurus-Littrow was the
discovery of deposits of orange glass on the rim of
Shorty Crater. Present indications are that the orange
glass is fairly old (3.7 X 10° yr); that shortly after its
formation, it was well buried; and that only recently
(20 to 30 X 10° 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 filled
with a basalt flow (or flows} during the episode of
mare filling is corroborated and more tightly defined
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
agglutinates, green-gray breccias, blue-gray breccias,
light-gray breccias, brecciated gabbroic rocks, and
others (including a dunite clast composed of more
than 95 percent olivine).

The basalts are quite uniform in composition and
are generally similar to the Apolle 11 basalts. They
are generally vesicular, have variable grain sizes as
large as 2 mm, and consist of approximately 25 to 30
percent plagioclase. The basalts are high in titanium
like the Apcllo 11 basalts but are much lower in
nickel. In detail, chemical differences within the
Apollo 17 basalt suite argue for at least two different
basalt types.

The dark-matrix breccias and agglutinates are
derived from the basalt regolith of the valley floor
and contain clasts of basalt. The green-gray breccias
are predominantly matrix with a small percentage of
mostly mineral clasts. The matrix is coherent, is rich
in poikilitic orthopyroxene, and has vesicles as large
as several centimeters in diameter. The blue-gray
breccias are matrix breccias 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-gray 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 mineral, are generally feldspar rich and
include first- and second-order breccias. The light-
gray matrix texture is fragmental. The brecciated
gabbroic rocks are similar to the crushed cataclastic
anorthosites returned on the Apollo 15 and 16
missions.

The breccias can be divided chemically into two
groups: the blue-gray, green-gray, and light-gray
breccias with approximately 50 percent normative
plagioclase and the brecciated gabbroic rocks with
approximately 70 percent normative plagioclase. The
blue-gray, 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 zirconium contents and a slightly lower
strontium 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
KREEP-like rocks (those that are rich in potassium,
rare-earth elements, and phosphorus) from Descartes
and are especially similar to those of the brown-glass-
matrix breccia from Hadley-Apennine. The brecciated
gabbroic rocks chemically resemble similar rocks
from the Apollo 16 mission and especially closely
resemble Apollo 15 sample 15418.

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 types. 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 higher percentage of
magnesium and a very strikingly high abundance of
zinc as well as other trace-element differences (e.g.,
high chromium oxide). The orange soil also contains
more low-temperature volatiles than do other soil
samples.

SURFACE ELECTRICAL PROPERTIES
EXPERIMENT

The surface electrical properties (SEP) 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 at six
frequencies between 1 and 32 MHz was transmitted
from a fixed crossed-dipole 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 includes two layers having different
dielectric constants the interface of which decreases
in depth from approximately 20 m at the lunar
module (LM) site to 15 m at station 2.

LUNAR TRAVERSE GRAVIMETER

By the comparison of measurements made on the
Earth and at the Apollo 17 landing site with the same
instrument, the lunar traverse gravimeter, the value of
gravity at the LM site was found to be 162695+ 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 1A), the 10 measurements
agree within approximately + 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 four other stations either at or very
near the massifs (stations 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 Bouguer anomaly curve
has been interpreted in terms of a model with a
I-km-thick plate of basalt for the valley floor,
assuming a density contrast of 0.8 gf/cm?® 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. Eight explosive
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charges (ranging 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, and 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 1200 m, the third layer, with a seismic
velocity of approximately 400 m/sec, 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 (1 part in 10') measurements of the
acceleration of lunar gravity and of its variation with
time. These measurements should allow investigations
of gravitational waves by using the Moon as an
antenna and also investigations of tidal distortions of
the shape of the Moon. Following deployment of the
gravimeter, problems occurred in trying to balance
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 mass-changing mechanism. Data in the form
of seismic events at sunrise and sunset have been
received, 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, which 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 and to determine the concentration of
each species. Previous measurements using the cold
cathode ion gages have been limited to total gas
concentrations. Preliminary 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.g., 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 that helium does
not freeze out on the surface at night and that its
source is the solar wind. The concentration 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 contami-
nanis 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 lunar heat flow mea-
sured at two different stations, the Apollo 15 and 17
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 107 ¢ W/cm?® for the first
probe and 2.5 X 107 ¢ W/cm? for the second probe.
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These values can be compared with a revised value for
the Apollo 15 site of 3.1 X 107% W/cm?. The
uncertainty for all three values is + 20 percent. The
heat flow gradient for probe 1 is uniform in agree-
ment with a similar observation made at the Apollo
15 site. For probe 2, however, the gradient is
definitely 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 values by a factor of 15 to 25 percent for the
Apollo 17 measurements and an uncertainty of + 10
percent for the Apollo 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 higher thorium abundances, observed
by the Apollo 15 gamma ray instrument, in south-
eastern Mare Imbrium as compared with southeastern
Mare Serenitatis. In any case, values of the heat flow
between 2.4 X 107¢ and 3.0X 107% W/cm? are
confirmed as characteristic of more than one site of
the Moon. If applied generally to the entire Moon,
those values argue for relatively large quantities of
radioisotopes in the outer layers of the Moon.

LUNAR NEUTRON PROBE EXPERIMENT

Time-integrated fluxes of therma! neutrons (<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-10 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 uranium-235 targets agrees
with both the magnitude and shape of previous
thearetical 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, both 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 17 ALSEP. The impacts of the Apollo 17
IM and SIVB 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 (especially 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 litho-
sphere that encloses an asthenospheric zone of partial
melting. Moonquake activity appears to be concen-
trated at the boundary between these two zones at a
depth of approximately 1000 km. Evidence has 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.mission.
Two sets of detectors (including mica, quartz, plass,
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 levels for the 0.02- to 1-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 during the
Apollo 16 mission and indicates that proportionate
numbers of energetic particles are emitted by the Sun
even during quiet periods. Heavy-element enrichment
noted during flares is also present during the quiet
periods. Tracks were also noted in the detectors
facing 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 MECHANICS EXPERIMENT

Although there is considerable local variability in
the properties of the 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 double-core sample
obtained from the orange soil is the highest vet 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 high
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 carried in
the scientific instrument module (SIM) bay was a
three-frequency (5, 15, and 150 MHz) chirped radar
sounder. Depth of subsurface 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-deep interface detected in western Mare
Serenitatis. The profiling and imaging modes, which
are similar to conventional surface return radars, can
provide quantitative metric and topographic data as
well as albedo measurements.

Preliminary results 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 1180 to 1680 A (118 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 descent of the LM.
Among new lower limits that were established is one
of < 10 atomsfcm? for atomic hydrogen at the lunar

surface. This low value (at least 10 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, carried in the
SIM bay, was used to map the lunar surface in
352-km-wide strips centered on the groundiracks
with a resolution of better than 10 km. This mapping
was accomplished by sweeping the 1° instantaneous
field of view in contiguous strips perpendicular to the
orbital groundtrack. The spectral bandpass extended
from 1.2 to 70 um.

In addition to a number of individual thermal
anomalies, preliminary examination of the daia
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 of nighttime 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 15 and 17
groundiracks 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 larger than
those predicted for the Apollo 17 groundtrack by the
Apollo 15 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 very well with that obtained by the
lunar traverse gravimeter (162 695 mgal).
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BIOSTACK EXPERIMENT

The Apollo 17 biostack experiment (biostack II)
was of very similar configuration to the Apollo 16
biostack experiment (biostack I). The total radiation
dose received by biostack II was approximately 15
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 to radiation between
different strains of the same species. These aspects
will be further investigated as work is continued on
biostacks I and 1I.

BIOCORE EXPERIMENT

Five pocket mice were flown in a self-contained
unit in the Apollo 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 all five 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/monitor 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
will 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 light flash phenomenon con-
tinued during the Apollo 17 mission. As on Apolio
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 Apolle 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 involved 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 light.
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M. C. McEwen? and Uel S. Clanton?

The photographic objectives of the Apollo 17
mission were to provide precisely oriented mapping
camera photographs and high-resolution panoramic
camera photographs of the lunar surface, to support a
wide variety of scientific and operational experi-
ments, and to document operational tasks on the
lunar surface and in flight.

Lunar surface photographs are primarily of three
types: (1) operational photographs, to document the
condition, performance, orientation, or setting of
equipment and the effectiveness of procedures;
(2) scientific documentation photographs, to record
samples in their undisturbed condition as well as their
location, orientation, and detailed setting or to record
features or materials that were not collected; and
(3) panoramic views, to provide for the accurate
location of traverse stations and to provide the
capability to reconstruct the geologic setting of the
landing site.

Orbital photographic tasks, other than mapping
camera and pancramic camera operation, were for
both operational and scientific purposes. Orbital
science photography planned before the mission
included (1)areas of geologic interest; (2)near-
terminator areas, where details of relief are enhanced;
(3) areas not covered by photography from other
missions; (4)areas in ecarthshine; and (5)low-light-
level astronomical phenomena, such as the solar
corona and zodiacal light. In addition, film was
allotted for crew-option photographs to be faken on
the basis of real-time observations.

In tables 4-I to 4-I11, the Apollo 17 cameras and
film types are listed, and a general description of the
tasks for which each was used is provided. The color
film used in the command module (CM), SO 368, was

ANASA Lyndon B. Johnson Space Center,

4-1

intended primarily for well-lighted targets but was
used with a high degree of success for target strips
that extended almost to the terminator. Earthshine
photographs, virtually for the first time on an Apollo
mission, have provided usable imagery, including that
of lunar surface areas where the crewmen reported
seeing possible ““flashes.” Crew-option photographs
include the “flash™ areas, lunar surface color bound-
aries, areas with orange-colored strata, flows, and
other features of geologic interest.

The lunar surface groundirack envelope of the
Apollo 17 spacecraft is illustrated in section 2 of this
report (fig. 2-6). The orbital inclination was approxi-
mately 20° throughout the first 47 lunar revolutions
and was increased to slightly more than 23° during
revolution 48. The terminator advanced 75° across
the lunar surface while the Apollo 17 spacecraft was
in orbit. A portion of the lunar far side that had not
been illuminated during the other J-series missions
(Apollo 15 and 16) was in sunlight during the early
revolutions of the Apollo 17 spacecraft. The pan-
oramic and mapping cameras were used to photo-
graph a part of this area centered along a line from
approximately latitude 23° S, longitude 152° W, to
latitude 17° S, longitude 180° W. Electric Hasselblad
(EL) 70-mm photographs of the same area comple-
ment the scientific instrument module (SIM) camera
photographs.

In the panoramic camera, 1623 images were
exposed, of which approximately 1580 are high-
resolution photographs from lunar orbit. The remain-
der are transearth coast (TEC) views of the lunar
surface. The panoramic camera image is 11.4 by
114.8 cm and, at the 110-km altitude approximated
in the near-circular orbit after revolution 12, coversa
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TABLE 4-1.—Photographic Equipment Used in the Command Module

Camera Features

Film size and type Remarks

Flectric Hasselblad (EL) | Electric: interchangeable lenses of

80- and 25C-mm focal length

Nikon Mechanically operated; through-
the-lens viewing and metering;

55-mm lens

Data acquisition camera
(DAC)

Electric; interchangeable lenses
of 10-, 18-, and 75-mm focal
length; the DAC-sextant com-
bination has an effective focal
length of 229 mm; variable
frame rates of 1,6, 12, and 24
frames/sec

70 mm

35 mm

16 mm

Used with 80-mm lens and color
film to document operations
and maneuvers involving more
than one vehicle. Used with
appropriate lens-filtm combina-
tions to photograph prese-
lected orbital science lunar
targets, different types of
terrain at the lunar termina-
tor, crew-option lunar targets,
astronomical phenomena,
views of the Moon after trans-
earth injection, and the
Earth from various distances

Used for dim-light photographs
of astronomical phenomena,
photographs of lunar surface
targets illuminated by earth-

high-speed color- shine, and the Apollo light

reversal film, ASA flash moving emulsion

160 detector

Bracket mounted with mirror
in command module (CM)
rendezvous window to docu-
ment maneuvers with the
lunar module (LM) and CM
high-speed color- entry; handheld for other
reversal film, ASA photographs, including sub-
160 jects inside and cutside the

2485 black-and-white CM; bracket mounted on
film, ASA 6000 sextant to document land-

mark tracking

SO 368 Ektachrome MS
color-reversal film,
ASA 64

2485 black-and-white
film, ASA 6000

24835 black-and-white
film, ASA 6000
S0 168 Ektachrome EF

SO 368 Ektachrome MS
color-reversal film,
ASA 64

SO 168 Ektachrome EF

21- by 330-km area of the lunar surface. Before
revolution 12, the orbit was more highly elliptical,
and the dimensions of the lunar surface area depicted
vary significantly as a function of position along the
groundtrack.

Of 3298 mapping camera frames, approximately
2350 contain imagery of the lunar surface. The
remaining frames were used for calibration or camera
cycling or were exposed over unlighted lunar surface
either near terminators or when the camera was used
in conjunction with the laser altimeter. The 11.4-cm?2
image of the mapping camera covers a lunar surface
area approximately 150 km, or roughly 5°, on a side
at the nominal 110-km altitude.

Throughout the lunar orbit phase of the mission,
the nominal procedure was to operate the mapping

camera over the entire sunlit portion of any pass in
which it was used. Panoramic camera operation was
more limited because of the much higher rate of film
use and because of a 30-min continuous-operation
constraint. The prime considerations in the pre-
mission task of selecting revolutions on which the
SIM cameras would be operated were that the
groundtrack be sufficiently offset from other ground-
tracks to permit coverage of new area and that
camera operation be compatible with other mission
activities.

Mapping and panoramic camera coverage of the
lunar surface is indicated in figures 4-1 and 4-2,
respectively. These maps were prepared during the
Apollo 17 mission and are based on real-time trajec-
tory data and telemetered camera-function data;
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TABLE 4-11.—Photographic Equipment in the Scientific Instrument Module

Camera

Features

Film size and type

Remarks

Mapping

Stellar

Panoramic

Electric; controls in command and
service module (CSM); 7.6-cm-
focaldength lens; 74° by 74°
field of view; a square array of
121 Reseau crosses, 8 fiducial
marks, and the camera serial
number recorded on each frame
with auxiliary data of time,
altitude, shutter speed, and
forward-motion control setting

Part of mapping camera subsys-
tem; 7.6-cm lens; viewing angle
at 96° to mapping camera view;
a square array of 25 Rescau
crosses, 4 edge fiducial marks,
and the lens serial number
recorded on each frame with
binary-coded time and altitude

Electric; controls in CSM, 61-cm
lens; 10°46" by 108° field of
view; fiducial marks printed
along both edges; IRIG? B time
code printed along forward
edge; data block includes frame
number, time, mission data,
velocity/height, and camera-
pointing altitude

467 m of 127-mm fiim type 3400,

157 m of 35-mm film type 3401,

1975 m of 127-mm film type

Panatomic-X aerial film, inter-
mediate speed, extended red
sensitivity

Plus-X aerial film, medium
speed, high contrast, high
acutance, extended red
sensttivity

3414, slow speed, high con-
trast, extended red sensitivity

The 11.4-cm?® frames with 78-percent

forward overlap provide photo-
graphs of mapping quality. Data
recorded on the film will permit
reconstruction of lunar surface

geometry with a high degree of

accuracy.

3.2-cm circular image with 2.4-cm
tlats records the star field at a
fixed point in space relative to the
mapping camera axis. Reduction
of the stellar data permits accurate
determination of camera orienta-
tion for each mapping camera
frame.

The 11.4-by 114 8-cm images are

tilted alternately forward and
backward 12.5° in stereoscopic
mode. Consecutive frames of simi-
lar tilt have F0-percent overlap;
stereopairs, 100-percent overlap.
Panoramic photographs provide
high-resolution stereoscopic cover-
age of a strip approximately 330
km wide, centered on the ground-
track.

A nter-range instrumentation gronp.

TABLE 4-111.—Photographic Equipment Used in the LM and on the Lunar Surface

Camera

Features

Film size and type

Remarks

Hasselblad data camera

(DC), 2

Hasselblad DC

DAC

lens; Reseau plate

Electric; 500-mm lens;
Reseau plate

Electrie; 10-mm lens

Electric; 60-mm-tocal-length

70 mm
SO 368 Ektachrome MS
color-reversal film,
ASA 64
3401 Plus-X black-und-white
tilm, aerial exposure index
(AED) 64

70 mm, 3401 Plus-X black-and-
white film, AEl 64

16 mm, SO 368 Ektachrome MS
color-reversal film, ASA 64

Handheld within the LM; bracket
mounted on the remote con-
trol unit for extravehicular
activity (EVA) photographs;
used for photography through
the LM window and for docu-
mentation of surface activities,
sample sites, and experiment
installation

Handheld; used to photograph
distant objects from sclected
points during the three EVA
periods

Mounted in the LM right-hand
window to record the LM
pitot {LMP) view of the tunar
sceng during descent and
ascent and to document ma-
neuvers with the CSM
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FIGURE 4-1.-Apolio 17 mapping camera coverage. The coverage is based on camera on/off times from telemetry, not

minor differences may become apparent between the
indicated coverage and the actual coverage deter-
mined from examination of the photographs.

Hasselblad EL photographs exposed from the CM
total 1170; Hasselblad data camera (DC) photographs
exposed from the lunar module (LM) or on the lunar
surface total 2422, most of which were taken on the
lunar surface. The total number of 35-mm Nikon
frames exposed is near 380. Of the 12 magazines of
I6-mm fiim exposed on the Apollo 17 mission, four
were used inside the LM and eight in the CM.

At the time of preparation of this report, the
Apollo 17 photographs had been rapidly screened and
the images had been identified and located. Index
maps of orbital photographs and tabular indexes with
supplemental information for all photographs, both
from the spacecraft and the lunar surface, are in
preparation,

EARTH ORBIT AND TRANSLUNAR
COAST PHOTOGRAPHY

For the first time in an Apollo mission, the
Antarctic continent was visible to and photographed
by the orbiting astronauts. A spectacular group of
70-mm Hasselblad EL color photographs exposed in
Earth orbit portray the suniit portion of the Earth
from the South Atlantic Ocean across Africa and the
Indian Ocean to Australia. Cloud patterns are the
subject of several of the photographs.

Lift-off is pictured in figure 4-3; figures 4-4 and
4-5 are Earth orbit views. Approximately 1 hr after
the translunar injection (TLI) maneuver during the
transtunar coast (TLC) phase of the mission, the
transposition, docking, and extraction (TD&E)
maneuvers were executed. In sequence, the TD&E
maneuvers included command and service module
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(CSM) separation from the SIVB, a 180° rotation of
the CSM, docking of the CSM with the LM, and
extraction of the LM from the SIVB. These maneu-
vers were documented from the CM with both the
Hassetblad EL camera and the 16-mm data acquisi-
tion camera (DAC). The DAC was bracket mounted,
and the views of the LM, SIVB, and Earth in this
sequernce are mirror images.

During TLC, the crew provided extensive descrip-
tions of the Earth surface and of cloud patterns, and
the view was repeatedly recorded with the DAC and
the Hasselblad camera. Approximately 4.5 hr before
lunar orbit insertion, the door that provided protec-
tive cover to the instruments in the SIM bay was
jettisoned; its departure was photographed with the
DAC. The hyperbolic trajectory of the SIM bay door
eventually carried it beyond the lunar sphere of
influence. Figures 4-6 to 4-9 are TLC photographs.

LUNAR ORBIT PHOTOGRAPHY
PRECEDING LM TOUCHDOWN

During the first revolution of the spacecraft about
the Moon, the lunar surface was in sunlight from
approximately 151° W to 29° E longitude. As the
spacecraft crossed the lunar sunrise terminator, the
Hasselblad EL camera was used to photograph the
Taurus-Littrow landing site (lat. 20.2° N, long. 30.8°
E) at a very low Sun illumination angle.

When the spacecraft passed into sunlight again,
near longitude 152° W, the panoramic and mapping
cameras were switched on to photograph a lunar
far-side area where high-quality photographic cover-
age had not been available previously. To comple-
ment the SIM camera photographs, the Hasselblad EL
camera was used to document the area north of the
groundtrack from the vicinity of the crater Galois
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FIGURE 4-2.—Apollo 17 panoramic camera coverage. The coverage is based on camera onfoff times from telemetry, not

FIGURE 4-3.-Lift-off of the Apolio
17 wvehicle from pad A, launch
complex 39, NASA John F. Ken-
nedy Space Center, Florida, Decem-
ber 7, 1972, 05:33:00 G.m.t., the
only mnighttime launch of the
Apollo series (5-72-55070).
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FIGURE 4-4.-Great Barrier Reef off the eastern shore of
Cape York at the northern tip of Queensland, Australia,
photographed during the first revolution of Earth orbit.
In this near-vertical view, the shoreline forms an almost
north-scuth line with the south end obscured by part of
the spacecraft. The distance between the points at which
the shoreline intersects the top and bottom of the
photograph is 160 km (AS17-148-22609).
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FIGURE 4-5.-In this oblique view of the west coast of
Africa photographed on the second revelution of Earth
orbit, the Cunene River at the right edge marks the border
between Angola to the left and Southwest Africa to the
right. Punta da Marca, now an island, extends 45 km into
the Atlantic Ocean (AS17-148-22623).

FIGURE 4-6.—-The LM viewed from the CM shortly after the
TLI burn and shortly before the docking and extraction
of the LM from the SIVB. Brightly reflective material
flaked from the spacecraft fills the field of view around
the LM. The circular LM upper hatch, used for transfer of
crew and equipment from the LM to the CM, is centered
in this view (AS17-148-22687).

FIGURE 4-7.—-The SIVB after extraction of the LM. The
SIVB, 6.6 m in diameter, 18.1 m long, and 11 300 kg in
mass {(dry), provided the thrust for TLI and was subse-
quently impacted into the lunar surface to provide a data
point for the Apollo 12, 14, 15, and 16 seismometers
(AS17-148-22713).
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FIGURE 4-8.—Shortly after the LM was extracted from the SIVB, the crew
viewed a portion of the Earth from the Mediterranean Sea to India. In
Africa, the transition from desert (near the Mediterranean) through
steppe and savannah to tropical rain forest (in the lower left corner) is
apparent. The Nile River and Delta are clearly visible as are the Gulf of
Kutch and the Gulf of Cambay in India (AS17-148-22718).

FIGURE 4-9.—For the first time on an Apollo mission, the Antarctic icecap was visible during the
Apollo 17 TLC. This full-disk view encompasses much of the South Atlantic Ocean, virtually all
the Indian Ocean, Antarctica, Africa, a part of Asia, and, on the horizon, Indonesia and the
western edge of Australia (AS17-148-22727).

4-9
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(lat. 15° S, long. 152° W) to near the crater Vil’ev (lat.
6° S, long. 144° E). The mapping camera was left in
operation until the spacecraft passed above the
nearside terminator, near longitude 28° E. The
panoramic camera, constrained to not more than 30
min continuous operation, was turned off near
longitude 144° E; it was operated again from longi-
tude 122° to 95° E. The SIM cameras were not
operated again until after the I.M was on the lunar
surface.

Although no additional orbital science photog-
raphy was scheduled until after the LM landing on
revolution 13, a number of crew-option photographs
were exposed during the first several revolutions (figs.
4-10 and 4-11). Areas of special interest on the near
side and the far side were photographed using the
Hasselblad camera with color film or, in the case of
near-terminator areas, with high-speed black-
and-white film. Separation of the CSM and the LM on
revolution 12 was documented with the Hasselblad
camera and the DAC from each spacecraft. The CSM
DAC photographed a mirror image,

FIGURE 4-10.—Earthset. As the CSM and the LM rounded
the western limb of the Moon on revolution 2, the crew
photographed this unusual view of the gibbous Earth
disappearing below the lunar horizon. The north pole of
the Earth is toward the top of the photograph. On the
left, the relief of the lunar surface near the western limb is
sharply etched against the white clouds of the Earth; on

the right is the sunset
(AS17-151-231735).

terminator of the Earth

APOLLO 17 PRELIMINARY SCIENCE REPORT

FIGURE 4-11.—Earthrise. Shortly after the beginning of
revolution 3, the gibbous Earth rising over the eastern
limb of the Moon was photographed from the CM. Part of
the LM ascent stage is visible in the right foreground. The
orientation of the Earth is the same as that in figure 4-10;
a comparison of the two photographs clearly shows the
eastward rotation of the Earth under the sunset termina-
tor (AS17-151-23188).

FIGURE 4-12.—The LM after separation from the CSM on
revolution 12. The LM descended to the lunar surface at

the Taurus-Littrow revotution 13

(AS17-151-23201).

landing site on
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FIGURE 4-13.—The CSM, near the center of the photograph,
is framed against the flat valley floor at the Taurus-
Littrow landing site in this dramatic west-looking view
from the LM shortly after separation on revolution 12.
South Massif is the large mountain just beyond the CSM.
The light-colored material that extends north (to the
right) onto the valley floor from South Massif is the Rock
Slide, and, opposite the Rock Slide, the mountain on the
north side of the landing site is North Massif. The low hill
nearly cenfered in the valley beyond the Rock Slide is
Family Mountain. The crests of South Massif and North
Massif are 2500 and 2100 m, respectively, above the
landing site. To the west, color differences in the surface
of southern Mare Serenitatis are evident even in this
highly oblique photograph (AS17-147-22464).

FIGURE 4-14.—The landing site from higher altitude on
revolution 74. Topographic details are obscured and
albedo differences are enhanced by the high Sun angle at
the time this photograph was taken. The bright crater
north and west of the landing site is Littrow B
(AS17-148-22770).

FIGURE 4-15.-The LM on the lunar surface at the
Taurus-Littrow landing site. This photograph is a 49X
enlargement of a portion of a panoramic camera frame
that was exposed on revolution 15 when the Sun
elevation at the site was 15°. The LM is the bright spot
in the center; its shadow extends outward 5° north of
west. The photograph represents a lunar surface area
300 m on a side (Apollo 17 panoramic camera frame
AS17-2309).

The orbit of the CSM was circularized during
revolution 12. On the 13th revolution, the CSM DAC
was mounted on the sextant to document the
tracking of two landmarks, the second of which was
at the Taurus-Littrow landing site. Simultaneously,
the powered descent of the LM, from time of
pitchover to touchdown, was recorded by the LM
DAC, mounted in the right side window.

The LM in orbit is pictured in figure 4-12. Figures
4-13 and 4-14 are orbital photographs of the landing
site, and figure 4-15 is an enlargement showing the
LM on the lunar surface.

LUNAR SURFACE PHOTOGRAPHY

During the stay on the lunar surface, the com-
mander (CDR) and the LM pilot (LMP) exposed more
than 2200 frames in their Hasselblad DC’s. One
magazine of DAC film was used to record the
commander’s initial activities on the lunar surface as
viewed from the LM window; the LM DAC was not
used again until lift-off,
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The crew began photographic documentation of
the landing site as they viewed it from the LM
windows shortly after touchdown (fig. 4-16). Site-
documentation photography was a continuing opera-
tion throughout the lunar surface stay. Figure 4-17
illustrates the intense activity of the three periods of
extravehicular activity (EVA) at the site as it
appeared from an LM window shortly before lift-off,
Real-time observations of lunar surface activities were
provided scientists and engineers on Earth by the
television (TV) camera mounted on the lunar roving
vehicle (LRV).

The lunar surface documentary photographs taken
in the vicinity of the LM included the checkout drive
of the LRV (fig. 4-18) and the traditional salute to
the flag (fig. 4-19) taken during EVA-1. Before
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EVA-2, the EMP was photographed with the equip-
ment required for the EVA (fig. 4-20). The CDR also
documented their repair of the LRV fender that was
broken during EVA-1 (fig. 4-21). A photograph of
the Earth above the LM (fig, 4-22) was taken shortly
before EVA-2 closeout.

The deployment of the lunar surface experiment
equipment was documented with 70-mm Hasselblad
photographs. Figures 4-23 to 4-27 show the Apollo
lunar surface experiments package (ALSEP) site and
several individual pieces of scientific equipment.

Sample documentation includes photographs of
boulders from which samples were collected (figs.
4-28 and 4-29) and photographs that illustrate the use
of sampling tools (figs. 4-30 and 4-31). Figure 4-32 is
a typical presampling photograph. Perhaps the most

FIGURE 4-16.—A view of the Taurus-Littrow area from the LM window taken just after touchdown
on the lunar surface, The shadow of the LM is along the lower left margin of the photograph.
Family Mountain, on the horizon from the left margin to the center of the photograph, is
almost 11 km distant; its crest is approximately 1000 m above the valley floor. The dark-gray
basalt fragments on the lunar surface appear to be white in this down-Sun photograph
(AS17-147-22470).
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FIGURE 4-17.—A view of the
landing site from the LM window
taken just before lift-off. Com-
pare this photograph with figure
4-16. The intense activity in the
vicinity of the LM is indicated by
the footprints and the LRV
tracks. The Apollo lunar surface
experiments package (ALSEP)
components can be seen in the
distance. The craters seen in the
foreground of figure 4-16 are not
visible in this photograph, which
was taken at a higher Sun angle
(AS17-145-22200).

FIGURE 4-18.—-Shortly after de-
ployment, the CDR drove the
LRV through a serics of
maneuvers to check out the
performance of the vehicle.
The LRV was then loaded
with tools, experiment hard-
ware, a TV camera, and an-
tennas. South Massif, the crest
of which is 2500 m above the
valley floor, forms the skyline
5 km behind the LM. The
bands of dark gray are LRV
tracks; bootprints in the lunar
surface are visible near the
right margin of the photo-
graph (AS17-147-22527).
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FIGURE 4-19.—-The CDR salutes the
flag of the United States implanted
at the Apollo 17 landing site.
Approximately 3 km in the dis
tance, the 2100-m-high North
Massif forms the skyline. The LRV
is visible at the left margin of the
photograph. The flag pictured was
the backup flag for the Apollo 11
mission and was in the Mission
Operations Control Room from
July 1969 until just before the
Apollo 17 mission
(AS17-134-20386).

FIGURE 4-20.—The LMP stands in front of the LRV at the
start of EVA-2. Sample bags are attached to the remote
control unit on his chest. The sample collection bag is
attached to the right side of the portable life-support
system (PLSS). The cuff checklist, an outline of activities,
is on his left wrist. The LRV sampler hangs in front of the
astronaut. The gold-colored TV camera is at the right edge
of the photograph. The reflection of the CDR can be seen
in the LMP’s visor (AS17-140-21386).

FIGURE 4-21.—The partial loss of the right rear fender
during EVA-1 threatened to limit the use of the
LRV. Without complete fenders, the wire mesh
wheels threw a plume of lunar dust across the crew
and the LRV. At the beginning of EVA-2, the crew
replaced the missing section using maps, tape, and
two clamps from the LM. The repairs proved to be
satisfactory, and no further problems were experi-
enced. The LMP sits in the LRV (AS17-137-20979).
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FIGURE 4-22.—A half Earth hangs over the LM on the
lunar surface (AS17-134-20463).

FIGURE 4-24.-A gold-colored Mylar transport bag
covers the top of the lunar neutron probe (LNP) for
temperature control during the 40-hr emplacement of
the probe in the Moon. The LNP is designed to obtain
data on neutron capture rates in the lunar regolith as a
function of depth. The LNP was emplaced through the
treadle assembly into the hole drilled for the core
sample. The borestem and corestem rack is visible at
the right margin of the photograph. The Apollo lunar
surface drill power head lies on the lunar surface
behind the rack. The ALSEP equipment is set up in
the background. The Sculptured Hills and South
Massif form the horizon (AS17-134-20505).

e

FIGURE 4-23.—The gnomon with color chart sits next to

one of the lunar seismic profiling geophones, indicated
by the orange flag. The gold-colored, rectangular
object near left center is the ALSEP central station;
the white antenna extending above the central station
telemeters data to Earth from each of the surrounding
experiments. North Massif, 3 km in the distance,
forms the skyline. On the slope of North Massif, to the
right of the LRV, is a track made by a massive boulder
as it rolled down the side of the mountain. The
sharpness of the track suggests that the boulder may
have been in its present position only a relatively short
time (AS17-147-22549).

FIGURE 4-25.—-The CDR inserts a heat flow probe into

the borestem during the deployment of the ALSEP.
The drill and rack with additional borestems and
corestems are to the left of the astronaut. The heat
flow experiment measures the heat flow from the
interior of the Moon (AS17-136-20695).



FIGURE 4-26.—The problem of distance perception on the

Moon is well illustrated in this photograph. The distance
to the LRV and the surface electrical properties (SEP)
experiment is 35 m; the distance to the LMP is 70 m. The
distance to the LM is 150 m; to the ALSEP, 350 m.
Family Mountain is 11 km beyond the LRV, and South
Massif is behind the LM. The wire in the foreground is
part of the dipole antenna of the SEP experiment.
Compare this photograph with figure 4-27 and note the
relationship of size and distance (AS17-134-20435).
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FIGURE 4-27.—The LMP emplaces the SEP experiment. The

equipment shown, which supports the experiment, in-
cludes a transmitter to penerate a signal and a dipole
antenna that is laid out on the lunar surface by the crew.
A receiver is carried on the LRV. The interference pattern
of the transmitted waves provides information about the
interior of the Moon. The restricted mobility caused by
the pressure suit is illustrated by the body position
required to make leveling corrections. The wires in the
foreground are part of the SEP experiment antenna.
South Massif forms the skyline (AS17-134-20440).

FIGURE 4-28.—The massive, broken boulder at station & is shown in this composite
photograph. Scoop marks in the debris on the side of the boulder mark the location of a
sample collected by the LMP. The boulder is a breccia, a rock composed of fragments of
other rocks. The LRV, with the antenna pointed toward Earth, is parked to the right of
the boulder. South Massif, 8 km distant, forms the right half of the skyline; East Massif
forms the left half (AS17-140-21493 and 21497).
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FIGURE 4-29.-Sampling at station 6 centered around the

boulder behind the LMP. The dark bootprints in the
foreground and near the base of the boulder indicate the
areas of astronaut activity. The LRV is visible at the left
side of the photograph (AS17-146-22294).

FIGURE 4-31.—The LMP uses the scoop to collect a sample
at station 5. The high density of boulders along the rim of
Camelot Crater is shown in this photograph
(AS17-145-22157).

FIGURE 4-30.—The LMP uses the rake to collect a sample of

rocks ranging from 1 to 4 ¢m in diameter. A soil sample
was collected in the same area. The Hasselblad camera is
attached to the remote conirol unit; the PLSS and the
oxygen purge system comprise the backpack
(AS17-134-20425).

FIGURE 4-32.—The gnomon with color chart marks the
location from which a sample will be collected. The white
areas on the boulder to the left of the gnomon are clasts;
the clasts are bound in a fine-grained gray matrix
(AS17-137-20963).
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widely known and highly publicized samples of the
Apollo 17 mission were from the “orange soil” found
at Shorty Crater during EVA-2 (figs. 4-33 and 4-34).

Features too large to record in single frames were
documented in partial panoramas (fig. 4-35). The
general setting of a station was routinely recorded in
a complete 360° panorama. The 500-mm lens pro-
vided the capability to record distant features in
single frames (fig. 4-36) or in partial panoramas.

After completion of the EVA-2 sampling activities,
the LRV was parked east of the LM, and the
Houston-controlled TV camera provided live coverage
of the final closeout and of the ascent stage lift-off
from the lunar surface.

LUNAR ORBIT PHOTOGRAPHY FROM
LM TOUCHDOWN TO RENDEZVOUS
AND DOCKING

All orbital photographic activities in the period
between LM touchdown and rendezvous and docking
(revolutions 13 to 52) were as planned, The mapping
camera was operated from terminator to terminator
on revolutions 13/14, 14/15, 23/24, 26/27 (north-

FIGURE 4-33.-The orange soil on the rim of Shorty Crater
can be seen on both sides of the LRY. The rim of the
crater extends from the left foreground to the middle
right edge of the photograph. Samples were collected
between the LRV and the large boulder. (See fig. 4-34.)
The low mountain centered on the horizon is Family
Mountain, 6 km in the distance (AS17-137-21011).
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looking oblique), 27/28, 28/29, 36 (south-looking
oblique), 38, and 49. The designation “13/14” means
that the camera was turned on near the end of
revolution 13, which ends at 180°, and continued in
operation during revolution 14 to the terminator. In
several of these passes, the camera was also operated
over unlighted lunar surface to obtain laser altimeter
data. The north- and south-looking oblique photo-
graphs were exposed when the CSM was rolled 40°;
the oblique photographs show the lunar surface to
the horizon, approximately 20° from the spacecraft
nadir, The panoramic camera was operated on revolu-
tions 13/14, 15, 29, 36 (a cycle of five frames to
prevent film set; south-looking oblique}, and 49.
Hasselblad EL stereophotographic strips, exposed
with either the 80- or the 250-mm lens and color
film, are as follows: on revolution 16, a far-side strip
at the spacecraft nadir from east of the crater Aitken
to the crater Marconi; on revolution 17, a series south
of the groundtrack from the crater Sniadecki to a
point south of the crater Marconi; on revolution 25,
the landing site and southwestern Mare Serenitatis; on
revolution 28, a series south of the groundtrack from
the crater Picard to Promontorium Archerusia on the

FIGURE 4-34.—A closeup of the trench dug in the orange
band of soil. Behind the gnomon is the boulder pictured
in figure 4-33 (AS17-137-20990).
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FIGURE 4-35.—This panorama at station 9 shows the unique morphology of the 80-m-diameter crater Van Serg. The rough,
blocky rim and floor indicate that the crater is relatively young. Locations such as this are excellent sampling sites. North
Massif, 3 km in the distance, forms the skyline (AS17-142-21801, 21805, 21807, and 21811).

FIGURE 4-36.—One of a series of photographs taken by the
CDR, while standing at the base of the North Massif, of
the landing site and South Massif using the 500-mm
photographic lens. This photograph of the valley floor
shows the LM some 3 km in the distance. The large
blocky craters to the right of the LM are Camelot,
approximately 600 m in diameter, and Horatio, approxi-
mately 400 m in diameter. South Massif, 8 km in the
distance, appears steeper in this photographic view
(AS17-139-21205).

south margin of Mare Serenitatis; on revolution 29, a
series north of the groundtrack from the crater Love
to the crater Saenger and a second strip north of the
groundtrack from eastern Mare Crisium to the crater
Bessel; on revolution 36, a south-locking series from
the crater Van de Graaff to the crater Serpiensky;
and, on revolution 39, a strip from the crater Tacquet
to an area north of the crater Eratosthenes.
Near-terminator areas photographed included Mare
Serenitatis on revolution 17, Montes Haemus and
northern Mare Vaporum on revolution 29, and the

crater Aitken on revolution 37. The Hasselblad
camera was also used repeatedly during revolutions
13 to 52 for crew-option documentation of other
areas of interest.

Figures 4-37 to 4-42 are photographs of lunar
far-side features; figures 4-43 to 4-49 include near-
side features; figure 4-50 is a photograph of an
earthshine-illuminated area; and figure 4-51 is a
photograph of a near-terminator area.

The solar corona was photographed at spacecraft
sunrise on revolution 25 using the bracket-mounted
Hasselblad camera with 80-mm lens. The Nikon
camera was used to photograph the zodiacal light;
red, blue, and polarizing filters were used for these
exposures,

Earthshine-illuminated areas photographed with
the Nikon camera include the craters Eratosthenes,
Copernicus, Grimaldi, and Riccioli, the Reiner vy
prominence, and Mare Orientale. The Nikon camera
was also used to document near-side and farside
near-terminator areas and other areas determined by
the CM pilot (CMP) to be of interest. The sextant-
mounted DAC was used to document the tracking of
two landmarks on revolution 50.

As the CSM passed over the landing site during
revolution 5!, the LM ascent stage separated from the
descent stage and lifted off from the lunar surface
(fig. 4-52). The LM DAC, bracket mounted in the LM
window, photographed lunar surface features, includ-
ing the descent stage, the ALSEP instruments
deployed at the landing site, and LRV tracks, as the
LM passed above them (fig. 4-53). The rendezvous of
the LM and CSM was documented with the DAC and
Hasselblad from the CM but only with the Hasselblad
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FIGURE 4-37.—North-looking, high-oblique view of the lunar far side near the lunar sunset terminator
on the first revolution. The foreground crater containing several smaller craters is Boppler,
centered at latitude 13° S, longitude 160° W, and approximately 100 km in diameter. The
larger crater to the north which extends from the left side to the right side of the photograph is
Korolev, approximately 450 km in diameter (AS17-151-23112).

FIGURE 4-38.—The lunar far-side crater Van de
Graaff, centered at latitude 28° S, longitude
173° E, is the large, flat-floored double crater
in this south-looking, high-oblique view. Its
long dimension is approximately 270 km.
Adjoining Van de Graaff on the southeast is the
crater Birkeland, which has terraced walls and a
central peak. The circular, mare-filled crater on
the right horizon is Thomson
(AS17-150-22959).
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FIGURE 4-39.—This unnamed crater with a hummocky floor

is in a far-side area that was very poorly documented
before the Apollo 17 mission. The low-oblique view is to
the southeast. The center of the 40-km-diameter crater is
at latitude 21° S, longitude 169° W. Note the scarp that
crosses the crater floor from the shadow at the right
middle through the embayment in the crater wall at upper
left and continues into the terrain outside the crater. In
the upper right corner, the north rim of the crater
Sniadecki is visible (AS17-151-23193).

FIGURE 4-40.—The circular, flat-floored, mare-filled crater

that extends beyond the left and right edges of this
photograph is Thomson, a 150-km-diameter crater near
latitude 32° 8, longitude 166° E. Beyond Thomson to the
south is the southeastern quarter of Mare Ingenii. The
shadow in the lower left corner is in the southwest wall of
Van de Graaff. The crater Zelinsky is in the right
foreground (AS17-153-23543).

FIGURE 4-41.-Aitken, a far-side crater located at latitude

17° S, longitude 173° E, measures approximately 150 km
from rim to rim. In this mapping camera photograph,
exposed during revolution 13, north is at the top. Aitken
is characterized by a flat, low-albedo, sparsely cratered
floor, by a central peak, and by terraced walls. Ponded,
marelike material is evident at various levels in the
terraced walls as well as in smaller craters nearby. Details
of a part of the eastern wall and floor are shown in figure
4-42 (Apollo 17 mapping camera frame AS17-0481).
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FIGURE 4-43,—Southern Mare Serenitatis (foreground),
western Mare Tranquillitatis (left), and southeastern
Montes Haemus (center). In this oblique mapping camera
photograph, the view is almost due south. The 50-km-
diameter crater Plinius is at the left edge; at the right
edge, the bright crater with the excluded-ray zone is
Menelaus, 25 km in diameter. Note that the Rimae Plinius
and the Rimae Menelaus, roughly concentric to the
southern edge of Mare Serenitatis, are confined to the
area of low albedo (Apollo 17 mapping camera frame
AS17-2415).

FIGURE 4-42.—This photograph of a segment of the eastern
wall and floor of Aitken (fig. 4-41) was exposed in the
Hasselblad camera with a 250-mm lens. North is at the
top of the photograph. The topographic features on the
crater floor that resemble the wrinkle ridges common in
lunar maria can be seen to continue into and across the
hummeocky, higher albedo material of the lower crater
wall (AS17-149-22796).

FIGURE 4-44.-Northwest-looking, low-oblique view of the
crater le Monnier approximately 190 km north of the
Apollo 17 landing site on the east margin of Mare
Serenitatis. The Russian spacecraft Lunokhod 2, an
Earth-controlled roving vehicle, landed in le Monnier
Januvary 15, 1973. The marelike flat floor of the
70-km-diameter crater has the low albedo characteristic of
the surface material bordering Mare Secrenitatis; some of
the dark surface material bordering eastern Mare Sereni-
tatis can be seen in the upper left corner of the
photograph. The crater Littrow D is in the right fore-
ground; between it and le Monnier, Rima Littrow II
extends from the middle right to the lower left
(AS17-153-23487).
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FIGURE 4-45.—An area of orange-hued material west of the
crater Sulpicius Gallus. All three astronauts saw orange-
hued material in and around craters in this area and could
see orange talus on the slopes in the elongate crater just
above right center. Many of the smaller craters, particu-
larly in topographically low areas, are surrounded by the
orange-hued ejecta. In this near-vertical 250-mm Hassel-
blad photograph, north is at the top. The elongate crater,
situated at latitude 20° N, longitude 10.5° E, is 6 or 7 km
long and is approximately 40 km west of Sulpicius Gallus.
Rima Sulpicius Gallus I crosses the upper right corner.
The Montes Haemus are in the lower left
(AS17-149-22882).

FIGURE 4-46.—This southeastward oblique view shows the
setting of the area pictured in figure 4-45. The Rimae
Sulpicius Gallus converge on the crater Sulpicius Gallus in
the upper middle. The Montes Haemus define the
southwestern border of Mare Serenitatis along the right
side of the photograph. The bright crater at the right edge
is Sulpicius Gallus M. Note the unusual crater at left
center with a dark rim and light ejecta (AS17-151-23258).

FIGURE 4-47.—The D-shaped feature in the center of this
photograph was first seen in Apollo 15 panoramic camera
photographs. Situated at latitude 18° N, longitude 5° E,
the feature measures approximately 3 km along the
straight edge and lies below the level of the surrounding
dark, marelike material. The CMP has described the
pale-blue color seen in this and other photographs of the
feature as accurate (AS17-152-23287),
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FIGURE 4-48.—Proclus, the most prominent excluded-ray-zone crater on the near side of the Moon, has
been difficult to photograph successfully because of the brightness of its rays. In this near-vertical
photograph, interior details are clear despite the relatively high Sun angle when exposed on
revolution 28. North is at the top of the photograph. The object at the right is the CSM EVA
floodlight (AS17-150-23046).

Mare Sll'my,thii !

FIGURE 4-49.—This spectacular panoramic view of the eastern limb of the Moon was exposed when the CSM was in a
pitched-up attitude during revolution 62. The panoramic camera was pointing along the groundtrack at an azimuth of
290°. The entire area of Mare Smythii, more than 400 km from left to right, is visible. In the near field, the
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from the I.M; again, the CSM DAC had a mirror view
of the LM and lunar background. On revolution 52,
the CSM maneuvered to an attitude that would
permit inspection of the SIM bay from the LM, and
both spacecraft were photographed with the Hassel-
blad cameras (figs. 4-54 and 4-55). Much of the area
south of the groundtrack from the eastern margin of
Mare Crisium to the crater Copernicus was also
documented with an LM Hasselblad (fig. 4-56). The
CM TV provided Earth a view of the LM during
docking maneuvers.

LUNAR ORBIT PHOTOGRAPHY AFTER
RENDEZVOUS AND DOCKING

After docking on revolution 52 and transfer of the
crew and equipment to the CSM from the LM, the
LM ascent stage was jettisoned on revolution 54. The
receding LM was photographed with CM DAC and
the Hasselblad camera.

The mapping camera was operated from termi-
nator to terminator on revolution 62. From the
far-side terminator to near longitude 90° E, the CSM
was pitched up, and the tilt of the resultant forward-
looking oblique photographs varies somewhat with
longitude. Normal vertical orientation of the SIM
cameras was attained near longitude 90° E and was
maintained throughout the remainder of the pass. On
revolution 65, the CSM was in a 40° north-locking

Mare” -l m ikt
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oblique attitude when the mapping camera was
switched on near longitude 107° E. With the camera
in operation, the CSM began a maneuver to the 40°
south-looking oblique attitude near longitude 65° E
and continued in that attitude to the terminator. The
last two periods of mapping camera operation in
lunar orbit were terminator-to-terminator passes on
revolutions 66 and 74.

The panoramic camera was operated on revolution
62 from near longitude 132° E to approximately 95°
E, during which period the CSM was in a pitched-up
attitude. As the CSM passed over the landing site on
revolution 62, 11 frames were exposed with the
camera in the monoscopic mode.

An area from Montes Apenninus across southern
Mare Imbrium to the terminator was photographed
with the Hasselblad camera and color film on
revolution 65.

Scheduled near-terminator photography was
accomplished on revolution 62 near the craters
Gagarin and Lambert, on revolution 66 near the
crater T. Mayer, and on revolution 74 west of the
crater Brayley.

TRANSEARTH COAST AND EARTH
ENTRY PHOTOGRAPHY

As the CSM receded rapidly from the Moon
following the transearth injection (TEI} maneuver,

Luriar equator

Dreyer

150-km-diameter crater Hirayama (centered at lat. 6° S, long. 93° E) extends across the middie one-third of the bottom of the
photograph. The bright rays in the extreme left corner are from a crater near latitude 15.5° S, longitude 87.5° E. The crater
Dreyer (lat. 10° N, long. 96° E) is just outside the extreme right corner {panoramic camera frame AS17-2871).
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FIGURE 4-50.—Mare Orientale in earthshine. In this
south-looking, high-oblique, 35-mm photograph, two of
the rings of Mare Orientale are distinctly visible. The
photograph includes the area in which the CMP reported
seeing a possible light flash. The marelike area in the
middle foreground is Lacus Autumni. Beyond it is Lacus
Veris, at the south end of which is the crater Eichstadt
K. The Montes Rook delineate the inner of the two
rings pictured here. The outer ring, to the left, is marked
by the Montes Cordillera (AS17-158-23902).

FIGURE 4-51.—Near-terminator photograph in Mare Imbrium. The very low
angle of Sun illumination emphasizes topographic detail in this north-looking,
high-oblique view of the crater C. Herschel and associated mare ridges. C.
Herschel, approximately 15 km in diameter, is located at latitude 34.5° N,
tongitude 31° W (AS17-155-23712).
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FIGURE 4-52.-Lift-off of the LM ascent stage. This photograph
was made from the color TV picture transmitted from the
Houston-controlled TV camera mounted on the LRV. The LM
descent stage remains on the lunar surface (S-72-55421).

FIGURE 4-53.—This 16-mm frame was exposed in the LM DAC from the ascent-stage
LMP window shortly after lift-off. The LM descent stage is at the lower left margin
of the photograph, and the ALSEP instruments are visible near the upper left corner,
approximately 190 m and slightly north of west from the LM. The irregular dark
Hnes between the LM and the ALSEP instruments are LRV tracks. The largest crater
in the field of view, at the upper right corner of the photograph, is Rudolph,
approximately 50 m in diameter (Apollo 17 16-mm camera, magazine Q).
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FIGURE 4-54.—The LM ascent stage pic-
tured while stationkeeping with the CSM
on revolution 52. The rendezvous radar
antenna at the top of the LM is pointing
at the CSM. The bell of the ascent
propulsion engine is visible at the bot-
tom of the spacecraft and, above it, the
square hatch through which the crew
egressed to the lunar surface. Above and
to the viewer’s right of the hatch, the
commander’s head is in sunlight in the
triangular window. After docking and
transfer of the crew and equipment to
the CM, the LM ascent stage impacted
into the lunar surface near the Apollo 17
ALSEP to provide a data point for the
seismometer (AS17-149-22859).

FIGURE 4-55.--The CSM viewed from
the LM. While stationkeeping before
docking with the LM on revolution
52, the CMP maneuvered the CSM to
allow inspection of the SIM bay by
the LM crew. The mapping camera
film cassette, retrieved by the CMP
during TEC, is under the dark cover
in the near left comer of the SIM
bay. The panoramic camera film cas-
sette is under the square dark cover
directly behind the mapping camera
cassette. The docking probe is at the
apex of the CM. The view is to the
southeast; the number “23” at the
bottom of the picture is centered in
the crater Lick on the southern edge
of Mare Crisium. The dark lunar
surface area on the horizen at the
upper right is Mare Fecunditatis
(AS17-145-22257}.
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FIGURE 4-56.—This high-oblique view from the LM after lift-off from the
lunar surface includes the craters Eratosthenes, 60 km in diameter, at
left center, and Copernicus on the horizon at the right. The view is to
the southwest from southern Mare Imbrium. To the left of Eratosthe-
nes is the southern end of Montes Apenninus. Patterns of secondary

craters are emphasized
(AS17-145-22285).

the crew photographed the lunar surface with the
DAC and with the Hasselblad camera, using the 80-
and the 250-mm lenses (figs. 4-57 to 4-59). The
crewmen also photographed the crescent Earth with
the Hasselblad camera and the DAC.

The mapping and panoramic cameras were
switched on as the CSM passed over the sunlit lunar
surface shortly after the TEI burn. Images of the
lunar surface were recorded on the 17 remaining
panoramic camera frames and on 107 mapping
camera frames before the lunar disk drifted from the
field of view. The TEC EVA, in which the CMP
retrieved the mapping camera and panoramic camera
film canisters from the SIM bay, was documented
with the DAC and the Hasselblad camera (fig. 4-60).

The fireball accompanying the CM entry into the
Earth atmosphere was photographed with the DAC,
as was the deployment of the drogue and main
parachutes. Approximately 13 min after Earth entry
interface, the CM splashed down in the South Pacific
Ocean near latitude 8° S, longitude 166° W (fig.
4-61).

this low-Sun-angle photograph

FIGURE 4-57.—View of the northeastern quadrant of the
Moon taken during TEC. Mare Crisium is the circular
feature at the right; from bottom center up are Mare
Fecunditatis, Mare Tranquitlitatis, and Mare Serenitatis.
The Apollo 17 landing site at the southeastern margin of
Mare Serenitatis is easily distinguished by the very dark
mantling material. The bright-rayed crater to the left of
Mare Crisium is Proclus (AS17-152-23339).
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FIGURE 4-58.— A TEC view of Mare Australe. The center of this view is near latitude 35° S, longitude 90° E.
In the upper middle, the large crater with dark material on its floor near both the left and right walls is
Humboldt, centered at latitude 27° S, longitude 81° E (AS17-152-23288).
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FIGURE 4-59.—A TEC view of the almost-full lunar disk. The dark-fioored crater Tsiolkovsky is near the terminator at
lower right. Humboldt Crater is to the left of and below center. Part of Mare Serenitatis is visible on the horizon at
the top just to the left of center (AS17-152-23308).
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FIGURE 4-60.—The CMP is pictured dur-
ing his TEC EVA to retrieve film
canisters from the mapping and pano-
ramic cameras in the SIM bay of the
service module (SM). The CMP is hold-
ing a handrail on the SM, and his body
is extended over the open SIM bay.
The mapping camera film canister is
near his left eflbow. At the rear of the
SM, the lunar sounder experiment
VHF antenna extends toward the top
right comer of the photograph
(AS17-152-23391).

FIGURE 4-61.—The Apollo 17 CM nears
splashdown in the South Pacific Ocean
within approximately 1 km of the

- target point. Splashdown was at
07:24:59 G.m.t., December 19, 1972,
304 hr 32 min after lift-off from the
NASA John F. Kennedy Space Center,
Florida (S-72-55834).




APPENDIX

Near-Terminator and Earthshine Photography

James W. Head® and Douglas Lloydb

The purposes of this paper are to illustrate and
describe two types of special photograph (near ter-
minator and earthshine) taken during the Apollo 17
mission and to point out potential areas of its
usefulness to encourage full utilization of the Apollo
17 photographs in scientific investigations. Where
appropriate, some description and preliminary inter-
pretation are given to demonstrate the potential of
various photographs.

Lunar surface photographs taken in the vicinity of
the sunshine terminator provide important informa-
tion that is often unavailable on photographs taken at
higher Sun-elevation angles (such as Lunar Orbiter
and most Apollo orbital photographs). Features that
are particularly enhanced include those of low relief
(such as mare flow fronts), craters of different
morphology (rimless depressions, secondaries, etc.),
areas of contrasting crater densities, and smali-scale
structures occurring on other low-relief features (such
as mare ridges). Technical details of Apollo near-ter-
minator photography are given in references 4-1 to
4-4. During Apollo 17, two magazines of very-high-
speed black-and-white (VHBW) film (2485) were
exposed using the Electric Hasselblad (EL) camera on
70-mm film format.

Photographs were also obtained under earthshine
conditions in areas near the crater Copernicus, in
western Oceanus Procellarum, and around the Orien-
tale basin. Technical details of these photographs are
described in reference 4-2. During the Apollo 17
mission, VHBW 35-mm film was exposed with a
Nikon camera.

3Brown University.
bgeyi Telephone Laboratories.

NEAR-TERMINATOR PHOTOGRAPHY

Apollo 17 Landing Site

A near-terminator photograph of the Taurus-Lit-
trow highlands and the Apollo 17 landing site
(designated by the arrow) is shown in figure 4-62.
The ejecta blanket of the crater Vitruvius {(in the
lower left, approximately 30 km in diameter) is
embayed by smooth mare material, thus indicating a
premare age for the crater. The differences between
terrain types are enhanced in this low-Sun photo-
graph. The flat, sparsely cratered mare regions around

indicates
Apollo 17 landing site. Width of area shown is approxi-
mately 200 km (AS17-154-23602).

FIGURE 4-62.—Taurus-Littrow region; arrow
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FIGURE 4-63.—Mosaic of photographs of a portion of Mare Imbrium just north of the crater Eulex
showing multiple flow lobes and flow fronts. Distance from lower left to upper right is
approximately 110 km (AS17-155-23714 to 23716).
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Vitruvius (in the lower right of the photograph) are in
contrast with the pitted, more hummocky, cratered
terrain of the upland plains. The 10- to 20-km-di-
ameter, smooth-sided massive mountain blocks (mas-
sifs) around the landing site also stand in marked
contrast to the finer-textured, domical, somewhat
lineated Sculptured Hills, which make up the major-
ity of the highlands in figure 4-62.

Flow Lobes and Flow Fronts

A series of overlapping flows and flow fronts is
located in Mare Imbrium, north of the crater Euler
(fig. 4-63). These trend to the north and contain a
wide variety of leveed flow channels (lower left). The
detailed sequence and history of these particular
flows have been studied by Schaber (ref. 4-5).
Although some of the major flow fronts have been
visible on higher Sun photographs, the detailed
structure and stratigraphy could not have been
worked out without the low-Sun photographs.

Mare Ridges

A series of structures associated with mare ridges,
which are typical of many mare structures, is shown
in figure 4-64. Two broad mare arches (ref. 4-6) are
visible. The lower, narrower arch is broad at the right,
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narrows and sharpens to the left, and finally emerges
as a zigzag scarp-like ridge. The much broader mare
arch to the north shows a somewhat similar trend
with the mare ridge being even more distinct as it
crosses from one side of the arch to the arch axis.
Several apparently flooded craters (arrows) also can
be seen.

Potential Volcanic Source Areas

Several features of possible volcanic origin (fig.
4-65) are located in a group in southwestern Mare
Imbrium. The area is characterized by a series of low
hummocky hills; a large, central, irregular rimless
depression; a series of crater chains; numerous mean-
dering scarps; a long arcuate rille at the southeastern
boundary; and a series of cone-like structures with
central craters leading in a chain away from the
northern end of the complex (base of fig. 4-65). The
assemblage of volcanic structures located in this area
suggests that it may have been a center of mare
volcanic activity.

Mare Albedo and Structure Boundaries

Low-Sun phctographs enhance the contrast be-
tween major mare units, such as the central fill of

FIGURE 4-65.—Possible center of mare voleanic activity in
southwestern Mare Imbrium. South is at the top; approxi-
imate width of center area is 45 km (AS17-155-23736).

FIGURE 4-64.—Mare arches and ridges (AS17-155-23767).
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Serenitatis and its surrounding dark annulus {fig.
4-66). The dark annulus, a low albedo unit, partially
lines the inner edge of Mare Serenitatis and has been
mapped as Eratosthenian in age, while the higher
albedo central mare fill has been mapped as Imbrian
in age (ref. 4-7). However, the dark annulus in
southern Serenitatis (lower half of fig. 4-66) is laced
with linear rilles that terminate at or are embayed by
the central mare unit. Also, secondary craters from
the crater Plinius (just off the photograph at the
lower right) occur up to the boundary with the
central mare but not on the other side. These
relationships strongly suggest that the dark annulus
predates the central mare of Serenitatis, at least in
this area.

Domica! Structures in Maria

Two general types of domical structures occurring
in the maria are enhanced by low-Sun photographs.
Low, broad circular domes with or without central
pit craters form one type; examples from northern
Mare Tranquillitatis are visible in figure 4-67(a)
(arrows). A second example is visible west of the
crater Copernicus near T. Mayer (fig. 4-67(b)); here a
sinuous rille winds around the base of a low 15-km-di-
ameter mare dome located near the base of a highland
ridge. The dome has a central pit (tip of arrow). A
second broad dome with an elongate central pit is just

FIGURE 4-66.—Dark annulus in southern Mare Serenitatis.
Frame width is approximately 95 km (AS17-154-23635).

APOLLO 17 PRELIMINARY SCIENCE REPORT

to the left. These mare domes may represent the
lunar equivalent of shield volcanoes and may be
sources for some of the mare lavas.

A second type of domical mare structure is visible
in southwestern Mare Imbrium near the crater Dio-
phantus (figs. 4-68(a) and (b)). This structure {seen

FIGURE 4-67.—Pomical structures in lunar maria. (a) Domes
in northern Mare Tranquillitatis (arrows). The domes
average approximately 5 to 10 km in diameter (AS17-
154-23604). {(b) Domes near the crater T. Mayer. The
dome designated by the arrow is approximately 15 km in
diameter (AS17-155-23739).
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under two different low-Sun conditions) is character-
ized by an irregular scarp-like outline, central hill and
groups of satellite hills, and various associated rilles.
No obvious central pit can be identified. The sinuous
rille visible here (fig. 4-68) terminates at the base of
the domical structure, crosses over the crest adjacent
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to the central hills (just outside the figure), and
terminates again at the northem end of the structure.
The other rille apparently lies at the crest of the
structure and may be structural in origin. A number
of these features suggest that this mare dome may be
the result of differential settling of mare lavas rather

FIGURE 4-68.—Domical mare structure under different
low-Sun conditions. (a) Domical mare stzucture in south-
west Mare Imbrium near Diophantus. The sinuous rille is
approximately 600 m wide (AS17-155-23755). (b) Same
area as shown in part (a) but at a lower Sun angle
(AS17-155-23749).

sty - SR

FIGURE 4-69.—-Low-Sun photographs enhancing features
associated with sinuous rilles. (a) Rilles and rimless
depressions north of Mare Vaporum. The width of the
area shown is approximately 25 km (AS17-154-23679).
(b) Sinuous rille and mare ridge under near-terminator
conditions (AS17-155-23723).
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(b

FIGURE 4-70.—Earthshine photographs. (a) The Reiner
area (bright patch, approximately 80 km wide) in western
Oceanus Procellarum (AS17-158-23897). (b) The crater
Schluter (approximately 90 km in diameter) on the rim of
the Orientale basin (AS17-161-24013). {c) View looking
southwestward into the Orientale basin with Lacus
Autumni in the foreground and Lacus Veris in the
background (AS17-158-23901).

than extrusive volcanic buildup, as envisioned for the
circular mare domes.

Sinuous Rilies

Figure 4-69 shows some of the features associated
with sinuous rilles that are enhanced by low-Sun
photographs. Figure 4-69(a) illustrates the complex
of rimless depressions and partially collapsed struc-
tures just north of Mare Vaporum and associated with
mare sinuous rilles. Figure 4-69(b) shows a sinuous
rille crossing a mare arch several times, suggesting that
the arch may have formed at a later stage than the
rille.

EARTHSHINE PHOTOGRAPHY

Earthshine photography of three regions is illus-
trated in figure 4-70. Figure 4-70(a) shows the Reiner
v structure or surface marking seen under earthshine
conditions in western Oceanus Procellarum. Figure
4-70(b) shows the crater Schliiter on the rim of the
Orientale basin, and figure 4-70(c) shows the rim and
interior of the Orientale basin with Lacus Autumni in
the foreground and Lacus Veris in the background.
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. A Geological Investigation of the
Taurus-Littrow Valley

Harrison H, Schimitt® and Fugene A. Cernan®

The Apollo 17 mission visited the valley of
Taurus-Littrow in the mountainous southeastern ring
of the great plain of Mare Serenitatis. Between the
11th and 14th of December, 1972, we conducted 22
hr of surface exploration and experimentation in this
valley. Six major geologically defined units within the
valley and in the mountains surrounding it (figs. 5-1
and 5-2) were investigated. In the performance of this
investigation, we visited 11 major sampling locations,
traversed and observed 30 km of the valley floor,
collected 97 major rock samples and 75 soil samples,
and obtained 2200 documentation photographs. The
nearly flawless characteristics of the mission plans
and equipment (ref. 5-1), our experience and training
in the geological sciences, and the close cooperation
of the science team on Earth provided a much more
extensive delineation of the geological context of our
investigations than had ever before been possible on
the Moon.

It now appears that, at Taurus-Littrow, we have
looked at and sampled the ancient lunar record
ranging backward from the extrusion of old mare
basalts 3.7 billion years ago, through the formation of
the Mare Serenitatis mountain ring, and thence
backward into crystalline materials that may reflect
the earliest history of the evolution of the lunar crust
itself. Also, materials and processes that range for-
ward from the formation of one of the earliest mare
basalt surfaces through 3.7 billion years of modifica-
tion of that surface have been found and can now be
studied. The early portion of this modification
included the addition of mantles of glassy spheres
that may be the culmination of processes once active
within the deep interior of the Moon,

ANASA Lyndon B. Johnson Space Center.
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EXPLORATION PLANS

The photogeology of the valley of Taurus-Littrow
and exploration plans based on that geology are
described in detail in references 5-2 and 5-3. Figure
5-3 is an Apollo 17 panoramic camera photograph
that gives somewhat better detail of the area than was
available from the Apolio 15 photographs used for
the preflight planning.

The stratigraphy and historical sequence of events
in the Taurus-Liitrow area were largely understood
before the Apollo 17 mission (refs. 5-2 and 5-3). This
premission sequence, from older to younger events, is
summarized as follows,

1. Pre-Serenitatis events included lunar crust de-
velopment and pre-Serenitatis impact events.

2. The Serenitatis event included formation of the
major mountain ring and initial formation of radial
grabens such as the Taurus-Littrow valley. Uplift of
the valley walls may have continued for an extended
time after the Serenitatis event.

3. Ejecta blankets from the Nectaris and Crisium
events probably extended across the Taurus-Littrow
area,

4. The Imbrium event, in addition to contributing
ejecta to the area, could have accented the formation
of grabens like the Taurus-Littrow graben, which is
radial to both the Imbrium and Serenitatis basins.

5. Post-Imbrium materials partially filled and
leveled the valley floor after graben formation was
complete or near completion.

6. The Camelot-age cratering events, which were
apparently impact events, exposed subfloor material;
crater materials are apparently partly mantled by
dark material.

7. The Steno-age cratering events consisted of the
formation of craters similar to but less subdued than
the Camelot-age craters.
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FIGURE 5-1.—The majestic valley of Taurus-Littrow, a dark,
bay-like identation in the broken mountain chain that
defines the edge of Mare Serenitatis. Coordinates of the
landing site are latitude 20°10° N, longitude 30°46' E.
The view is northwestward, and the central width of the
valley is approximately 7 km (AS17-148-22770).

8. The dark mantle deposition included maniling
of older features on a regional scale; the deposits are
interpreted as possibly pyroclastic.

9. Effects of the Lee-Lincoln Scarp formation are
apparently superposed on North Massif talus; the age
relation to the dark mantle material is uncertain.

10. The light mantle deposition was a probable
avalanche deposit of massif materials transported over
the dark mantle onto the valley floor.

11. The Shorty-age and Van Serg-age cratering
events are indicated by small and relatively sharp
craters superposed on the younger surfaces of the
dark and light mantles.

12. For regotith and talus formation, it is assumed
that impact-generated regolith formed on all exposed
surfaces as a continuing process throughout lunar
history. Talus has similarly accumulated at the base
of all steep slopes.

The actual lunar surface traverses (fig. 6-2 of sec.
6) were very close to those planned for the Apollo 17
mission. It was intended to investigate the old,
premare materials at the bases of both the South and
North Massifs (station 2 and stations 6 and 7,
respectively) and possibly at the base of the Sculp-

FIGURE 5-2.—The valley of Taurus-Littrow as seen from the
lunar module Challenger on the orbit before powered
descent. The command and service module America can
be seen crossing the base of the 2300-m-high South
Massif. At its narrowest point between the South and
North Massifs, the valley is 7 km wide. Mare Serenitatis is
on the hosrizon (AS17-147-22465).

tured Hills (station 8). Wherever possible, large blocks
were to be studied in preference to other features.
Materials present beneath the valley floor and the
nature of the major craters of the valley were to be
studied specifically in the walls and on the rims of
several large craters; that is, Emory Crater at station |
(later moved to a location between the craters Steno
and Powell), Camelot Crater at station 5, and
Sherlock Crater at station 10 (later eliminated). These
large-crater localities and the surface near the landing
point were also intended to be prime areas for
investigating the dark floor materials. A concentrated
look at the light mantle that extends northeastward
from the South Massif was planned for stations 2, 3,
and 4. Little work on this problem was possible at
station 4; however, a new station on the light mantle
(station 2A) was added during the mission. Finally, a
study of more recent cratering events, possibly
volcanic in origin, was set for station 4 at Shorty
Crater and for station 9 at Van Serg Crater.

The premission objectives also included extensive
plans for sampling lunar soil on the various geologic
units. This sampling included collection of samples
from the lunar roving vehicle, core-tube samples,
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FIGURE 5-3.—Apollo 17 panoramic camera photograph of the Tauwrus-Littrow valley with the

informal names of various topographic features indicated. The central width of the valley from
Nansen Crater to Henson Crater is approximately 7 km (Apollo 17 panoramic camera frame

AS17-2309).

sample sequences from trenches, samples from special
geometric situations, and a deep (3.2 m) core sample.
All these objectives were met.

Several special observational and sampling projects
as targets of opportunity were delineated on the basis
of the implications of certain lines of interpretation
for the origin and nature of various valley features.
These special projects were as follows.

1. Coarsely crystalline rock suites associated with
the massifs

2. Evidence of fumarolic alteration

3. Evidence of a source or vent of volcanic
materials

4. Apparent xenoliths contained within igneous
materials

5. Undisturbed glass masses that possibly cooled
through the Curie point in situ

To greater or lesser degrees, each of these projects
received special attention during the Apollo 17 lunar
surface explorations.

OBSERVATIONAL CONSIDERATIONS

The raw data of our observations during the
exploration of the Taurus-Littrow valley exist only in
our verbal transcriptions, in videotapes, and in our
minds. The synthesis of the data contained in
transcripts and videotapes is relatively straightforward
and constitutes the foundation of this report. The
synthesis of the data contained in the mind is more
difficult. Unlike normal field work on Earth, the
pressures of time and total efficiency on the Moon
prevent the conscious mental recording of visual
images, Many images are recorded, to be sure, but
some are not subject to direct recall. Not only may an
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external stimulus, such as a photograph or a question,
be required to release these data, but there is a
continued problem, which worsens as time passes, of
separating purely objective observational data from
more subjective feelings acquired since the mission. In
recognition of this problem, the transcripts and tapes
have been used extensively for verification of observa-
tions, Possible interpretive explanations and alterna-
tives are included in the last section of this paper.

The observational environment in the Taurus-
Littrow valley is superb. Unfiltered sunlight is an
excellent light for visual investigation. When this light
is combined with generally clean rock surfaces, there
is little difficulty in distinguishing mineralogical and
textural differences. Albedo and textural differences
in soil and rock surfaces also are readily apparent. For
the most part, the sampling of rocks and soils was
based on visually detectable differences or similari-
ties. These characteristics were recognizable despite
an overall brownish patina on most rock surfaces.
Unfortunately, photographs cannot yet record much
of the more subtle information available to the
human eye.

NOMENCLATURE

In this report, consistency with our field (tran-
script) terminology has been maintained except in a
few instances. The term “anorthositic gabbro™ has
been dropped in favor of “tan-gray matrix-rich
breccia.” The term “blue-gray breccia” has been
subdivided into “blue-gray matrix-rich breccia™ and
“blue-gray fragment-rich breccia.” Finally, the term
“dark mantle” has been replaced by “dark floor
material” because a mantling origin is subject to
question at the time of preparation of this report. In
most cases, breccias are distinguished as “matrix-rich”
or “fragment-rich” depending on which textural
component is visually dominant in a given boulder.
For correlation of the field terms used in this section
with those used in section 6 of this report, see table
6-111.

FIELD OBSERVATIONS

The general historical or stratigraphic sequence of
major geologic units in the Taurus-Littrow region was
well understood before our investigations on the
surface. What remained to be done was the correla-
tion of the detailed field stratigraphic sequences with
this general regional sequence. The field observations
are discussed in detail in the following paragraphs.

The North Massif

The North and South Massifs form the majestic
walls of the Taurus-Littrow valley and rise to heights
of 2000 and 2300 m, respectively, above the valley
floor, with flanking slopes of approximately 25°. The
massifs represent the major structural boundaries of
the valley. Their faces contain intermittent exposures
of thick sections of premare crustal rocks. Numerous
fields, or “source-crops,” of boulders are present on
the upper one-half to two-thirds of the slopes of both
massifs. Boulder tracks indicate that blocks have
rolled into the valley from these sources. Several of
these blocks were the prime field objectives of our
traverses in the Taurus-Littrow valley.

The source-<crops for the boulders on the slopes of
the North Massif are linear but discontinuous. They
are roughly horizontal in apparent orientation, and
each is a few hundred meters in length. The large
boulder investigated at station 6 (fig. 54) has a
well-defined track above it and appears to have
originated from the lowermost source-crop band
approximately one-third of the way up the slope.

Based on what had been seen on previous lunar
missions, the geologic complexity of the boulders at
stations 6 and 7 was unexpected. Here, for the first
time, it was possible to observe and sample across a
major lithologic and structural contact. This contact
was exposed sharply in boulders large enough that
outcrop investigative techniques could be applied. As
always, however, time was relentless and many

FIGURE 5-4.—View looking south from station 6 on the
North Massif and including the large boulders of blue-
gray breccia (left) and tan-gray breccia (right) sampled
at this locality (AS17-140-21496).
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questions were only partially answered. Still, much
was learned.

Three major categories of stratigraphic materials
were studied and sampled in the boulders at stations
6 and 7. A younger, finely crystalline, strikingly
vesicular, tan-gray, matrix-rich breccia (fig. 5-5) is
apparently in intrusive contact with an older, very
finely crystalline, blue-gray, fragment-rich breccia
(fig. 5-6). There are inclusions of blue-gray breccia in
the tan-gray breccia at the contact in the station 6
boulder. A blue-gray matrix-rich breccia is the mate-
rial in direct contact with the tan-gray breccia in both
the contacts investigated. This blue-gray matrix-rich
breccia forms a contact zone approximately 1 m
wide, apparently produced from the blue-gray frag-
ment-rich breccia in the boulder at station 6. The
large vesicles in the tan-gray breccia are ellipsoidal in
cross section and are generally alined parallel to the
contact with the blue-gray breccia. There were some
small vesicles in the blue-gray breccia near this
contact in the boulder at station 6.

In addition to the common small blue-gray frag-
ments that dominate the blue-gray fragment-rich
breccia, there are distinctive clasts of light-gray
breccias. Within the contact zone at station 7, one of
these clasts is weined by blue-gray matrix-rich breccia

et i . Erblt

FIGURE 5-5.—Vesicular, tan-gray, matrix-rich breccia at
station 6. Note the scattered distinctive light-colored
clasts and the general alinement of vesicles trending from
lower left to upper right. The horizontal width of the

illuminated portion of the boulder is approximately 1.5 m
(AS17-140-21423),

(fig. 5-7). The clasts also appear deformed and
partially mixed with blue-gray material in the station
6 boulders. The distinctive clasts are apparently the
oldest stratigraphic materials sampled at the Taurus-
Littrow site.

Scattered, distinctive, light-colored clasts also are
present in the tan-gray breccia; however, the strati-
graphic relations of these clasts to cither the blue-gray
breccia or its included clasts were not apparent.

A marked brown patina is well developed on all
weathered rock surfaces in the Taurus-Littrow valley.,
The patina is most prominent on the surfaces of the
massif breccias, including the fractured surfaces of
the blocks with well-preserved boulder tracks above
them at station 6.

The light-gray walls of craters on the slopes of the
North Massif and light-gray material we uncovered
with our boots suggest that this type of fine debris,
mixed with boulders, forms the bulk of the talus at
the base of the massif. Fillets of this material are
largely absent around boulders except on some uphill
sides. Overlying the light-gray fine-grained talus is a
medium-gray surface material that is generally a few
centimeters thick. Unlike the filleted boulders of the

=5

FIGURE 5-6.—The large boulder investigated at station 7 on
the North Massif. The boulder is approximately 2 m wide
and contains a sharp contact between vesicular tan-gray
breccia on the left and blue-gray breccia on the right. A
tabular distinctive clast is present on the extreme right,
and a weathering patina is indicated by light areas where
samples were taken (AS17-146-22336).
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FIGURE 5-7.—Vein of blue-gray matrix-rich breccia cutting a
distinctive clast of anorthositic matrix-rich breccia in the
boulder at station 7. The vein is continuous with the
major mass of blue-gray matrix-rich breccia that encloses
the clast. The width of the angled end of the tongs is 6 cm
(AS17-146-22327).

valley floor, the sides of boulders commonly over-
hang this surface material.

The South Massif

The rocks of the South Massif (fig. 5-8) consti-
tuted the prime geological objective on the mission to
the Taurus-Litirow valley, although the long traverse
to the South Massif clearly taxed the operational
limits of our surface exploration capabilities. An
hour-long trip to the edge of Nansen Crater at the
base of the massif, for approximately 60 min of
exploration time there, meant that the remainder of
this excursion would be extremely limited in time
available for exploration. The boulders that were our
specific objectives held the promise of an unparalleled
view into the history of the lunar crust. Although
overshadowed by more spectacular later discoveries,
we were not to be disappointed by “old station 2.”

The most obvious sources for the boulders near
station 2 are on the upper one-fourth of the South
Massif slope. Visual inspection from a distance indi-
cated that linear source-crops on this part of the mas-
sif and subtle linear color variations of blue-gray lying
over tan-gray have an apparent dip of 10° to 15° to-

FIGURE 5-8.—Southwest-looking view of the 2300-m-high
South Massif as seen from station 6 at the base of the
North Massif. Station 2 is located near the center of the
phetograph and is approximately 10 km away. Southeast-
to northwest-plunging albedo lineaments suggest the
attitude of internal massif structure. North Massif talus
debris is in the foreground (AS17-140-21451}).

ward the west. Offsets of the color changes, down-
ward to the east, suggest that normal faults dipping
steeply eastward cut the massif structure.

The boulders investigated at station 2 (fig. 5-9)
included crystailine, tan-gray matrix-rich breccia and
blue-gray matrix-rich breccia, but no contact relations
were observed. The tan-gray breccia is less vesicular
and more heterogeneous in texture than its North
Massif counterpart. The sampled blue-gray breccia is
similar to that found in the contact zones of the
North Massif boulders. From a distance, boulders of
both these rock types have a tan-gray hue very similar
to that of the materials below the blue-gray tones in
the high portions of the South Massif.

The distinctive clasts of contrasting shades and
hues in the tan-gray and blue-gray breccias of the
South Massif generally appear similar to those in the
North Massif breccias. However, one crystalline clast
in the boulder of blue-gray matrix-rich breccia has
proved to be composed largely of olivine (sec. 7). The
preliminary examination of rocks from both the
South and North Massifs also suggests that various
crystalline mafic rocks and some ultramafic rocks
make up a significant portion of the distinctive clast
population.

The third bouldér examined at station 2 was a
strongly foliated and layered fragment-rich breccia
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FIGURE 5-9.—View looking southwest and encompassing the
boulders investigated at station 2. The boulders lie along
the base of the South Massif talus slope. The surface of
the light mantle is in the foreground. The lunar roving
vehicle is 183 cm wide (AS17-138-21072).

(fig. 5-10) that is much less coherent than either the
tan-gray or blue-gray breccia types. This foliated and
layered breccia contains large clasts of both dark- and
lightcolored older breccias in a generally light-
colored matrix. There are also small clasts with
distinctive dark coronas around them. From a.dis-
tance, this boulder has a blue-gray hue very similar to
that of the blue-gray materials observed near the top
of the western portion of the South Massif.

Along the boundary between the South Massif and
the valley floor, there is a trough. This trough is much
broader and more continuous than had been apparent
before the mission. The trough is a few hundred
meters wide at station 2, is flat floored, and seems
to include the crater Nansen as an integral, although
much deeper, topogzraphic unit.

The observed properties of the talus material at
the base of the South Massif are very similar to those
observed at the North Massif. In Nansen Crater, it is
also clear that at least some of the South Massif talus
forms a younger toe of debris over the valley floor,
particularly over the light mantie deposits present in
Nansen (fig. 5-11).

FIGURE 5-10.—Foliated and layered breccia investigated at
station 2. Four samples were obtained across the layering,
which trends from the upper left to the lower right in the
photograph. The visible portion of the gnomon rod is
approximately 45 cm long (AS17-137-20903).

FIGURE 5-11.—View from near station 2, looking northwest
into the crater Nansen and along the contact between the
South Massif talus and the light mantle. Note the lobe of
talus detris lying on the light mantle in Nansen. The
boulders are on the order of 3 to 5 m in diameter
(AS17-138-21058).
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The Sculptured Hills

The interlocking domes of the Sculptured Hills
form the northeastern wall of the Taurus-Littrow
valley. The origin of this unusual physiographic unit
remains unknown, although some relation to the
processes associated with the Serenitatis impact event
is indicated by morphologically similar units near
other large lunar basins (ref. 5-2).

Qur investigation at station 8 on the lower slopes
of the Sculptured Hills gave no definitive evidence
about the nature of bedrock units. Concentrations of
boulders were observed only near the tops of the
hills, and no boulder tracks were apparent above the
few blocks visible on the lower slopes (fig. 5-12). The
surface texture of the slope material on the Sculp-
tured Hills is of much finer scale and is more wrinkled
in appearance than that of comparably lighted slopes
on the massifs.

Of the six blocks examined in the vicinity of
station 8, five were composed of crystalline basalt
similar to that in the Camelot-Steno area. The sixth
block was a black, glass<oated, coarsely crystalline
rock made up of approximately equal parts of a
yellowish mafic mineral and white to bluish-gray
plagioclase and maskelynite. This apparently exotic

FIGURE 5-12.—View from station 8 looking northeast up
the slope of the Sculptured Hills. Note the small number
of boulders relative to the talus deposits around the
massifs, The boulder in the distant center of the photo-
graph is approximately 0.5 m in diameter (AS17-142-
21734).

fragment was unfilleted and projected only a few
centimeters into the underlying soil. Other exotic
white fragments in small secondary craters appeared
to be anorthositic matrix-rich breccias (fig. 5-13).

The soil on the slope material at station 8 has a
uniform grain size and is medium to dark gray in
color in a trench dug to a depth of 30 cm (fig. 5-14).
In this regard, the slope materials of the Sculptured
Hills resemble the soils on the dark floor material in
the valley rather than those on the massifs or on the
light mantle.

The Valley Floor

The dark floor of the Taurus-Littrow valley is
underlain by 2 body of basalt between the bounding
massifs. Since formation, this material has been
subjected to a varety of cratering, depositional,
structural, and possibly volcanic processes, In addi-
tion to the investigation of block fields in the valley,
our goals included the study of the Camelot- and
Steno-age cratering events, the depositional char-
acteristics of the dark floor material, the structural
history of the valley floor, and any volcanic features
we might encounter.

FIGURE 35-13.—Secondary crater approximately 1 m in
diameter in the wall of a larger crater near station 8. The
central portion of the secondary crater contains several
fragments of white, anorthositic, matrix-rich breccia that
appears to have been part of the crater-forming projectile
(AS17-146-22399).
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The block fields concentrated near and in the large
craters in the Camelot-Steno area allowed a rather
comprehensive investigation of the basalts. The
blocks are largely massive, tan to pinkish-gray,
coarse-grained, ilmenite basalts generally having a
coarsely vesicular texture. Isolated exarnples of egg-
sized vesicles were observed near the crater Bronte.
Locally, there is a strong foliation formed by the
occurrence of parallel parting planes or fractures (fig.
5-15). The blocks on the rim of Camelot Crater at
station 5 showed parallel layers defined by differ-
ences in vesicle concentrations,

Only two fragments of aphanitic basall were
observed despite a search for this variety at each
sampling site. Both fragments were finely porphyritic,
and the one from the crater Shorty was very coarsely
vesicular. Other fine-grained to aphanitic basalt frag-
ments are present in the suites of small fragments
collected in rake and soil samples (sec. 7).

In some blocks, finely textured blue-gray basalt FIGURE 5-15.—Basalt block at station § on the southern rim
forms isolated irregular lenses within the tan-gray of _Came.]ot Crater‘showing foliati-on caused by t?le parallel

. . Lo, orientation of vesicle concentrations. Hammer is 35.5 cm.
coarse-grained basalt (fig. 5-16). Material of a similar long (AS17-145-22153).
blue-gray color was seen from a distance in the
western wall of the crater Cochise, where it forms a
unit several tens of meters thick over a tan-gray unit
(fig. 5-17). The contact has an apparent dip of

FIGURE 5-16.—A large partly buried block of coarsely
vesicutar basalt (“‘geophone rock™) investigated near the

FIGURE 5-14.—The trench wall in soil at station 8§ on the Apollo lunar surface experiments package (ALSEP) site.
slope of the Sculptured Hills. Note the lack of apparent Note the irregular lenses of finely textured basalt and the
structure within the soil. The color scale on the gnomon absence of soil fillets. The visible portion of the boulder is

leg is 15 ¢m long (AS17-142-21720). approximately 4 m wide (AS17-147-22536).



FIGURE 5-17.—View from the southern rim of the crater
Cochise looking northwest. Note the medium-gray unit
lying over the light-gray unit in the western wall of the
crater. The apparent dip of the contact between the two
units is to the north. The units are tentatively interpreted
to be varieties of basalt based on visual similarities to
other basalts investigated in detail (AS17-146-22411).

approximately 20° to the north. The units in Cochise
Crater could be the two varieties of subfloor basalt.
In general, however, the tan-gray coarsely vesicular
variety of subfloor basalt is dominant (at least 95
percent) in the basaltic block fields along our
traverses.

A general absence of obvious shock effects was
noted in the blocks of basalt studied in the field.
Other than the pervasively fractured basalt block at
Shorty Crater and possibly the very-fine-grained
mylonitic zones along isolated fractures in other
blocks, the basalts seemed to have been only slightly
metamorphosed by the formation of large craters in
the valley. Despite the paucity of shock effects, the
morphology of the large craters is consistent with
their being impact craters of at least two general age
groups that have been subsequently modified by the
deposition of the dark floor material.

The floor of the valley is largely covered with this
dark material. Below the dark floor surface, there are
probably interlayered ejecta blankets from the vari-
ous large craters. Boulders in these ejecta blankets
project above the surface in the lunar module and
Steno Crater areas.
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The regolith on dark floor material consists of
loose, fine, seriate debris with few fragments larger
than approximately ! cm (fig. 5-18). The regolith is a
sparkling dark gray at the surface with even darker
gray material just below the surface, at least in the
optically lightened area near the lunar module (fig.
5-19).

Locally, the fragment populations on the dark
floor material are quite variable. In the general
vicinity of the Steno-class craters that form the
cluster of craters south of the landing point, the
fragment frequency is higher by a factor of 4 or 5
than it is near the Camelot-class craters or in areas
along the traverse west of Camelot Crater and near
the crater Shakespeare. Although coherent soil
breccias were sought in this general area, none were
recognized; however, a few examples were coltected
(sec. 7) inadvertently as a consequence of attempts to
sample fine-grained basaltic materials.

The dark floor material has many field characteris-
tics that suggest it is a mantling deposit, as do its
characteristics as seen from orbit and in orbital
photographs (ref. 5-4 and part B of sec. 29). The field
characteristics are as follows.

1. The block fields associated with large craters

o g 3 - ls & .
FIGURE 5-18.—View from the lunar module (LM) landing
site looking north across dark floor material toward the
North Massif. The surface in the foreground is typical of
the dark floor material relative to the abundance of
craters and basalt fragments. The small crater just right of
center in the photograph is approximately 3 m in
diameter (AS17-136-20693).
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FIGURE 5-19.—View from LM window looking west to-
ward Family Mountain. The ALSEP site is at the center
of the photograph. Note that the local area around the
LM has a higher albedo than that of more distant areas of
the valley or of the disturbed dark floor material nearby.
The mechanical effect of the descent engine effluents
appears to have caused a change in the albedo of the
immediate surface near the landing point (AS17-
140-21355).

are largely confined to the inner walls of the craters
(fig. 5-20). The rims of these craters are generally
covered by dark floor material for distances of 20 to
30 m down the crater wall from the rim. Locally, the
block fields of the crater walls extend up to, but
rarely over, the rim crest (fig. 5-21). In these few
places, the edge of the block field terminates sharply
against the dark floor material outside the crater. No
differences were observed between dark floor mate-
rial on or away from crater rims.

2. Dark floor material locally extends over crater
walls in long downward-pointing fans that apparently
bury the wall block fields. The crater floors are
universally covered by the same material.

3. Dark floor material constitutes the interblock
material in all block fields (fig. 5-22). If the large
blocks of the block fields are assumed to be generally
equidimensional in shape, then they are approxi-
mately half buried in the dark floor material that
surrounds each individual block. However, no dark
floor material distinctly mantles the top of any block.

4. All observed craters in dark floor material that
are between approximately 5 and 80 m in diameter
have dark floor material on their ejecta blankets,
rims, walls, and floors. However, there is no indica-
tion of extensive filling of such craters. Van Serg was
the only observed crater that had a clearly defined
blocky rim. Fresh craters less than S m in diameter

FIGURE 5-20.—View from station 5 looking north across the
crater Camelot and toward the North Massif. Note both
the concentration of blocks on the inner wall of the crater
and the dark floor material that generally covers the
crater rim. The crater is approximately 600 m in

diameter, and the North Massif rises approximately 2200
m above the valley floor (AS17-145-22181).

FIGURE 5-21.—View from station 5 looking east along the
southern rim of the crater Camelot. Note the relatively
sharp contrast between the basalt block fields and the
dark floor material that covers the crater rim. The
wheelbase of the lunar roving vehicle is 229 cm (AS17-
145-22162).

have coverings of weakly coherent soil breccia frag-
ments.
5. As will be detailed later, the orange and black
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FIGURE 5-22.—-View looking west from station 5 on the
southern rim of Camelot Crater. The photograph shows
the general slope and distribution of basalt blocks on the
rim and inner walls of the crater. The large block just
right of center is approximately 2 m high (AS17-145-
22174).

glasses at Shorty Crater partially mantle that crater.
These glasses have affinities with the fine-prained
fractions of the dark floor material (sec. 7).

Boulder surfaces are generally free of dust except
in depressions on horizontal rock surfaces where dust
and relatively coarse rock and mineral debris have
accumulated (fig. 5-23). Fillets tend to be low on
boulders on the valley floor, although isolated excep-
tions to this rule were observed, particularly near the
Apollo funar surface experiments package (ALSEP)
deployment site.

The visually apparent saturation crater size on the
dark floor material is probably approximately 0.5 m,
which suggests a 10-cm-deep gardened zone. Mechani-
cal penetrability decreased markedly below approxi-
mately 10 to 15 cm, and hand penetration with a
core tube was impossible below approximately 25 cm
under the lunar module.

The Light Mantle Area

The plume- or ray-shaped light-albedo area that
extends northward from the South Massif is known as
the light mantle. Photogeologic interpretation sug-
gested that this was a relatively young maniling
material derived from the South Massif talus (ref.
5-3). The geometry of its contact and the dark
material excavated by some of the larger craters on it
strongly suggest that the light mantle depositicn
occurred after most of the dark floor material had
been deposited. Whether this light mantle material
was a ray of ejecta or mobilized South Massif talus or

FIGURE 35-23.-Regolithic debris partly filling cracks and
depressions on a large basalt block at station 5. Note
relative lack of debris on flat and more exposed surfaces
of the block. The gray scale on the gnomon is 30 cm long
(AS17-145-22155).

both and speculation on the possible mechanisms of
deposition were questions posed in our premission
planning,

The surface of the light mantle is composed of
loose, medium-gray, finely seriate debris with an
apparently large deficiency of fragments in size ranges
greater than approximately 1 cm (fig. 5-24). Very few
rock fragments or boulders larger than a few centi-
meters were observed; this characteristic contrasts
sharply with the talus debris on the South Massif. The
light mantle surface was very similar in general visual
character, however, to the fine debris surface on the
South Massif talus slope. Fragments of breccia similar
to those at station 2 were found slightly concentrated
on the rim of and inside the 30-m-diameter Ballet
Crater in the light mantle at station 3 (fig. 5-25). In
general, fragment concentrations were present on the
rims and in the walls of craters having diameters
greater than approximately 5 m,

A dilated and inverted section of the light mantle
may be present in the fine-grained debris just outside
the rim of Ballet Crater. A trench in this rim (fig.
5-26) showed the debris to be layered from the
surface downward as follows.

1. Approximately 0.5 cm of medium-gray surface
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FIGURE 5-24.—View from the Roman Steppe looKing
northeast toward Wessex Cleft. Station 2A on the light
mantle is in the general area of the center of the
photograph. Note the low abundance of fragments on the
surface of the light mantle (AS17-138-21095).
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FIGURE 5-25.—Ballet Crater at station 3 looking north along
the Lee-Lincoln Scarp. The crater is approximately 30 m
in diameter and is typical of craters of this general size in
the light mantle that expose fragments of buried breccia.
The scoop handle is 76 cm long (AS17-138-21160).
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FIGURE 5-26.—The fine structure of the ejecta on the rim of
Ballet Crater at station 3. This trench exposed the first
such structure observed in situ on the Moon. The visible
portion of the gnomon rod is approximately 40 cm long
(AS17-138-21148).

material (possibly new regolith) similar to the surface
layer on the light mantle

2. Approximately 3 cm of light-gray material
similar to the subsurface material of the light mantle

3. At least 15 om of medium- to dark-gray
material into which light-gray material is marbled

The talus slopes of the massifs clearly have a
higher rock fragment abundance than does the
average surface of the dark floor material; however,
the surface of the light mantle has a distinctly lower
fragment abundance in the 2- to 10-cm size range.
The same relations hold for fragments larger than 10
cm. Observations of crater characteristics infer that
concentrations of rock fragments occur at depths of
approximately 1 m below the surface of the light
mantle.

Light-gray material is present 5 to 10 cm below
the medium-gray surface material at all localities
investigated in the light mantle area. Light-gray
material is also present in the walls of all craters in
this area having diameters greater than approximately
1 m. This soil profile is very similar to that developed
on the massif talus slopes.

The contacts between the light mantle and both
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the dark floor material of the valley and the dark
material around Shorty Crater are gradational in
albedo over a distance of approximately 10 m. A
distinct difference in albedo of the two types of
surfaces is visible when viewed at zero-phase angle.
Also, there is an obvious change in the wall color of
craters larger than 1 m in diameter. No topographic
expression at these contacts was detected.

The light mantle surfaces above, on, or below the
Lee-Lincoln Scarp show no discernible differences in
crater population, fragment population, or surface
texture.

Craters smaller than approximately 5 m in diame-
ter were found to have a consistent morphology
whether in light mantle, dark floor material, or massif
talus (fig. 5-27). In summary, the freshest of these
craters have the following characteristics.

1. The crater ejecta, rim, wall, and floor are
covered with fragments of weakly coherent soil
breccia as large as 10 to 15 ¢m in average diameter.
The albedo of these soil breccias is much higher in the
light mantle than on the dark floor material.

2. The soil breccia fragments inside the crater

FIGURE 5-27.—View from between the LM and ALSEP sites
looking east toward the LM. A portion of a fresh,
3-m-diameter crater is in the foreground. The glassy
central pit of this crater is the slightly more reflective area
in the center of the crater. Note the abundance of smalt
fragments of soil breccia in and around the crater
(AS17-145-22185).
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tend to be oriented with their long axes radial to the
center of the crater.

3. There is a central pit in an otherwise relatively
flat floor. The diameter of the pit is approximately
one-fourth to one-fifth the rim diameter of the crater.
The pit is generally shallow, in most cases less than
one-tenth the depth of the crater. However, this
depth does vary; in one instance, the pit was nearly
one-half the depth of the crater and roughly cylindri-
cal in shape.

4. The central pit is glass lined with the glass
forming a coating and partially cementing the soil
breccia fragments.

5. The relative geometry of the pit with respect to
the crater appears to be constant and independent of
crater size or of geologic unit.

6. Overall, the albedo of the crater and its ejecta is
slightly higher than that of its surroundings.

As the crater ages, the order of the disappearance of
primary features is, first, the albedo contrast, then
the glass in the central pit, then the soil breccias, and,
finally, the central pit itself,

Shorty Crater

One of the premission alternatives around which
our exploration was planned was the possibility that
the 110-m-diameter crater Shorty was a volcanic vent.
Although its general morphological appearance is that
of a dark-rayed impact crater that had penetrated the
light mantle, Shorty Crater held out the possibility of
young volcanism. Other than Shorty, possible sources
for the potential pyroclastic deposits of the dark
floor material were difficult to delineate. The obser-
vations and sampling at Shorty Crater did not reveal
directly what we had expected; however, the results
of the investigation may yield equally important
information from unexpected directions.

All the now classic difficulties in conducting
geological operations on the surface of the Moon
faced us at Shorty Crater. To begin with, we had
made earlier decisions to spend extra time at previous
localities without knowing what awaited us. Our
oxygen supply Himited the time we could spend at
Shorty Crater to a clearly nonnegotiable 35 min. The
normal “housekeeping™ duties of dusting and reading
the gravimeter demanded their usual but necessary
due. Then, in addition to the usual complexities of
lunar impact pgeology, an unexpected discovery
appeared.
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Shorty Crater has features consistent with an
impact origin, although no one feature is conclusive
in itself. Subfloor basalt appears to dominate the few
blocks at the rim (fig. 5-28). One of these blocks is
pervasively fractured and may be shocked. The crater
wall is locally blocky and has several radial and
transverse changes in texture and albedo. There is no
continuous bench in the crater wall; however, several
well-defined lobes of coarse and fine debris, similar to
those in the walls, extend out onto the floor and may
be the relics of such a bench (fig. 5-29). The blocky
materials on the flat floor appeared to be highly
fractured but otherwise uniform in texture. Parallel
fracture organization is strong in some blocks.

The unexpected discovery at Shorty Crater was
the presence of at least three deposits of very-fine-
grained orange soil ({fig. 5-30). There were also
numerous indications of fine-grained black soil,
which, together with the orange soil, was subse-
quently determined to be composed almost entirely
of glass beads or devitrified glass beads of uniform
composition (sec. 7). Two of the orange soil deposits
are near the rim crest of the crater, whereas the other
deposit is exposed on the western wall. In appear-
ance, the deposits have many of the characteristics of
fumarolic alteration halos; with this hope, we con-
ducted our observation and sampling activities.

One deposit of orange soil was trenched across its
trend along the crater rim. At this location, it was

FIGURE 35-28.—~The southern rim of Shorty Crater looking
west. The sampled orange soil deposit is at the left center
of the photograph near the large boulder. Note the
heterogeneity of boulder and albedo distribution patterns.
The crater is approximately 110 m in diameter (AS17-
137-21009).

FIGURE 5-29.-View of the northwestern wall of Shorty
Crater. The diameter of the crater is approximately 110
m. Note the dark band on the far wall (AS17-137-20995).

FIGURE 5-30.—Near-surface cross section of the startling
deposit of orange soil on the southern rim of Shorty
Crater. The pervasively fractured rock in the background
is coarse-grained basalt. The gnomon rod is 46 cm long
(AS17-137-20990).
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sampled in detail and the following relationships were
observed.

1. The deposit is approximately 1 by 4 m in size
at the surface and is elongate parallel to the rim crest.

2. The deposit has no topographic relief relative
to other rim surfaces. (This is also true for the other
rim deposit.)

3. Dark-gray surface material forms an approxi-
mately 0.5-cm-thick surface layer over both the
deposit and the surrounding light-gray materials.
There is an orange tint to this surface material
directly over the deposit,

4. The contact of the deposit with light-gray
debris on either side is irregular in detail but
essentially vertical to a depth of at least 20 cm,

5. From the vertical contacts inward, the deposit
grades from a yellowish orange over a distance of
approximately 10 or 15 cm to a reddish orange.

6. The reddish-orange inner portion of the deposit
is moderately coherent and is crossed by at least two
apparent joint sets.

7. During the postmission unpacking of a sample
from the reddish-orange zone, a clod was observed
that was sharply and concentrically zoned inward
from orange brown-gray to bluish gray.

8. Examinations of the outer surface of the core
tube drawn from the deposit showed that the orange
glass changes sharply to a black material at a depth of
approximately 25 ¢cm. The black material extends to
a depth of at least 70 cm.

One can conceive of many samples and observa-
tions left uncollected at this remarkable locality.
However, few of our experiences in the Apollo
Program better illustrate the inherent quality of
scientific investigation that is possible from the
integrated effort of so many in so short a time.

Van Serg Crater

Premission photogeologic studies suggested that
the relatively [resh appearing 90-m-diameter crater
Van Serg would provide an impact-generated sample
of the section of units lying above the basalts of the
valley. Located just south of the craters Cochise and
Shakespeare, Van Serg Crater might also penetrate
and sample ejecta from these much older craters. As
at Shorty Crater, the unexpected again was encount-
ered.

All features of Van Serg Crater were consistent
with an impact origin (fig. 5-31). However, unex-
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FIGURE 5-31.—View of the northwestern wall of Van Serg
Crater. The diameter of the crater is approximately 90 m.
The dark fans on the inner wall terminate at the top of a
nearly continuous bench. The upper portion of the
gnomon rod is approximately 30.5 cm long (AS17-146-
22429).

pected, dark, matrix-rich, regolithic breccias were
found to be the dominant rock type on the blocky
rim and the equally blocky ejecta blanket. Such
breccias had not been observed clsewhere in the
valley,

A few of the Van Serg breccias are intensely
fractured and very friable, and others are mixed or
covered with black glass. No basalt was observed,
although one fragment was obtained as a glass-coated
grab sample. A dark surface cover a few centimeters
thick exists over light-gray debris in some of the
interblock areas and may cover all the ejecta blanket
and rim. The dark cover may be the disintegration
product of the dark breccias or, alternatively, it may
be a separate mantle. Most blocks are partially
embedded in this material.

The crater wall is very blocky and is interrupted
by a nearly continuous bench approximately halfway
down intc the crater. Rocks below the bench are
slightly darker in color than those above. Dark fans of
dark-gray debris locally cross over the rim and down
the upper wali but generally terminate at the bench.
The crater floor is also very blocky with some intense
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shattering of blocks, although, in contrast fo Shorty
Crater, the blocks are much larger. Some of the floor
blocks are coarse, blue-gray, fragment-rich breccias
with light-colored clasts as large as 1 m in diameter.

The general nature of the floor breccias of Van
Serg Crater and the visual observation of a thick,
northward-dipping, blue-gray unit above the subfloor
basalt in the northern wall of Cochise Crater opens
the possibility of a major new breccia unit in this
portion of the valley. The possible origins and
structural implications of such a unit are not yet
clear.

SPECIAL FEATURES

A number of special features were examined and
sampled during our general investigation of the
Taurus-Littrow valley. These features are only periph-
erally related to the general stratigraphy of the area
and are discussed separately in the following para-
graphs,

Rock Fragment Weathering

In all instances except for Van Serg Crater and the
small pit-bottomed craters, the rock fragments
around and in craters on the dark floor surface are
the very coherent subfloor basalts. The fragments
associated with craters in the light mantle are the
similarly coherent tan-gray and blue-gray breccias. In
contrast, the Van Serg-type dark matrix-rich breccias
and the soil breccias in the pit-bottomed craters
appear to have limited durability in the wvalley
environment.

The gross shape of coherent rock fragments is
angular. Edges and corners are rounded except where
recent impact fracturing has occurred. The gross
shape of pervasively fractured and friable rock frag-
ments also tends to be angular, but, in these cases, the
edges and corners are also angular. The only generally
rounded rock fragments observed were the unfrac-
tured dark matrix-rich breccias at Van Serg Crater.

The weathered surfaces of all subfloor basalts,
except for the aphanitic group, are lighter colored
than are the fresh surfaces. The lighter color appears
to be due to the surficial shattering of feldspar in
microcraters. This observation is generally true but to
a lesser degree for the very finely crystalline breccias
of the massifs. Glass linings in microcraters are more
common on these breccia surfaces than they are on
the basalt surfaces.

The coarse-grained subfloor basalts also have a
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coarse mottled texture that shows a roughly horizon-
tal lineation on near-vertical surfaces. The elongate
light-colored areas that cause the mottling are approx-
imately 1 by 2 cm in size. The origin of this mottling
and its lineation was not apparent in the field but
may be related to the impact geometry of secondary
particles.

Boulder Tracks

Among the most striking and potentially most
useful features of the massifs are the boulder tracks
leading from source-crops high on the slopes to large
boulders near their bases (fig. 5-32). It appears that
once a boulder is jarred loose and begins to roll, only
a decrease in slope or the disintegration of the
boulder will stop it.

The tracks are made up of chains of small
depressions. These chains are generally straight; how-
ever, gradual curves were noted in some instances.
Not all tracks are exactly perpendicular to the
contours, and, in some cases, the tracks curve
noticeably.

Most boulders stopped rolling at least a few tens of
meters before reaching the base of the massif slope.,
However, two large boulders in the crater Nansen
moved across the base of the slope and up the other
side of the crater for several tens of meters.

FIGURE 5-32.—A 500-mm-lens photograph of boulders and
boulder tracks on the slopes of the North Massif. The
largest boulders are on the order of 5 m in diameter
(AS17-144-21991).



The Lee-Lincoln Scarp

Little new information was obtained on the
Lee-Lincoln Scarp (fig, 5-33) through our surface
observations. There is no surface expression of the
scarp other than the topography, which was well
known before the mission, The east-west trending
lobes that characterize the scarp on the valley floor
were particularly impressive. No indication of rocky
bedrock was seen on any portion of the scarp,
although large blocks are present on the northwestern
wall of Lara Crater.

The most striking new observation was the change
in surface texture across the Jefferson portion of the
scarp on the North Massif, The lineations apparent on
the North Massif are not present on the surface south
and southwest of the scarp. Also, fewer craters are
apparent on the southern and southwestern side. This
less-textured surface appears to be continuous across
the break in slope at the base of the North Massif.

Soil Sampling

The soils of the Moon are the prime historical
record of the lunar surface environment and of the
solar and cosmic environment of near-Earth space.
The presence of the massifs, of boulder overhangs, of
the Lee-Lincoln Scarp, and of a number of different
stratigraphic surfaces made possible the collection of
a wide variety of soil samples in the valley of
Taurus-Littrow. In addition, at most documented-
sample localities, a standardized 0.5- to 1-cm-thick
skim sample of the local surface was obtained,
followed by a sample of the underlying soil to a
depth of approximately 5 cm. Also, most rock
samples were bagged with a small amount of soil.

A new sampling device for sampling from the lunar
roving vehicle permitted a substantial increase in
statistical control of soil variations between stations.
This device also made possible a broader sampling of
the lunar module area in the course of other
activities.

Soil samples for volatile migration studies, such as
in east-west split boulder (or boulder-massif} situa-
tions, and from permanently shadowed overhangs
were obtained at both the North and South Massif
study sites. Samples in the center of and outside a
boulder track were taken on the North Massif. Also,
samples from underneath boulders were obtained at
the South Massif and Sculptured Hills sites.
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FIGURE 5-33.—View from near Hole-in-the-Wall looking
north along the Lee-Lincoln Scarp and showing the
Jefferson Scarp along the side of the North Massif,
Station 3 is in the left foreground on the slope of the
scarp. The scarp rises approximately 80 m above the
surface of the valley, here covered by the light mantle
(AS17-138-21118).

The possibility of increased volatile activity along
the Lee-Lincoln Scarp was used to establish the site
for a vacuum-sealed core-tube sample taken at a
depth of 35 to 70 c¢m in soil on the scarp at station 3.
Core-tube samples also were obtained in the soils of
all major geologic units and in the orange/black glass
deposit at Shorty Crater.

In addition to the vertical soil profiles sampled by
the core tubes, trench profiles were sampled in the
rim of Ballet Crater, in the slope material at the base
of the Sculptured Hills, and in the ejecta blanket of
Van Serg Crater.

Finally, to aid in examining the recent magnetic
field of the wvalley, two agglutinated glass and soil
breccia samples were obtained, one from the pit ina
fresh crater west of the lunar module and the other
from a glassy mass on the rim of Van Serg Crater.
These glasses appeared to have been undisturbed since
they cooled in situ,

The Regolith

It appears that regolith development on the massif
talus materials and on the light mantle is indicated by
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the average depth of medium-gray soil above the
lighter gray material. The depth of this regolith is on
the order of 5 to 10 cm.

The regolith on the dark floor material is more
difficult to define visually. In the vicinity of the lunar
module, the loose or very weakly coherent debris
appears to be approximately 15 to 20 cm deep. This
depth is roughly consistent with what appeared to be
an approximately 0.5- to l-m-diameter saturation
crater size for the surface, which suggests that the age
of the dark floor surface is only two or three times
that of the light mantle surface or of the present talus
surfaces.

Both the dark floor material and the light mantle
have intercrater surfaces covered by the *raindrop”
pattern of small craters. This pattern appears better
defined and finer in scale on the light mantle than on
the dark floor surface. No systematic linear structures
were visible on either the light mantle surface or the
dark floor surface. Such structure was apparent on
the steep slopes of the muassifs and the Sculptured
Hills; however, these slopes arc befter analyzed
photographically than visually.

STRATIGRAPH!C SUMMARY

It is yet very premature to come to any final
conclusion on major portions of the stratigraphic
sequence in the valley of Taurus-Littrow or on the
nature of the processes by which this sequence came
into being. The laboratory investigations have yet to
be completed or to be integrated fully with the field
observations, However, it is possible to summarize the
probable stratigraphic sequences indicated by the
field data and to list many of the interpretive alter-
natives for the petrogenesis of the major rocks and
soils of the valley.

The Massifs

The oldest to youngest stratigraphic units that are
present as bedrock in the North and South Massifs are
as follows. (Interpretive statements are listed in
parentheses.)

1. Light-gray breccia and crystalline rock as dis-
tinctive clasts in the blue-gray breccias. (These clasts
may possibly be closely related to the differentiates
of an early melted lunar crust.)

2. Crystalline, blue-gray, fragment-rich breccias
and their metamorphic equivalents. (These breccias
are possibly quenched and brecciated impact melts
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produced during the formation of the large lunar
basins or even older events.)

3. Crystalline, tan-gray, matrixsrich breccia and
any metamorphic effects associated with its intrusion
into the blue-gray breccias. (These intrusions may be
partially molten impact breccias, possibly of Sereni-
tatis age, or polygenetic tuff-breccia eruptives of
undetermined origin.)

4. Foliated and layered breccia of low metamor-
phic grade that is rich in a variety of breccia clasts
and that appears to correlate with units near the crest
of the South Massif. (These rocks may be representa-
tive of the youngest large-basin ejecta blankets in the
region, possibly equivalent in mode of origin or even
in age to the Fra Mauro Formation,)

Although certainly complex internally, the domi-
nant fabric of the North Massif apparently is that of
roughly horizontal structural units that may be
depositional or intrusive layers. In the South Massif,
these units appear to be tilted westward or southwest-
ward. High-angle normal faulting and tan-gray breccia
intrusions apparently break the continuity of the
structural fabrics in both massifs. The tilting and
faulting of massif units may relate to their uplift
during the Serenitatis impact event or subsequent
major basin events (or both).

A general similarity is evident in the visual and
lithologic characteristics of the tan-gray and blue-gray
breccias studied at the North and South Massifs. This
similarity suggests that a general lithologic correlation
can be made across the valley. The differences in rock
characteristics may be explained by different ages of
formation through similar processes or by different
depths of burial (approximately 1.5 km in the North
Massif and approximately 0.5 km in the South
Massif).

The Valley Floor

The most complex stratigraphic and structural
problems in the Taurus-Littrow valley are those of
the valley floor and the materials beneath it. This
complexity is introduced by two factors. First, there
is the very great absolute age, approximately 3.7
billion years, of the orange/black glass deposit at
Shorty Crater (ref. 5-5) and its relatively young
exposure age, approximately 8 million years (ref.
5-6). Presumably, these ages apply to similar glasses in
the dark floor materials. Second, there is the dis-
covery of a thick (greater than 15 m) breccia unit of
regolithic character at Van Serg Crater.
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The purity, the geometric constraints, and the
petrographic characteristics (sec. 7) of the orange/
black glass deposit at Shorty Crater and the relative
ages of the deposit require the following to hold true
for its glasses.

1. The glasses were deposited at the lunar surface
over a major unit of subfloor basalt or on an early
regolith unit derived from the subfloor basalt.

2. The glasses were then almost immediately
protected from regolithic mixing at the surface,
possibly by an ejecta blanket or by a thin basaltic
flow, for a period of approximately 3.7 billion years.

3. The glasses were then ejected onto or intruded
into the rim of Shorty Crater less than 8 million years
ago, producing a very restrictive geometric situation.

Glasses similar to the orange/black glasses have
been reported mixed with basaltic debris in the dark
floor materials (sec. 7). The apparently recent man-
tling over the valley craters by dark floor materials
and the apparently thin regolith developed on these
materials impose other general constraints on their
stratigraphy and origin. The indications are very
strong that since the formation of a widespread
mantling deposit of orange/black glass approximately
3.7 billion years ago, some other process has acted
more or less continuously to recycle this glass and
produce the presently observed young mantling rela-
tionships.

In view of the presence of certain low-temperature
volatile components in the orange/black glasses (sec.
7). it is possible that impact events in the general size
range of Shorty Crater will trigger the release of such
gas as a fluidizing medium for local remobilization
and extrusion. The known field characteristics of the
orange/black glass deposits and of the dark floor
material are reconcilable with a process of this nature
acting in and around impact craters of 25 to 100 m in
diameter. Also, a similar process has been observed
to occur at the 500-ton Dial Pack event (ref. 5-7) in
Canada as a result of the explosive pressurization of
water-saturated sand in a layer well below the floor of
the crater produced by the explosion.

The other complicating factor in the interpretation
of the valley floor is the great thickness of coherent
regolithic breccias at Van Serg Crater relative to other
portions of the valley. This thickness may be related
to the position of Van Serg Crater on superposed
ejecta blankets from Cochise and Shakespeare
Craters. Also, the apparently rapid degradation of the
Van Serg-type matrix-rich breccias in the valley

environment may account for their rarity around
other, possibly older craters such as Shorty. The
existence of orange and black glasses and of subfloor
basalt fragments in these breccias (sec. 7) strongly
suggests that they are the product of the general
long-term regolith development in the valley.

Taking into account these considerations and the
field evidence described previously, the following
general subsurface sequence, from the surface down-
ward, seems probable for the valley.

1. An average of 15 to 20 cm of new, very weakly
coherent regolith on the present dark valley floor
surface

2, An average of 1 to 2 m of mixed basaltic debris
and orangefblack glass having generally mantling
relationships to most large craters and boulders

3. A zone of variable thickness, possibly from 10
to 20 m, containing interlayered dark floor material
and the ¢jecta blankets from Steno- and Camelot-age
impact events (Much of this material may be similar
to the Van Serg breccia.)

4. A zone gradational with the zone above (item
3) consisting of regolithic debris derived from the
subfloor basalts and possibly interlayered with
orange/black glass zones

5. A few meters thick basalt flow or ejecta
blanket, either of which probably is presently discon-
tinuous in distribution but which protects portions of
underlying deposits of orange/black glass

6. A deposit of orange/black glass of unknown
thickness, also presently discontinuous

7. A few meters of regolith developed on under-
lying basalt

8. At least 100 m of coarse-grained subfloor
basait, the fine-grained portions of which have been
largely incorporated into overlying regolith (The
vniformity in the texture of ejected basaltic blocks
throughout the valley strongly suggests that a single
thick cooling unit of basalt may have filled the
valley.)

The Light Mantle

All indications are that the light mantle was
deposited as a single dynamic event on the dark floor
materials that cover the valley. The materials of the
light mantle appear to be identical to those of the
South Massif talus, although vertical size sorting has
probably occurred in the light mantle. Our observa-
tions tend to support the tentative conclusion of R.
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Shreve' and the Apolio soil mechanics team (sec. 8)
that the light mantle originated through an avalanche,
or fluidized flow, of South Massif talus with fluidiza-
tion provided by solar wind gases adsorbed within the
original talus materials.

The probable internal structure of the light mantle
from the surface downward appears to be as follows.

1. 5to 10 cm of medium-gray soil (regolith?)

2. Approximately 1 m of light-gray debris con-
taining few fragments larger than a few centimeters in
diameter

3. Variable thicknesses of light-gray material con-
taining numerous rock fragments larger than a few
centimeters in diameter

4. A basal zone of mixing between light mantle
and dark floor materials that may be marbled in
texture

This is the last major report of crew observations
obtained during the Apollo explorations of the Moon.
We are confident that the future holds many other
such reports as man continues his exploration of the
frontier of the Earth and his use of the space
environment. It is our belief that, as in past explora-
tions, man’s abilities and spirit will continue to be the
foundation of his evolution into the universe. Full
satisfaction from this evolution only comes with
being there. The Apollo crewmen deeply appreciate
their singular opportunity of having been there.
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SUMMARY OF RESULTS

The Apollo 17 lunar module (LM) landed on the
flat floor of a deep narrow valley that embays the
mountainous highlands at the eastern rim of the
Serenitatis basin. Serenitatis, the site of a pronounced
mascon, is one of the major multi-ringed basins on
the near side of the Moon, The Taurus-Littrow valley,
which is radial to the Serenitatis basin, is interpreted
as a deep graben formed by structural adjustment of
lunar crustal material to the Serenitatis impact.

During their stay on the lunar surface, the Apollo
17 crew traversed a total of ~30 km, collected nearly
120 kg of rocks and soil, and took more than 2200
photographs. Their traverses, sampling, direct obser-
vations, and photographs span the full width of the
Taurus-Littrow valley.

The highlands surrounding the valley can be
divided on the basis of morphology into (1) high
smooth massifs; (2) smaller, closely spaced domical
hills referred to as the Sculptured Hills; and (3)
materials of low hills adjacent to the massifs and the
Sculptured Hills. Boulders that had rolled down the
slopes of the massifs north and south of the valley
provided samples of that area. These boulders are
composed of complex breccias that are generally
similar to those returned from the Apollo 15 and 16
missions.

Materials of the valley fill were sampled at many
stations. Ejecta around many craters on the valley
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°NASA Lyndon B. Johnson Space Center.

deatifornia Institute of Technology.
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floor consists of basalt, showing that the graben was
partly filled by lava flows. A relatively thick layer
(=15 m) of unconsolidated material overlies the
subfloor basalt; this debris consists largely of finely
comminuted material typical of the lunar regolith.

The surface material over much of the Taurus-
Littrow region has a very low albedo and was believed
to be a thin young mantle, possibly pyroclastic, that
covered the valley floor and parts of the adjacent
highlands. No clear evidence of the existence of such
a mantle as a discrete layered unit has yet been
found, but it may be mixed in with the more typical
debris of the lunar regolith. An unusual bright deposit
extends across the valley floor from the foot of the
South Massif. This deposit consists of breccias similar
to those of the massif and is interpreted as an
avalanche generated on the massif slopes.

South Massif materials were collected from three
breccia boulders that were probably derived from a
blocky area near the top of the massif where a
blue-gray unit overlying tan-gray material is exposed.
Boulder 1, sampled at station 2, is a foliated and
layered breccia, the only one of its type seen by the
crew. The four samples collected from boulder 1 are
breccias composed of dark-gray fine-grained lithic
clasts in a light-gray friable matrix.

Boulder 2, sampled at the South Massif, is a
fractured rock from which five samples of vuggy,
annealed, greenish-gray breccia were collected. A
breccia clast and its hest were sampled from boulder
3 at the South Massif. The clast is light-greenish-gray
breccia with abundant mineral clasts and sparse lithic
clasts. The matrix of the clast consists largely of
angular fragments of a mafic silicate embedded in a
very-fine-grained groundmass. The host material is a
blue-gray breccia with scattered vesicles.
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Materials of the North Massif were sampled pri-
marily from a 6- by 10- by 18-m fragmented boulder
at station 6 and a 3-m boulder at station 7. The
station 6 boulder, which broke into five pieces, is at
the lower end of a boulder track the apparent
beginning of which is in an area of light boulders
approximately one-third of the way up the massif.
Photographs using the 500-mm lens demonstrate that
dark boulders are abundant higher on the mountain,
and light boulders occur again in the upper part.
Thus, there may be a layer or lenses of darker rock
high on the mountain with lighter rocks both above
and below. The source of the station 7 boulder on the
North Massif is unknown, but the boulder contains
rock types like those of the station 6 boulders.

Four of the five large pieces of the station 6
boulder were sampled. The boulder consists of two
major breccia types, greenish-gray and blue-gray.
They are in contact in a 0.5-m-wide zone that appears
to be an area of mixing between the two rock types.
The greenish-gray breccia is tough and annealed, with
sparse lithic and mineral clasts set in a vuggy
fine-grained matrix.

Samples of blue-gray breccia from the station 6
boulder contain a high proportion (40 to 60 percent)
of blue-gray breccia fragments in a vuggy greenish-
gray matrix. The matrix is a tough, finely crystalline
material. Large friable inclusions ranging from 1 cm
to 1 m across are in sharp irregular contact with the
blue-gray breccia. Samples of one of these are
very-light-gray cataclasites.

The station 6 boulder is intricately sheared.
Comparison with the oriented returned samples
shows that movement along some of the shear planes
has deformed the clasts. Major events recorded in the
station 6 boulder are the formation of the light
cataclasite, its incorporation in the blue-gray breccia,
and subsequent enclosure of the blue-gray breccia in
the greenish-gray breccia.

The station 7 boulder is similar to the station 6
boulder in that the two major rock types, greenish-
gray breccia and blue-gray breccia, are present. A
large white clast (1.5 by 0.5 m), similar to those in
the station 6 bhoulder, is penetrated by narrow
blue-gray breccia dikes. The blue-gray breccia is in
sharp irregular contact with the younger greenish-gray
breccia. Like the station 6 boulder, the station 7
boulder is intricately fractured. At least two fracture
sets are confined to the large white cataclasite
inclusion and the blue-gray breccia.

Smaller chips collected at stations 6 and 7 include
the major rock types of the two large boulders, as
well as a few other breccia types, one coarse-grained
gabbroic rock, and one light-colored fine-grained
hornfels. A few basalt fragments that are probable
ejecta from the valley floor were also collected.

The South Massif boulders most probably came
from the highest part of the massif (boulder 1, station
2, from the blue-gray unit; boulder 2, station 2, from
the underlying tan-gray unit), and the station 6 and 7
boulders probably came from within the lower third
of the North Massif. Hence, two different strati-
graphic intervals may have been sampled. Conversely,
the lithologies of the South Massif boulders closely
resemmble those of the North Massif boulders in many
respects. The similarity seen in early examination
suggests the possibility that only one stratigraphic
unit is represented, Whichever the case, the massifs
are composed of intensely shocked breccias reason-
ably interpreted as ejecta from ancient large impact
basins.

On the accessible part of the Sculptured Hills,
hand-sized samples are essentially absent, and no
boulders that clearly represent Sculptured Hills bed-
rock were found. Smalt fragments of basalt, probably
ejected from the valley floor, and regolith breccia
dominate the samples, which consist mainty of chips
collected with soils or by raking. Samples of friable
feldspathic breccia from the wall of a 15-m crater and
of a glass-covered gabbroic boulder that is almost
certainly exotic were also collected. The greater
dissection, lower slopes, lack of large boulders, and
limited sample suite suggest that the Sculptured Hills
may be underlain by less coherent breccias than the
massifs.

Subsequent to the formation of the Taurus-
Littrow graben by the Serenitatis impact, the valley
floor was Inundated and leveled by basaltic lava
flows. Geophysical evidence (secs. 10 and 13) sug-
gests that the prism of basalt filling the valley is more
than a kilometer thick. The uppermost 130 m was
sampled in the ejecta of craters on the valley floor.

In general, the subfloor basalt blocks seen at the

landing site were not visibly shocked or even in-
tensely fractured. In some rocks, planar partings

parallel bands expressed as differing concentrations of
vesicles. Almost all returned samples of basalt can be
divided into five classes: (1) vesicular, porphyritic,
coarse-grained basalts; (2) vesicular coarse-grained
basalts; (3) vesicular fine-grained basalts; (4) dense
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aphanitic basalts; and (5) vesicular aphanitic basalts.

Before final accumulation of the Serenitatis mare
fill, broad arching east of the Serenitatis basin tilted
the subfloor lavas to the east, forming the present 1°
eastward tilt of the valley floor. The subfloor basalt is
overlain by fragmental debris ~15 m thick. For the
most part, this is impact-generated regolith similar to
that developed on mare basalts elsewhere on the
Moon. The ceniral cluster ejecta, the light mantle,
and the ejecta of Shorty and Van Serg Craters are
discrete deposits recognized within the regolith.

The lower part of the regolith is thought to be
represented in the abundant dark friable breccias in
the ejecta of the 90-m-diameter Van Serg Crater. The
breccias contain scattered, light-colored lithic clasts as
well as abundant dark glass, mineral and lithic
fragments derived from basalts, and variable percent-
ages of orange glass spheres and fragments. They are
interpreted to be regolith breccias indurated and
excavated from the deeper, older part of the regolith
by the Van Serg impact. Basalt bedrock is not known
to have been excavated by Van Serg.

The central cluster ejecta is derived from the
cluster of craters south and east of the LM. It is
distinguished by the abundance of blocks in the unit,
and the unit is too young for the blocks to have been
reduced much in size by later impacts. All sampled
blocks in the central cluster ejecta are subfloor basait.

"The young pyroclastic dark mantle anticipated
before the mission was not recognized in the traverse
area as a discrete surface layer. Strong photogeologic
evidence for the existence of such a mantle on the
valley floor and in parts of the highlands still exists.
Albedo measurements show that abnormal surface
darkening, consistent with the concept of the intro-
duction of exotic dark material—the “dark mantle”—
increases to the east and south in the Taurus-Littrow
area. If the dark mantle is younger than the central
cluster ejecta, it must be so thin in the landing site
that it is thoroughly intermixed with the younger
part of the regolith. Such mixed dark mantle may be
represented by the dark glass spheres that abound in
the soils of the valtey floor. An alternative hypothesis
is that the dark mantle may have accumulated shortly
after the extrusion of the subfloor basalt. In this case,
the deposit would be intimately mixed with subse-
quently formed regolith,

The light mantle is an unusual deposit of high-
albedo material with fingerlike projections that
extend 6 km across dark plains from the South

Massif. Rock fragments collected from the light
mantle are similar in lithology to the breccias of the
South Massif. This similarity supports the hypothesis
that the light mantle is an avalanche deposit formed
from loose materials on the face of the South Massif.
A cluster of secondary craters on the top of the
South Massif may record the impact event that
initiated the avalanche. Size-frequency distribution
and morphologies of craters on the light mantle
suggest that its age is comparable to that of Tycho
Crater, on the order of 100 million years.

Shorty is a 110-m-diameter impact crater penetrat-
ing the light mantle. Unusual orange soil was identi-
fied in two places on the rim of Shorty Crater and in
the ejecta from a small crater on the inner wall. A
trench on the crater rim exposed an 80-cm-wide zone
of orange soil, now known to consist largely of
orange glass spheres. A double drive tube sample
showed that the orange soil overlies black fine-grained
material (now known to consist of tiny, opaque,
black spheres) at a depth of = 25 ¢cm. The old age for
the orange glass material implies solidification shortly
after the period of subfloor basalt volcanism. The
black and orange glass material, whatever its origin,
must have been present in the Shorty target area; it
was excavated or mobilized by the Shorty impact.

Fine-grained soil, darker than the underlying un-
consolidated debris, was recognized at the surface at
Shorty Crater, at Van Serg Crater, on the light
mantle, and on the massif talus. The soil is thin (e.g.,
0.5 cm at Shorty, &~ 7 ¢m on the flank of Van Serg)
and probably represents the regolith that has formed
on these young ejecta or talus surfaces. Relatively
young structural deformation in the landing area is
recorded by the Lee-Lincoln Scarp and by small fresh
grabens that trend northwest across the light mantle.
The sharp knickpoint at the base of the massifs may
indicate that some fairly recent uplift of the massifs
has kept the talus slopes active.

INTRODUCTION

Premission Geologic Studies

The Taurus-Littrow region lies on the southeastern
rim of the Serenitatis basin (fig. 6-1) in an area of
mountains, low hills, and plains. Serenitatis is one of
the major multi-ringed basins on the near side of the
Moon and is the site of a pronounced mascon. The
landing site (lat. 20°10° N, long. 30°46' E) is located
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FIGURE 6-1.—Index map showing the Apollo 17 landing site and major geographic features of the
Taurus-Littrow region (Apollo 17 metric camera frame AS17-0447).

on the gently inclined floor of a narrow flat-floored
valley. The walls of the valley rise 2000 m above the
floor, The valley is interpreted as a deep graben
formed at the time of the Serenitatis impact.

The highlands surrounding the valley can be
divided on the basis of morphology into (1) high
smooth massifs, (2) smaller, closely spaced domical
hills referred to as the Sculptured Hills, and (3) low
hills adjacent to the massifs and the Sculptured Hills
(refs. 6-1 and 6-2). The highlands were interpreted in
premission studies as deposits of ejecta derived from
surrounding basins with major uplift occurring in the
Serenitatis event. A possible volcanic origin was also
considered but thought to be less likely (ref. 6-1).
The reason for the morphologic difference between
the massifs and the Sculptured Hills was not clear;

possibly, the difference reflects different responses to
the Serenitatis event and to later tectonic forces. The
low hills unit was considered to be downfaulted and
partly buried blocks of massif or Sculptured Hills
material.

The nearly level valley floor was apparently
formed by deep filling of the graben by fluid
plains-forming material (subfloor unit). The material
at the surface of much of the Taurus-Littrow region
has a very low albedo and was believed to be a thin
mantle, possibly pyroclastic, that covered the valley
floor and parts of the adjacent highlands. Overlap
relations with the typical mare material of Mare
Serenitatis and an apparent deficiency of small craters
indicated that the dark mantle might be very young
in the lunar geologic time scale (refs. 6.1 and 6-3).
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Although quantitatively a minor deposit, its signifi-
cance lay in its apparent young age and presumed
volcanic origin. No volcanic rocks younger than 3.1
billion years had been returned before the Apollo 17
mission. Similar dark mantling deposits occur in
relatively small tracts on the southwestern rim of the
Serenitatis basin, at the outer edge of several other
circular maria (ref. 64), and in other isolated patches
on the lunar near side.

A contrasting unit of bright mantling material
occurs in a limited area of the valley. This unusual
deposit extends from the southern wall of the valley
northeastward in fingerlike extensions across the
dark valley floor. The material was interpreted as an
avalanche from the steep slope of the South Massif
(ref. 6-3).

Geologic Objectives and General Results

The geologic objectives of the Apollo 17 mission
may be divided into orbital and lunar surface data
collection. The orbital objectives in the Taurus-
Littrow area were to add to the knowledge of the
regional geology of the site through direct visual
observation and photographs and to assist in locating
the LM on the surface. Additional aid in traverse
location by panoramic camera photographs of the
lunar roving vehicle (LRV) tracks and crew-disturbed
areas was anticipated. The principal objectives of the
ground crew were to deploy the Apollo lunar surface
.- experiments package (ALSEP) and the surface electri-

“~cal properties (SEP) experiment; to record gravity
data on the traverse gravimeter; to describe the kinds
and proportions of rocks in the various map units and
to collect samples of them; to observe, describe, and
collect samples of regolith and dark mantle that were
thought to cover most of these units; to look for
outcrop and, if found, to describe, photograph, and
sample it; to describe structures, including linea-
ments, layers, and faults, in various units; and to
observe and describe, where possible, the attitudes of
and contacts between the major geologic units.

In detail, ground objectives were planned around
groups of stations with the potential of yielding
varied geologic information (fig. 6-2). The prime
sampling areas of the massif and Sculptured Hills
units were located in the station 2, 6 and 7, and 8
areas, as well as between stations 2 and 4, on the
assumption that the light mantle unit was composed
of materials derived from the South Massif. This

broad station coverage was designed to yield maxi-
mum information about the lateral continuity of
massif lithologies. The principal sampling areas for
valley materials were planned at stations 1, 4, 5, 9,
and 10B. This coverage was designed to allow detailed
stratigraphic studies of both the dark mantle and the
subfloor unit. Craters that were to be visited on the
valley floor potentially offered samples of subfloor
material from depths as great as 150 m. Regolith was,
of course, expected throughout the traversed regions,
but an unusually small thickness was anticipated
because of the low crater density on the dark and
light mantle units.

Boulders that had rolled down the slopes of the
massifs north and south of the valley provided
samples of that area. These boulders are composed of
complex breccias; their general similarity to breccias
returned from the Apollo 15 and 16 missions
indicates that they are very ancient materials as
anticipated. Their relation to the circular basins on
the lunar near side is discussed subsequently. Crew
observations and photographic evidence suggest that
the materials of the massifs are layered and that at
least two separate layers were sampled.

Materials of the wvalley fill were sampled at
numerous stations around the LM and en route to
and from the massifs. Ejecta around many craters on
the valley floor consists of basalt, confirming that
volcanic materials underlie the Taurus-Littrow valley
floor. A relatively deep layer of unconsolidated
material overlies the subfloor basalt; this debris
consists of finely comminuted material typical of the
lunar regolith. It may also contain the dark mantle
mapped in premission studies. No clear evidence for
the existence of a dark mantle as a discrete layered
unit has yet been found, but it may well be mixed in
with the more typical debris of the lunar regolith.
The bright deposit extending across the valley floor
from the foot of the South Massif consists of breccias
similar to those of the massif; the interpreted origin
of this deposit as a landslide thus appears to be
confirmed.

Traverse Data

The Apollo 17 crew traversed ~ 2 ki during the
first period of extravehicular activity (EVA), 18 km
during EVA-2, and 10 km during EVA-3 for a total of
30 km. Nearly 120 kg of rocks and soil were
collected and more than 2200 photographs were
taken on the lunar surface. An index map of the
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FIGURE 6-2.—Preplunned traverses and geologic objectives.

traverse area is shown in figure 6-3. Figure 64 shows
the traverse path and stations in detail, and table 6.1
lists map coordinates for traverse points. The lunar
surface orientations of some of the Apollo 17 rock
samples at the time of their collection are shown in
appendix A (p. 6-60). Panoramic views and detailed
planimetric maps of the traverse stations are shown in
appendix B (p. 6-73).

STRATIGRAPHY AND PETROGRAPHY

The studied and sampled geologic units are de-
scribed in approximate stratigraphic order. However,
some parts of the sequence, such as the relative ages
of the massifs and the Sculptured Hills units, are not
well known. Similarly, regolith units and surficial
deposits on the highlands and on the valley floor



PRELIMINARY GEOLOGIC INVESTIGATION OF THE LANDING SITE 6-7

1

Sculptured
Hills

°er

1

FIGURE 6-3.—Index of the traverse area. Lettered boxes (A through F) show boundaries of detailed
traverse maps (figs. 6-4(a) to 6-4(f)) (Apollo 17 panoramic camera frame AS17-2309).

overlap in time. In neither case is rigorous chronology
of development implied by the order of discussion.

Table 6-IT summarizes the stratigraphy as seen in
the field by the crew. Changes from lunar surface
terminology are indicated at the appropriate place in
the text. Table 6-II1 relates the field terminology to
sampling areas, representative samples, and laboratory
terminology.

South Massif

South Massif materials were collected from just
above the break in slope at the base of the South
Massif at station 2. The crew described the massif as

composed of light-tan materials stratigraphically over-
lain by blue-gray materials (appendix B, fig. 6-109). A
concentration of boulders occurs at and near the
break in slope at the foot of the South Massif (fig.
6-5). Those boulders with visible tracks on the massif
stopes (fig. 6-6) were emplaced after the avalanche
that formed the light mantle, and probably emplace-
ment of all the boulders postdates the light mantle. If
they were a part of the avalanche itself, the boulders
would be more uniformly distributed across the
surface of the light mantle rather than concentrated
near the base of the massif.

Most of the boulders probably rotled from blocky
areas that may be outcrops high on the massif
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FIGURE 6-4.—Detailed maps of traverse paths and stations.
See figure 6-3 for locations of individual areas and
explanation of symbols (Apollo 17 panoramic camera
frame AS17-2309). (a) Area A. (b) Area B. (¢) Area C. (d)
Area D. (e) Area E. (f) Area F.
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fig. 6-7). These bouldery areas are mostly in the
blue-gray unit. No apparent source for the boulders is
visible on the lower two-thirds of the massif. The
three boulders sampled at station 2 have no visible
tracks on the massif slope. However, the boulders in
the station 2 area are directly below a blocky area
just above the contact between the blue-gray unit
(above) and the tan-gray unit (below) (figs. 6-5 and
6-6). The three boulders are = 50 m above the break
in slope at the base of the South Massif in the field of
boulders strewn near the base (fig. 6-5).

Station 2, Boulder 1

Boulder 1, the first boulder sampled at station 2, is
a layered and foliated rock (fig. 6-8), the only one of
this type seen by the crew. No other rocks of this

TABLE 6-1.—-Map Coordinates of Traverse Points?

Station
(b) X Y
LM 83.4 DN.3
SEP 84.1 DN.4
ALSEP 82.5 DN.5
1 85.5 DH.1
EP-7 85.3 DK.5
LRV-1 71.3 DK.7
LRV-2 65.4 DM.1
LRV-3 62.7 DM.2
2 491 CY.4
2A (LRV-4) 51.7 DA.1
3 54.1 DK.8
LRV-5 57.7 DM.5
LRV-6 58.7 DP.1
4 62.5 DS.0
LRV-7 68.7 DS.2
LRV-8 72.1 DR.O
35 76.8 DM.5
LRV-9 84.9 DY.1
LRV-10 85.8 EC.1
6 ' 87.4 ED.4
7 88.9 ED.6
LRV-11 97.8 EB.2
8 98.6 EB.6
9 92.1 bv.9
LRV-12 88.8 DP.3

3Coordinate system is that used in the premission data
package.

bLRV-1, LRV-2 (etc.) refer to stations where samples
were collected from the LRV with a long-handled sampling
tool. Station 2A (LRV-4) was an unplanned station at which
the crew dismounted from the LRV. EP-7 was the seventh
explosive package used in the LSPE and the ounly explosive
package that was not located at a sampling station.

type have been identified with certainty in the
photographs. The boulder is = 2 m across by 1 m
high above the ground surface. It has a well-developed
fillet ~ 30 cm high on its uphill side and no fillet on
its downhill side. The boulder appears to be highly
eroded and has a hackly and knobby surface. The
knobs range from <1 to 15 cm across and were
reported by the crew to be mostly fine-grained clasts
eroded from a more friable fine-grained matrix. The
crew also reported dark elongate clasts parallel to the
bedding planes (S, in fig. 6-8); these are not
discernible in the photographs.

Based on the degree to which the bedding foliation
is developed and on the erosion-produced characteris-
tics, which are presumably related to the friability of
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ATable slightly modified from that presented by H. H. Schmitt at the Fourth Lunar Seience Conference.

Dark floor material includes all regolith units of the valley floor except the light mantle,

“Units shown in parentheses arc extrapolated from beyond the immediate observation area.
nternat stratigraphic sequence is not implied among bracketed units.

©Age not yet determined.
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TABLE 6-111.—Field and Laboratory Classification of Samples

Geo!.ogzc Geologic unit Collection site Station Sample number Laboratory designation
entity or type
Van Serg Dark surface material Van Serg ejecta 9 79220 and 79240
Light-gray fragmental Van Serg blanket trench 9 79260
material
Dark matrix-rich breccia Van Serg ejecta 9 79035 and 79135 Dark-matrix breccia
Dark-matrix fragment-rich Van Serg floor 9 Not sampled
breccia
Shorty Dark surface material Shorty rim core 4 74002 (top 0.5 cm)
Orange glass material Shorty rim trench 4 74220
Light-gray fragmental Shorty rim trench 4 74240 and 74260
material
Black glass material Shorty rim core 4 74001
Floor material Shorty floor 4
Light Medium-gray material Surface of light mantle 2A,3 73220 and 73120
mantle Light-gray material Betow medium-gray surface 24,3 73240 and 73140
materjal of light mantle
Marbled material Below medium- and light-gray 24,3
Light component material of light mantle 73280
Dark component on crater rim 73260
Dark Dark floor material Steno-Camelot area 0,1,5
regolith
Subfloor Aphanitic basalt General area 0,1,5,6,8 Same terms as field
Vesicular 74235 classification
Nonvesicular 70215
Fine-grained basalt 71055
Coarse-grained basalt
Porphyritic 70035
Nonporphyritic 75055
Massifs Medium-gray suiface South and North Massifs 2,6 Rake samples
material
Light-gray talus material South and North Massifs 2,6 Rake samples
Foliated and lavered breccia South Massif 2 72255 and 72275 Light-gray breccia
Tan matrix-rich breccia South and North Massifs 2,6,7 76215 and 72395 Greenish-gray breccia
Blue-gray matrix-rich South and North Massifs 2,6,7 72435 and 76315 Blue-gray breccia
breccia
Blue-gray fragment-rich North Massif 6,7 76275 Light-gray breccia and
breccia greenish-gray breccia
Sculptured Slope material Sculptured Hills 8 78500 and 78530
Hills
Source Gabbroic rocks Exotics on Sculptured Hiils 6,8 78235 and 76535 Gabbroic rocks
unknown and North Massif
Feldspathic breccia 6,8 76335 and 78155 Cataclasite and hornfels
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the matrix, the boulder is divided into five crudely
layered zones (fig. 6-8). A fairly well-developed set of
cleavage planes (S, in fig. 6-8) that are roughly at
right angles to the bedding planes is visible across the
middle of the boulder, and a similar set with the same
orientation occurs in sample 72255, These are prob-
ably shear planes. The eroded nature of the boulder
and the well-developed fillet on its uphill side suggest
that it has been in its present position for a
considerable period of time.

Four samples (72215, 72235, 72255, and 72275)

Probable source of boulders at station 2

FIGURE 6-5.—Part of the South Massif showing area sampled
at station 2. Boulders are numbered in order of sampling
and text discussion. Bright-rimmed crater (20-m diameter)
above and to left of sample area is identified in figure 6-6.
Probable source of boulder track shown in figure 6-6 is
boulder field centered on the skyline in this view
(AS17-138-21072).

were taken from boulder 1 (fig. 6-8). All samples are
breccias with light-gray friable matrices (called tan
breccia by the crew) containing dark-gray fine-grained
lithic clasts. Sample 72215 is possibly a clast eroded
from the friable matrix of the zone in which it
occurred within the boulder. All the samples contain
distinctive light-gray clasts with thin dark-gray
selvages.

Station 2, Boulder 2

The second boulder, a greenish-gray breccia sam-
pled at station 2, is = 2 m across and 2 m high above
the ground surface. It is rounded but smoother than
boulder 1, which suggests that boulder 2 is more
uniform than boulder 1. A poorly developed set of
fractures (S,) trends from upper left to lower right as
seen in figure 6-9. This set dips gently at ~ 5° into
the surface of the rock and probably controls the

FIGURE 6-6.—Boulder tracks on the South Massif in the
vicinity of station 2.

FIGURE 6-7.—Telephotographic mosaic of boulder concentrations near the top of the South Massif.
Probable source area of station 2 bouiders is shown in left frame (AS17-144-22051 to 22057).
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Explanation

~~-~ Contact hetween layered zones
5 Hackly, moderately coherent, poorly developed foliation planes
4 Hackly, friable, poorly foliated; similar to zone 5
3 Moderately coherent, discontinuous, fairly well-developed
foliation planes
2 Moderately coherent, weli-developed, continuous foliation
planes
2a Friable zone
1 Finely spaced discontinuous foliation planes
—— Trace of foliation along bedding planes (S,)
Trace of cleavage planes {5y}

Approximate location of boundary between zones 2 and 2a

FIGURE 6-8.—Sketch map of boulder 1 at station 2 (AS17-137-20901). Inset photographs (clockwise
from upper right: §-73-17963, 17987, 17989, and 17988) show lunar orientation of samples.

shape of the rock face on the right side of figure 6-9. that appears to be traces of a third set (S.) trends
A second set (Sy,) dips from top center to lower left horizontally across the face of the boulder. The third
across the rock surface and appears to be nearly set, or S, is visible in sample 72395 (fig. 6-10).
normal to the surface of the rock. A set of lineaments Several irregular joints are present. No evidence of
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Erignle
clast? §

Explanation

Clast?

Lines denoting planar structures:

—Sa

J— Sb

w—e Trace of joint

--+-+ Outline of large clasts

FIGURE 6-9.—Sketch map of boulder 2 at station 2 (AS17-137-20912, 20913, 20914, 20919, and

20920).

bedding or of a fracture set paralle! to bedding can be
seen in the photographs. The boulder has z moder-

ately well-developed fillet = 0.25 m high on its uphill
side but overhangs the ground surface on its downhill
side.

Five samples (72315, 72335, 72355, 72375, and
72395) were taken from the second boulder at
station 2 (fig. 6-10). Two of these samples (72315
and 72335) were taken from a 0.5-m clast at the

lower edge of a spalled area, and the remaining three -

samples were taken from the matrix of the boulder.
Two relatively friable zones are visible in the photo-
graphs (fig. 6-9) and may also be clasts. These were
not sampled. All five samples are vuggy greenish-gray
breccias and, except for having smaller cavities,
appear to be very similar to rocks called anorthositic
gabbro by the crew at station 6. Lithic clasts, rarely
more than 10 mm in diameter, are principally
fine-grained homfelses, but a few are cataclastically
deformed plagioclase-rich rocks. Mineral clasts in-
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FIGURE 6-10.—Boulder 2 at station 2 (AS17-137-20913). Inset photographs (counterclockwise from
upper right: $-73-21389, 18408, 17799, and 19586} show lunar orientation of samples (sample
72375 not oriented).

clude angular fragments of plagioclase and a mafic
siticate mineral as large as 4 mm,

Station 2, Boulder 3

Boulder 3 is an equant, subangular breccia boulder
~ 40 cm across. Its surface is rough on a scale of =~ 1
to 2 cm. Several 2- to 4-cm clasts and one 10-cm
light-gray clast in a gray matrix are visible in the
photograph (fig. 6-11). No well-developed fracture or
cleavage sets are visible, but two well-developed
planar fractures at & 90° to one another are visible. A
third fracture, approximately parallel to the upper
rock surface, is also visible.

The boulder has a poorly developed fillet, which,
together with its subangular shape, suggests that it has

been in its present position for a relatively short
period of time. Two samples, 72415 and 72418 (a
clast) and 72435 (matrix), were taken from the third
boulder at station 2 (fig. 6-12). Sample 72435 is a
blue-gray breccia that contains ~ 10 percent lithic
and mineral clasts in a tough, finely crystalline,
deep-bluish-gray matrix. The rock has a local concen-
tration of slit-like cavities in its matrix that are
elongate parallel to a weak alinement of lithic clasts.
The clast from this boulder represented by samples
72415 to 72418) is a light-greenish-gray breccia (with
color but no stratigraphic implications) composed of
abundant mafic silicate mineral clasts and sparse
feldspathic lithic clasts set in a matrix, composed of
the same constituents, that is moderately coherent,
fine grained, and probably annealed.
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FIGURE 6-11.—-Sketch map of boulder 3 at station 2
(AS17-137-20963).

Eits

FIGURE 6-12.—Lunar orientation of sample 72435 from
boulder 3 at station 2 (AS17-138-21049; insct photo-
graph, §-73-19389).

North Massif

Stations 6 and 7 were designated as sampling sites
for material that had been mass wasted from the
North Massif. Station 6 lies on an 11° slope =20 m
above the break in slope between the massif and the
valley floor. Station 7 is = 500 m east of station 6, on
a 7° slope just above the break in slope (figs. 6-3 and
6-4). The surface in the area of the stations is covered

APOLLO 17 PRELIMINARY SCIENCE REPORT

by many large blocks and smaller fragments, most of
which were derived from higher on the massif. There
appears to be a bimodal distribution of fragments in
the area. Fragments smaller than 2 to 3 cm and larger
than 15 to 20 cm are abundant, whereas fragments
between these two sizes are relatively sparse. Frag-
ments smaller than 50 c¢cm are scattered randomly
over the surface; larger ones are generally located in
clusters that may be fragments from a single larger
rock that had rolled or been thrown into that area.
Where the soil was disturbed by the crew, it is
medium gray on the surface and lighter gray beneath
(fig. 6-13).

Station 6 Boulder

Most of the samples collected at station 6 are from
a large (6 by 10 by 18 m), fragmented boulder (fig.
6-14) lying at the end of a boulder track (fig. 6-15)
that extends approximately one-third of the way
(=500 m) up the face of the massif. Two other
boulder tracks appear to originate at approximately
the same level (fig. 6-16). From this level to the top
of the massif, boulder concentrations are common.

Boulder 2---—-

Buul(ler}ﬂ

Boulder 3.

FIGURE 6-13.—Area of disturbed soil between boulders 3
and 4 at station 6. Soil is lighter beneath the thin gray
surface layer. The letter designations indicate planar
surfaces onto which boulder 4 may fit. Face A is the most
likely fit. See text for discussion (AS$17-140-21434).
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FIGURE 6-14.—Diagram of station 6 boulder showing
relationships of large fragments and possible points of
reassembly. Sample locations are designated on boulder
fragments.

These boulder concentrations are probably derived
from near-surface bedrock. At lower elevations, the
bedrock in the massif is covered by a thick regolith
and talus cover. At higher elevations, the massif is
covered by a much thinner layer of fine material that
allows the underlying bedrock to be easily excavated
by the more abundant smaller cratering events. This is
suggested by the change in slope from 25° in the
upper two-thirds (upper 1000 m) of the massif to
21.5° in the lower one-third of the massif (= 500 m
above the base). One boulder track visible in figure
6-16 extends nearly 1000 m up the slope. At the
lower end of this track is a large boulder that is
darker than most of the other boulders on the lower
one-third of the massif (fig. 6-17) and that is also
darker than the station 6 boulders. A concentration
of dark boulders occurs near its apparent source, and
similar concentrations are scattered at approximately
the same level elsewhere on the mountain face. Thus,

6-17

a layer or lenses of darker rock may exist high on the
mountain. Lighter boulders occur above and below.
The lower light zone was sampled at the station 6
boulder.

The station 6 boulder broke into five pieces that
are alined downslope. The largest is ~ 8 m across. The
original boulder can be pieced back together, gener-
alty with only a small amount of rotation of any of
the blocks. Several large fragments that may have
broken from the boulder as it rolled downhill can be
seen in and around the boulder track (fig. 6-18).
Boulders 4 and 5 can be reassembled by minor
rotation until similar appearing faces fit together (fig.
6-19). When this is done, vesicle foliation is in a
similar orientation in each boulder, and nonvesicular
inclusions in both pieces also fit across the break.
Boulders 1 and 2 also fit without substantial manipu-
lation. Tt appears that boulder 1 can be raised and
placed against boulder 2 (fig. 6-20). Boulders 2 and 3
are fitted together in much the same manner (fig.
6-21). The relationship of the structural split between
boulders 1, 2, and 3 and boulders 4 and 5 is not as
obvious, and the fit is still tentative. Figure 6-21
shows a nearly planar surface (A) on boulder 2, which
dips approximately the same as the north face of
boulder 4, as shown in figure 6-19. When boulder 4 is
placed on this surface, the foliation, which appears to
be planar concentrations of vesicles in boulder 2, is
parallel with the foliation in boulders 4 and 5. Also, a
series of widely spaced joints in boulder 4 is then
alined with similar joints in boulder 2. A second,
less-likely possibility is to place the north face of
boulder 4 on planar surface (B) on boulder 2,
adjacent to the one just described (fig. 6-13). How-
ever, structures seen in both boulders do not aline as
well, and the shape of the fractured face of boulder 2
does not conform well with that of boulder 4.

Four of the five numbered boulder fragments were
sampled. Two major breccia types can be distin-
guished: greenish-gray and blue-gray breccias. The
third, fourth, and fifth boulders and part of the
second are greenish-gray breccias, described by the
crew as anorthositic gabbros. In boulder 2, there is an
irregular contact between the greenish-gray breccia
and a blue-gray breccia. This zone, = 50 c¢m across,
appears to be an area of mixing between the two rock
types. Boulder 1 is also blue-gray breccia.

Two samples were collected from the greenish-gray
breccia. Sample 76215 is part of a larger rock that
spalled from boulder 4, and 76015 is from the top of
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4500 m

‘_,._f_' Boundary of osaic of
figure 6-4

- 40 m

Bcﬁnda?y of mosgic of
- figure 6-6. ../

FIGURE 6-15.--Footprints of 500-mm mosaics of part of the North Massif that are shown in figures
6-16 and 6-18. Features identified by letters are visible in figures 6-16 and 6-18; primed letters
denote objects visible in figure 6-18 only. The 500-m grid begins at the LM site (Apollo 17
panoramic camera frame AS17-2309).

boulder 5 (fig. 6-19). These rocks are tough annealed
breccias with sparse lithic and mineral clasts set in a
vuggy fine-grained matrix. The vugs, which range in
size from 0.1 mm to =~ 9 ¢m, are flattened and locally
alined. Around the larger cavities, the sugary inter-
growth of minerals that forms the matrices of these
rocks gradually coarsens over a distance of ~ 1 em.
At cavity walls, individual minerals of the matrix
become distinguishable, and the rock has a poikilo-
blastic texture. Lithic clasts, all <1 em across,

include granoblastic intergrowths of plagioclase and a
yellow-green mineral.

Two unsampled rock types are present within the
greenish-gray breccia. Several baseball-sized light-gray
clasts are scattered randomly throughout the rock.
The clasts appear nonvesicular and are in sharp
irregular contact with the greenish-gray breccia. On
boulder 5 {fig. 6-22), a jarge (0.5 by 1 m), gray
nonvuggy area is evident within the greenish-gray
breccia. Photographs suggest that the nonvuggy rock
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4500 m

m
i £000 m
/ 500 m

Boulder track

FIGURE 6-16.—Mosaic of 500-mm photographs taken from LM area showing boulder tracks on the
North Massif. Dashed lines indicate boulder concentrations. The grid perspective is the same as that
in figure 6-15. Elevations of grid corners (in parentheses) were taken from the NASA Lunar
Topographic Photomap, Taurus-Littrow, 1:25 000, first ed., Sept. 1972, by the Defense Mapping
Agency. According to this map, the elevation of the landing point is 4510 m, and the summit of
the North Massif is 6178 m. (AS517-144-21991, 22119 to 22122, and 22127 to 22130).

may differ only in texture, not composition, from the
host breccia. The dense area is sharply bounded by
vuggy breccia on two sides and grades into it on a
third side. This area may be an inclusion that was
incorporated in the greenish-gray breccia, which
vesiculated along the margins, or a locally nonvesicu-
lated interior of the boulder. The former is preferred
because of the sharpness of the contact on two sides.
A set of planar structures occurs within the dense
material parallel to the fracture face between bould-
ers 4 and 5. It is not clear what these structures are,
but they do not appear to be compositional layers.
They do not continue into the vuggy part of the
boulder, which further suggests that the nonvesicular
rock is an inclusion rather than a central nonvesicu-
lated core of the boulder.

Two samples from the blue-gray part of boulder 1

FIGURE 6-17.—View of the North Massif showing principal
elevation data on prominent boulder tracks. Samples were
collected adjacent to Turning Point Rock (station
LRV-10). The light color of Turning Point Rock and
station 6 boulders in contrast to the dark color of the
large rock that rolled from high on the North Massif is
clearly evident (AS17-141-21550).
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T 4250 m

250 m

== 3750 m

500 m
3500 m

Om

500 m

FIGURE 6-18.—Telephotographic view of prominent boulder tracks on the lower North Massit
showing probable source area of station 6 boulder. Lowercased letters indicate fragments that may
have broken from station 6 boulder. The large boulder in the lower left, at the end of the
prominent track that heads at an elevation of 5550 m, is distinctly darker than any others in this
area; its darkness is characteristic of some boulder concentrations high on the mountain as seen in
figure 6-16 (AS17-139-21252, 21254, 21262, and 21263).

g #
* Area from whi
76215was spalied

North face

FIGURE 6-19.—Boulders 4 and 5 at station 6. Arrows indicate probable matchpoints between the two
boulders (AS17-140-21414,21416,21418, 21429, 21432, and 21433).
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FIGURE 6-20.—Boulders 1 and 2 at station 6. Arrows indicate probable matchpoints between
boulders (AS17-140-21497).

(fig. 6-23) (samples 76275 and 76295) are composed
largely of blue-gray breccia clasts in vuggy greenish-
gray matrices. The proportion of clasts in these two
samples is high (40 to 60 percent), and the matrix is
somewhat browner and darker than the typical vuggy
greenish-gray rocks. Vugs, which are ~2 to 5 mm
across, are in most cases lined by rich-brown pyrox-
ene and plagioclase with or without ilmenite plates.
The matrices of these samples are tough, finely
crystalline material composed principally of angular
mineral debris (plagioclase, yellow-green mineral,
brown pyroxene) and small lithic fragments of blue-
gray breccia. The clasts are dominantly fine crystal-

line blue-gray breccias that contain sparse finely
recrystallized light-gray clasts.

In the blue-gray breccia of boulder 1, there are
light-gray friable inclusions ranging in size from 1 to 2
cm to 1 m across that are in sharp irregular contact
with the blue-gray breccia. Eight small samples
(76235 to 76239 and 76305 to 76307) are chips that
represent one of these inclusions (fig. 6-24). These
samples are very light-gray cataclasites composed of
angular mineral debris that includes yellow-green and
pale-grass-green mafic silicates and plagioclase.

Two other types of inclusions in the blue-gray
breccia were not sampled. There are a few inclusions



6-22 APOLLO 17 PRELIMINARY SCIENCE REPORT

Boutder 2.

- Fractures

.

FIGURE 6-21.—Boulders 2 and 3 at station 6. Arrows indi-
cate fractures that are alined when boulders are fitted to-
gether. Letter designations, particularly A, indicate planar
surfaces onto which boulder 4 may fit. See text for dis-
cussion (AS17-146-22293).

FIGURE 6-22.—Boulder 5 at station 6 showing nonvuggy
area in vuggy greenish-gray breccia. Dashed lines show
planar structures in the nonvuggy portion. Solid lines are
joints (AS17-140-21432).

(fig. 6-23, lower left) that are not as friable in
appearance and are a darker gray than the light-gray
inclusions sampled. A second type, which is rare, is
medium gray and vesicular with sharp irregular
boundaries (fig. 6-23, upper left).

One sample (76255, collected from boulder 1) is a
breccia that contains clasts of blue-gray set in a
friable light-gray to brownish-gray matrix. The sample

is prominently foliated, with alternating layers of
abundant or sparse blue-gray breccia clasts. The
blue-gray breccia clasts contain sparse, sugary, white
hornfels clasts and moderately abundant mafic sili-
cate fragments. The largest blue-gray clast in the rock
has a string of vuggy patches 3 to 12 mm across of
plagioclase and rich-brown pyroxene along one edge.

Sample 76315, collected from boulder 2 near the
contact, appears to be transitional between blue-gray
breccia and the type represented by sample 76255,
The rock is mainly blue-gray breccia with a few white
clasts; a large (3 by 8 cm) white clast at one end of
the specimen is veined by blue-gray material. Both
components were subsequently weakly brecciated so
that pieces of blue-gray rock are now encased in a
white matrix.

In boulder 1, several throughgoing planes (S,
through S,) can be recognized in stereoscopic study
of the photographs (figs. 6-23 and 6-25). The
lettering sequence does not imply a sequence of
development in the rocks. When comparing these
planes with the oriented returned samples, it can be
seen that they represent shear planes along some of
which movement has occurred. Two types are evi-
dent. Along the S, plane, shearing has deformed the
clasts to create discontinuous compositional banding.
The zoning in sample 76255 is parallel to the S,
shears. This type shear is closely spaced (a few
centimenters or less), but it is not a plane that had
any substantial control over the shape of the boulder
because the fracture surfaces are discontinuous and
the rock is coherent across these surfaces. Planes S,
and Sg are also this type. Planes S; and S are typical
of the second type; they appear to be somewhat more
widely spaced planes that form fracture faces on the
surface of the boulder. Sample 76295 parted along S,
when sampled. Planes S, and S, are also this type.
Most of the shears appear to penetrate the boulder.
Planes S, and Sy,, for example, can be seen in two
places on the boulder over a meter apart.

Throughout the boulder, movement along the
shears does not appear to have been uniform. In the
area where sample 76255 was collected, one of the
large light-gray clasts has been intensively sheared.
The large clast from which samples 76235 to 76239
and 76305 to 76307 were collected has not been
substantially deformed. The direction of shearing is
the same in two areas, but the amount of movement
is different. Two fracture sets (A and B in fig. 6-23),
which have not been identified in the samples, are
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FIGURE 6-23.—Locations of samples removed from boulder 1 at station 6. Known orientations are
shown in insets. Heavy solid lines indicate traces of shear planes, S, through Sg. Dashed lines
outline inclusions and samples. A and B denote fracture surfaces bounding boulder (AS17-
140-21443) (inset photographs, S-73-19375, 19387, and 19385, respectively).

major mutually perpendicular fractures that shape the
south and east faces of the boulder.

At least one and possibly two of these sets of
shears can be seen in boulder 2. Sample 76315,
collected near the contact in boulder 2, shows some
evidence of shearing. In figure 6-26, the face shown
on boulder 2 is parallel with the S_ structures of
boulder 1. Figure 6-27 shows this face, together with
what is probably an expression of the Sy planes. The
other structures are probably in this boulder also;
but, because of the lower resolution and the direction
from which this photograph was taken, they are not
visible. It does not appear that the S_ planes
penetrate boulder 2 completely. They appear to die

out as the contact between the two breccia types is
approached. Assuming that the boulders have been
reassembled correctly, it is not evident that these
shears are present in the greenish-gray breccia. Some
planar structures can be seen on boulders 4 and 5, but
they neither coincide with nor look the same as the
shear planes seen in boulders 1 and 2., They are
generally spaced several centimeters apart and appear
to be fractures rather than the shear planes. No
evidence of shearing is seen in samples 76015 and
76215 collected from these boulders.

One of the first events represented in the station 6
boulder was the formation of the light-gray to white
cataclasite. This breccia was enclosed by the blue-gray
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FIGURE 6-24.—Large light-gray clast in blue-gray breccia of boulder 1 at station 6. Solid lines show
traces of shear plane sets S; and Sp, (AS17-140-214435).

breccia, either during the same event or a later one.
The two unsampled clast types in the blue-gray
breccia probably have similar histories. The blue-gray
breccia was heated enough to allow minor vesicula-
tion. The blue-gray breccia was then incorporated by
the greenish-gray breccia, which must have been
heated enough to allow intensive vesiculation. The

vesicles define a foliation parallel to the contact with
the blue-gray breccia. The shearing seen in the
blue-gray brecciza portion of the boulder, which
caused the banding seen in sample 76255, apparently
occurred before andjor during its incorporation into
the greenish-gray breccia, because no extension of
these shears is evident in the greenish-gray breccia.



PRELIMINARY GEOLOGIC INVESTIGATION OF THE LANDING SITE 6-25

FIGURE 6-25.—View of boulder 1 at station 6 after removal of samples; shows shear sets, S, through

Sg‘ Dashed area denotes a crushed zone with mixing between light-gray and blue-gray breccia. Note
the large fracture face of blue-gray breccia with light-gray clasts (A817-140-21456).

The blue-gray breccia may, however, be more sus-
ceptible to shearing than the greenish-gray breccia.

It is not clear whether the vesicular patch seen ir
boulder 1 is of the same generation as the greenish-
gray breccia because its relation to the contact cannot
be seen in three dimensions. The color and vesicu-
larity of it suggest that it is the same; however, it is

not known if the vesicular patch was injected into the
blue-gray zone during this time.

Station 7 Boulder

Sampling in the station 7 area consisted of
collecting four samples from a 3-m boulder (fig. 6-28)
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FIGURE 6-31.—Fractures in blue-gray breccia and light-gray
inclusion in station 7 boulder. Note differences in spacing
of fractures. (a) Photograph AS17-146-22310. (b) Sketch
map.

sample, and 76280 is a 6-cm-deep scoop of soil
Another soil sample, 76320 (fig. 6-20), was collected
from the north face of boulder 1. This soil was
probably picked up by the boulder as it fell into its
present position. Sample 76220 is soil collected from
the center of the boulder track ~ 10 m northwest of
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FIGURE 6-32.—Station 7 boulder showing closely spaced
fractures in a light-gray clast. (a) Photograph AS17-146-
22306. (b) Sketch map. Unlabeled lines show fracture
traces.

boulder 1. Approximately 5 m south of the LRV, a
single drive tube, 76001, was collected. All these
samples probably represent a mixture of breccia
fragments from the massif and subfloor material, with
the major contribution derived from the massif.

Rock samples from stations 6 and 7, other than
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Boulder 4

T

u‘/
Area of 76240
shadowed soil

|[FIGURE 6-33.—North face of boulder 4 showing perma-
nently shadowed soil and references to other soil samples
(AS17-140-21406),

those collected from boulders and other than basalts,
include five white cataclasites (76355, 76536, 76558,
76559, and 77017); 14 greenish-gray breccias (76055,
76556, 76557, 76577, 77035,77515,77517, 77518,
77519, 77525, 77526, 77637, 77539, and 77545);
five blue-gray breccias (76036, 76035, 76555, 76569,
and 76575); two light-gray breccias (76505 and
77538) with small blue-gray clasts in a moderately
coherent matrix; six dark-matrix breccias with small
white clasts (76506, 76545, 76546, 76547, 76548,
76549, 76565, 76566, and 76568); one coarse-
grained gabbroic rock with = 35 percent pyroxene
(76535); one light-gray regolith breccia (76567); and
one light-colored fine-grained hornfels {76576). The
cataclasites are chalky white rocks, but 77017 is laced
by dark glass veins and one side is covered by a
thick coating of dark glass with many inclusions of
cataclasite. The greenish-gray breccias include two
large rocks (76055 and 77035) with irregularly
distributed small dlit-like cavities that are locally
alined. A smaller sample grouped with the greenish-
gray breccias (77517) and two small pieces (77525
and 77526) that may have been broken from it have
abundant medium light-gray to light-blue-gray apha-
nitic clasts in a vug-free, annealed, light-gray matrix.
Sample 76035 is an unusual blue-gray breccia that
contains a shattered clast of light-gray hornfels.

Blue-gray matrix completely envelops pieces of the
broken clast around its periphery, but the interior of
the clast is incompletely penetrated by blue-gray
matrix so that the fragments form a porous aggregate.
The blue-gray matrix appears to be holocrystalline
and fine grained and has a small proportion of
smooth-walled vesicles and irregular vugs. Other clasts
in the blue-gray matrix include a distinctive fragment
that consists of 2-mm euhedral plagioclase crystals,
interstitial light-brown pyroxene, annealed plagio-
clase-rich fragments, and mineral debris.

Several basalts were collected in the rake and grab
samples at these two stations: four vesicular, porphy-
ritic, coarse-grained basalts (76037, 76538, 77535,
and 77536); two vesicular fine-grained basalts (76136
and 77516); and two dense aphanitic basalts (76537
and 76539). The presence of the basalts indicates
there is some mixing of subfloor materials in the talus
of the massif material. This area is also down range
from the central crater cluster that dominates the
landing area and that probably threw debris onto the
slopes of the North Massif and adjacent Sculptured
Hills.

Sculptured Hills

The single location on the Sculptured Hills from
which samples were collected (station 8) lies ~ 20 m
above the valley floor on a southwest-facing slope just
southeast of Wessex Cleft and 4 km northeast of the
landing point. The station is within the zone mapped
as dark mantle (refs. 6-1 and 6-5). This unit locally
mantles the lower slopes and linear valleys of the
Sculptured Hills (fig. 6-34) and is likely to have been
mixed with the underlying regolith. The terrain is
undulating on a general slope of 10° to 30°, being
steepest above the station 8 area (figs. 6-35 and 6-36).

From a distance on earlier traverses, the crew
described these hills as being pockmarked (by small
craters), darker gray, more hummocky and lineated,
and as having lower slopes than the massifs. During
late mission orbits under highest Sun elevations (58°),
the hills were characterized as incorporating “the
albedo both of the North Massif and the (dark)
mantle area . . . to give . ., an in-between gray albedo,
but the sculpturing is produced by the darker albedo
that looks like the mantle and the lighter albedo that
looks like the massif.” These observations are borne
out by both the high Sun orbital and the surface
photographs.

While approaching the hills, the crew noted that
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North Massif

FIGURE 6-34.—Panoramic camera view of station 8 area
showing distribution of dark mantle on the Sculptured
Hils, Wessex Cleft, and valley floor (Apollo 15 panoramic
camera frame AS15-9557).

rocks larger than 20 cm are very rare on the
Sculptured Hills slopes compared with their relative
abundance at the foot of the North and South
Massifs. Most of the fragments are small clods and
create a downslope pattern of small lineaments
indicating youthful mass wasting on currently active
stopes (appendix B, fig. 6-121). However, the three
boulders investigated on this slope showed no evi-
dence of having moved downslope, and the only
other large rocks on the hill are described as farther
upslope. These latter blocks are the fragments visible
within the patches of dark mantle in figure 6-36.

The few fragments seen on the local surface are
subrounded to subangular; some are partly buried,
but the two sampled boulders and most of the soil
clods are perched on the surface. The lack of blocks
around fresh craters as large as 50 m in diameter (fig.
6-36) indicates that bedrock is more than 10 m below
the surface slope material. The soil in this area, at
least to the 20- to 25-cm depth of the trench samples,
consists of fine-grained cohesive clods and particles.
The soil has a moderately dark appearance character-
istic of the mantle throughout the valley floor.

No large craters are present in the immediate area;
those as large as several meters in diameter are
common, however, and have a continuum of mor-
phologies from fresh-appearing, topographically sharp

APOLLO 17 PRELIMINARY SCIENCE REPORT

North Massif

Sculptured Hills

Wessex Cleft

FIGURE 6-35.—Station 8 area at Sculptured Hils as viewed
from the LM, 4 km away. Note the contrast between the
hills on the right and the massif material directly above
Wessex Cleft, although both slopes have similar orienta-
tions (AS17-137-20876).

features to highly subdued depressions. The craters
have neither prominently raised nor blocky rims,
although one secondary crater lower on the slope (fig.
6-37) forms a cloddy rm similar to that sampled
from the LRV on the rim of SWP Crater {LRV-11,
{ig. 6-34).

The sample suite collected at the foot of the
Sculptured Hiils is represented mainly by basalts that
are most likely ejecta deposited on the Sculptured
Hills stopes by valley floor craters and subsequently
concentrated by mass wasting toward the base of the
hills. The samples are all from the subtle dark-gray
apron interpreted on premission maps as dark mantle
(fig. 6-34).

One large basalt fragment (sample 78135, fig.
6-38) was taken from near a hatf-meter-wide boulder,
probably also basalt, that was too hard to be sampled
directly. Other basalt fragments were collected in the
rake and soil samples. The basalts are not obviously
shocked or glass veined, and the crew indicated the
basalts resembled others sampled at different locali-
ties on the valley floor.

Perhaps the moré important samples for inter-
preting the lithologic nature of the Sculptured Hills
are represented by the smaller rocks and soils.
Unfortunately, their relationship to the underlying
hills is not known. The friable feldspathic breccia
(sample 78155) collected from the wall of a 15-m
crater is a particularly good candidate for Sculptured
Hills material. Tts friability and color are compatible
with the more rounded topography of the Sculptured
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FIGURE 6-36.-Telephotographic mosaic of Sculptured Hills slope above station 8 as viewed from
station 2A. Sun elevation is 28° (AS17-144-22034 and 22035).
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East Massif
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FIGURE 6-37.—Cloddy secondary crater on slope below station 8. Break in slope is ~200 m from

camera (AS17-142-21741).

Hills, the general absence of boulders, and the
light-colored, generally fine-grained ejecta seen in the
largest craters of this area. Samples larger than 1 cm
taken from soil bags and the rake samples include 22
dark-matrix breccias, most of which have small,
white, lithic fragments -and clasts of mare basalt
(78508, 78516, 78518, 78535 to 78539, 78545 to
78549, 78555 to 78559, and 78565 to 78568), one
rock composed of regolith clods loosely cemented by
glass (78525), one dunite(?) (78526), one nonvesicu-
lar metaclastic rock (78527), and one white felds-
pathic breccia (78517).

The gabbroic rocks (samples 78235 to 78238,
78255, and 78256) are from the top and bottom of
another half-meter-size boulder. The rock is coarse
grained, composed of =~ 50 percent each of plagio-
clase and pyroxene, intensely shocked, and heavily
glass coated and glass veined (figs. 6-39 and 6-40). No
fillet existed on the boulder in its original position.
These properties and its strongly fluted, glassy surface
suggest that it originated from outside the sample
area and was emplaced relatively recently at station 8.
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The lack of blocky craters or related boulder tracks
upslope argues against a local source.

The well-documented trench samples (78420 to
78480) have not been described yet, but they should
typify the soils of the lower slopes of the Sculptured
Hills. They are probably a mixture of valley floor
debris and Sculptured Hills soils. The soil sample
collected from a dark cloddy crater on the rim of
SWP Crater (78120) at LRV-11 was just at the base
of the slope and may represent either deeper material
from SWP Crater or mass-wasted material from
upstope (fig. 6-34). Perhaps the original composition
of the hills can best be determined by subtracting
from these soils the average composition of the
typical valley floor.

Relationships Between the Massifs and the
Sculptured Hills

The upper slopes of the North, South, and East
Massifs are alike in morphology and outcrop occur-
rence. The samples from the North and South Massifs
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FIGURE 6-38.—Basalt fragment (sample 78135) collected
from beside a hard boulder at station 8. The cube is 1 cm
on the edge (§-73-15003).

are strikingly similar breccias. The Sculptured Hills, in
this region at least, are notably different in their
greater dissection, lower slopes, and lack of large
boulders. These features in combination with the
limited sample suite suggest that the Sculptured Hills
are underlain by less coherent breccias than the
massifs. They do seem to have more slope debris
deposited at their base and a greater possibility of
contamination from the thinly mantling dark material
above and below the sample area. If the Sculptured
Hills reflect a different structural history than the
massifs, no evidence was developed during the mis-
sion to demonstrate it.

Outcrops on the North Massif occur on the upper
two-thirds (1000 m) of the slope. On the South
Massif, only the upper one-third (700 m) of the slope
has exposed blocks. Sampled boulders are thought to
represent the uppermost part of the South Massif and
the lower one-third of the North Massif. Hence, two
distinct stratigraphic levels may have been sampled.

However, rocks collected from the North and
South Massifs closely resemble each other in many
respects.

1. Vuggy greenish-gray breccias from both massifs
are similar except that cavities in rock samples from
station 2 are smaller than those from station 6.

FIGURE 6-39.—Glass-coated coarse-grained gabbroic rock
(sample 78236) from shock-fluted, rolled boulder at
station 8. The cube is 1 cm on the edge (8-73-15394).

2. Greenish-gray breccias that lack cavities occur
on both massifs.

3. Blue-gray breccias are identical, at least insofar
as can be determined with the binocular microscope.
In both places, these rocks have small proportions of
white clasts and have fine-grained to aphanitic
matrices.

4. Light-gray breccias from both massifs are also
similar; although, as a class, these rocks are variable.

The characteristics of friable matrices, dominance of
dark- over light-colored clasts, and local occurrences
of foliation are shared by samples from both massifs.
Subordinate features of the breccias are also similar in
the samples from the North and South Massifs: (1)
brown pyroxene-lined vugs occur in rocks from both
areas, although they are much better developed in the
North Massif samples; (2) rare blue-gray breccias with
vesicles were returned from stations 2 and 6;and (3)
rare breccias with abundant honey-brown mineral and
distinctive dark-gray mineral clasts were found at
stations 3 and 7.

Significant differences include the virtual lack of
large light-colored clasts and prominent vesicles from
the boulders studied at the South Massif. Both these
features are found in the North Massif boulder
samples; in addition, the station 7 boulder has dikes
of blue-gray material injecting a large clast. Minor
differences between the North and South Massif
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FIGURE 6-40.—Locations and orientations of gabbroic rocks (samples 78235 and 78236) from top of

rolled boulder. Fluted surface is glass coated and glass veined (AS17-146-22370) (inset
photographs, §-73-17817, 17962, and 17814, respectively)}.

breccias inctude: (1) vuggy metaclastic clasts occur
only in station 2 breccias; (2) light-gray breccia at
station 2 occurs as a large boulder, whereas light-gray
breccias from the North Massif are known only as
subordinate inclusions in station 6 boulders; and (3)
many friable cataclasites were returned from the
North Massif.

The similarity of the rock types between the
North and South Massifs sugpests that the samples
may represent only one stratigraphic unit. The
greenish-gray breccia, light-gray breccia, and blue-gray
breccia, seen as discrete boulders at station 2, are all

components of the same boulder at station 6. This
evidence indicates that they may come from a single
unit in the South Massif. There apparently is an
unsampled type of dark rock that occurs high on the
North Massif. It may represent a layer or lenses in the
upper part of the massif. The foliated and layered
breccia (station 2, boulder 1) is different and prob-
ably represents the capping blue-gray unit of the
South Massif that was recognized in the field by the
crew. Boulder 2 at station 2 appeared to the crew to
resemble the tan-gray unit that underlies the blue-
gray unit of the South Massif.
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Subfloor Basalts
Field Occurrence

Subfloor basalts occur in the dark portions of the
valley floor both as scattered blocks and fragments
and as concentrations of blacks on the walls and rims
of the larger craters. The areas in which the basalts
were most thoroughly sampled were on the rims of
Shorty and Camelot Craters, in the LM/ALSEP/SEP
area, and at station 1.

Several varieties of basalt were described on the
lunar surface, The predominant types were coarse-
grained, vesicular, relatively light-colored basalts com-
posed of clinopyroxene, ilmenite, and 30 to 40
percent plagioclase. Vesicles as large as ~ 1 c¢m in
diameter typically comprised 10 to 15 percent of
these rocks. In some rocks, planar partings paralleled
bands expressed as differing concentrations of vesi-
cles. Finer-grained and less vesicular varieties of basalt
were recognized locally.

Shorty Crater.—Subfloor basalts were sampled on
the rim crest of Shorty Crater in the vicinity of a 5-m
boulder (fig. 6-41). Debris that may have been shed
from the boulder lies on the nearby surface, and
blocks are abundant on this part of the inner crater
wall. All the rocks examined were basalts that are

FIGURE 6-41.—Northwest-looking photograph showing in-
tensely fractured basalt boulder on rim of Shorty Crater
and locations of samples 74255 and 74275 (AS17-137-
20990).

commonly intensely fractured; some show irregular
knobby surfaces that resemble the surfaces of terres-
trial flow breccias.

Shorty Crater is 110 m in diameter and is most
probably a young impact crater. Its blocky floor is
22 10 to 15 m below the general surface level near the
crater, and its walls are largely composed of relatively
fine fragmental material. The impacting projectile
should have encountered hard rock at a depth of no
less than 10 to 15 m, and ejecta was therefore
excavated from depths no greater than =20 m
(approximately one-fifth crater diameter). It is pos-
sible that basalt fragments on the crater rim may be
ejecta derived from within the upper 5 to 10 m of
bedrock of the subfloor basalt unit at the Shorty site.
An alternative interpretation is that coherent bedrock
was not excavated by Shorty and that the basalt
fragments on its rim are blocks ejected from pre-
Shorty regolith.

Camelot Crater.—Subfloor basalts were collected
from the rim of the large (650 m) crater Camelot.
The blocks, which are partly buried by soil, are
exposed near and along the low, rounded rim crest of
the crater and extend downward into the crater walls
(fig. 6-42) where, as in other craters, blocks are
abundant. Outward from the rim crest, the block
population decreases rapidly within a few meters.

Within the block field, individual rocks, varying
from cobble to boulder size, are subrounded to

.

FIGURE 6-42.—North-looking photograph of part of station
5 area showing tabular basalt boulders on southwest rim
and inner wall of Camelot Crater. Prominent banding is
visible in large block in right near field (AS17-145-
22178).
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subangular, are moderately to deeply buried, and
cover = 30 percent of the surface. The rocks tend to
be tabular in shape (fig. 6-42) and no doubt preferen-
tially broke along the well-developed set of partings
(fig. 6-43). The partings parallel bands formed by
variations in vesicle concentration. Descriptions by
the crew indicated that the rocks were predominantly
coarse-grained, subophitic, pyroxene-hearing basalts
with shiny ilmenite platelets in the vugs and vesicles.
The rocks appear to be notably uniform except for
gray zones that may represent finer-grained or non-
vesicular areas.

The large basalt blocks on the Camelot rim
undoubtedly represent ejecta from the crater. Impact
theory suggests that the stratigraphically lowest target
materials will most probably be located in the ejecta
nearest the crater rim and that the maximum depth
from which material is likely to be excavated is
approximately one-fifth crater diameter—130 m deep
in the case of Camelot. However, the crater is old,
and the rim has been eroded. The rocks sampled may
not, therefore, represent the uppermost part of the
original ejecta, and 130 m should be regarded as the
maximum possible depth of their origin.

LM/ALSEP/SEP area.—Large boulders of subfloor
basalt were observed and sampled in the LM/ALSEP/

FIGURE 643.—Northwest-looking photograph of vesicles
and prominent parallel partings in basalt boulder on
southwest rim of Camelot Crater. Bootprint treads (lower
right) are = 2 ¢cm wide (AS17-133-20333).

SEP area. The crew described the rocks as uniform,
coarse, vesicular, porphyritic, clinopyroxene-bearing
basalts with = 30 to 40 percent plagioclase and with
ilmenite platelets in the vugs and vesicles. Vesicles
commonly make up 10 to 15 percent of rock
surfaces. A foliated effect is created by partings that
parallel bands of differing vesicle concentration, The
rocks are commonly fractured. A single set of parallel
fractures is visible in one boulder (fig. 6-44), whereas
so-called “Geophone Rock” is intricately fractured
(fig. 6-45).

Blocks in the LM/ALSEP/SEP area belong to a
population of boulders that project through the dark
floor material throughout the area east of Camelot
Crater. Scarcity of such boulders west of Camelot
suggests that the boulders near the LM are probably
not Camelot ejecta but rather ejecta from the craters
east of the LM in the central cluster.

Station 1.—Station 1 is located on the north-
western flank of Steno Crater ~ 150 m from the
Steno rim crest. Subfloor basalt was collected as small
fragments from the soil and as chips from two
vesicular 0.5-m boulders on the rim of a 10-m crater
(fig. 6-46). As at Camelot Crater, the large boulders
are bounded in part by tabular faces and contain
parallel parting planes. A distinct planar boundary
between coarsely vesicular basalt and finely vesicular
basalt is oblique to a set of parallel fractures in one of
the boulders.

R i . -

FIGURE 6-44.—-South-locking photograph showing parallel
fractuzes in (.5-m-high boulder south of deep drill site.
Geophone Rock is at upper left (AS17-134-20505).
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FIGURE 6-45.—Southwest-looking photograph of Geophone Rock, an intricately-fractured, vesicu-
lar, 3-m-high basalt boulder (AS17-147-22535).

The 10-m crater presumably reexcavated basalt Petrography
blocks from within the upper 2 m of the ejecta
blanket of Steno Crater. Steno Crater is 600 m in
diameter; the maximum depth from which rocks

Returned basalt samples may be divided into five
classes of hand specimens:

might have been excavated in the Steno impact is 1. Vesicular, porphyritic, coarse-grained basalts
~ 120 m. The sampled blocks occur approximately 2. Vesicular coarse-grained basalts

one-fourth crater diameter from the Steno rim, 3. Vesicular fine-grained basalts

however, and probably were derived from some 4, Dense aphanitic basalis

intermediate depth in the Steno target. 5. Vesicular aphanitic basalts
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showing
10-m crater at station 1 with sampled 0.5-m boulders on
its rim. Boulder in foreground contains distinct planar
boundary (solid line) between zone of coarse vesicles
(left) and zone of fine vesicles (right). Dashed lines
indicate traces of planar fracture set dipping to right
(AS17-136-20741).

FIGURE 6-46.—Northwestdooking photograph

Individual samples of types (1) and (2) were generally
termed ‘*‘vesicular gabbro” by the Apollo 17 crew.
Examples of (3), (4), and (5) were described as
“fine-grained basalt,” “basalt,” and “obsidian,”
respectively.

Rocks called vesicular, porphyritic, coarse-grained
basalts are characterized by 3- to 4-mm, blocky,
pyroxene-ilmenite intergrowths that are present in
amounts ranging from 5 to 15 percent in the basalts
of this class. Olivine is present in trace amounts in
some of these rocks; where present, it commonly
occurs as partially reacted cores in the pyroxene
phenocrysts. The ilmenite content, while high for
mare basalts as a whole, is relatively low compared to
other Apollo 17 basalts and averages between 15 and
20 percent. The plagioclase content averages 25 to 35
percent. Some layering occurs in larger hand samples:
in one case, grain-size variations are noted; in others,
feldspar and ilmenite laths are alternately foliated and
randomly oriented. Vugs are more common than
vesicles, although both may be present in the same
rock. Cavity content is variable but averages 10 to 15
percent; vugs are alined in planes, are clearly elongate,
and are layered by abundance. Sample 70035 is a
typical example of this class of basalts.

Vesicular coarse-grained basalts are very similar to
those of the above class except that they lack the
pyroxene-ilmenite phenocrysts, and their average
grain size tends to be somewhat finer (=~ 1.0 mm).
This class of basalts is typified by sample 75055,

Vesicular fine-grained basalts are characterized by
a high proportion of vugs and vesicles with ilmenite-
rich linings and by a groundmass grain size ranging
from 0.3 to 0.6 mm. Olivine is commonly present in
rocks of this class as microphenocrysts in amounts of
1 to 2 percent. These rocks are characterized by vug
and vesicle abundances of more than 30 percent;
some are frothy. Sample 71055 is a typical example
of this class of basalts,

Dense aphanitic basalts are characterized by their
very low abundance of cavities and their extremely
fine grain size. Olivine microphenocrysts are widely

‘represented but not abundant. The average grain size

of these rocks is ~ 0.1 to 0.2 mm. Sample 70215 is
typical of this class of basalts.

Vesicular aphanitic basalts are characterized by
abundant and exceptionally large cavities and very
fine grain size. Small amounts of olivine are present in
some samples. Vugs are commonly as large as a
centimeter and reach 3 to 4 cm. Sample 74235
typifies this group.

It is possible that the two coarse-grained basalt
types are gradationally related by decrease of porphy-
ritic pyroxene-ilmenite aggregates, but our best judg-
ment at present is that they represent separate flow
units. It seems more likely that the vesicular fine-
grained basalts are gradationally related to the vesicu-
lar aphanitic basalts through decrease in grain size and
increase in vesicle size. The dense aphanitic basalts
seem clearly to be fragments of a separate flow unit,

A few samples cannot at present be fitted into
these five categories. Samples 71549, 71557, and
71568 are coarse-grained basalts, but we cannot at
present say whether or not they are porphyritic.
Sample 71597 contains 20 to 25 percent olivine—
more than any other basalt in the Apollo 17
collection.

Stratigraphy

A classification of basalts by type and Lunar
Receiving Laboratory (LRL) number is summarized
in table 6-1V. Station numbers are implicit in LRL
numbers. (LRV samples are given the station number
to which the LRV was proceeding when the sample
was taken.) As evidenced by table 61V, the five
basalt types have a fairly wide distribution over the
traverse area. It is also apparent that the distribution
is asymmetric in detail: for example, only one
coarse-grained basalt was collected at station 4, and
no fine-grained types were collected at station 5.
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TABLE 6-IV.—Hand Specimen Classification* of Apollo 17 Basalts

Vesicular,
porphyritic, Vesicular Vesicular Dense Vesicular
coarse-grained coarse-grained fine-grained apharnitic aphanitic
basaits basalts basalts basalts basalts

b70017 b70185 ©71035 and 71036 d70075 471075
70035 471049 £71055 b70215 d,e71525 to 71528
€70135 to 70139 471067 and 71068 471087 b70255 4,871546 and 71547
©70145 to 70149 471086 €71135 and 71136 471048 d,e71555
70155 to 70157 d71503 C71155 to 71157 d71065 and 71066 b.¢71577 and 71578
d70165(7) 75015 b71175 471089 de71585
b10275 ¢75035 d71507 471096 and 71097 d,e71587
b70315 95055 dieq1535 471505 and 71506 d,e71596
471045 to 71047 d7g8505 d,671548 d,e71529 b74235
471069 d,e78575(7) d,e71556 471537 to 71539 d74245
471085 de71558 de71545 d74247
471088 b71565 to 71567 4271569 d74249(7)
471095 b72155 4,6°71575 and 71576 d74285(7)
d71509 b73155 d,e71579 d74286
4271536 d76136 d.71586 d,e78585
d,e71559 b77516 d,671588 and 71589 d.e79516(M
€74255(7) d78507(7) d,e71595
b75075 d78509(7) d73219
476037 d.e7g577 d14246
dez6538 d.e73578 d74248
b77535 die78579 d74248
b77536 d,e78588 d74287(7)
b78135(7) ber3597 74275
478506 d,e79515(7) d.e76537
478576 die76539
579155(7) 4078569

4693586

d,678587

die7g589

d,es8595

4,78596

beygs59g

b,e78599

ARgake samples 71549, 71557, 71568, and 71597 net classified at this time. {?) indicates questionable classification.

b oose rock > 5 em.
CChip from large boulder.
dSmall fragment 1 to 5 cm.
€Rake sample.

Because large blocks are less likely to have been
reworked than small ones, the general relation of
basalt fragments to their source craters is probably
better established from the larger blocks. The basalts
listed in table G-IV are therefore subdivided on the
basis of whether they were collected from sizable
blocks, whether they were loose rocks on the surface,
or whether they were collected as small fragments in
soil or rake samples. Sample distribution by size and
by classification type for all basalts examined to date
is plotted on a traverse map (fig. 6-47).

As shown in figure 6-47, large blocks were sampled
only on the rims of Shorty and Camelot Craters, in
the LM/ALSEP/SEP area, and at station 1. Large
blocks can be confidently related to specific source
craters only at Camelot and station 1, where some
limits on depth of origin can be inferred. In general,
the small fragments appear widely mixed, and their
distribution seems to have little stratigraphic signi-
ficance.

The large blocks on the rim of Camelot Crater are,
so far as we know, all composed of vesicular
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FIGURE 6-47.—Map showing distribution of subfloor basalt samples by size and type (Apollo 17

panoramic camera frame AS17-2309).

coarse-grained basalt. The maximum depth from
which the basalt boulders on its rim were excavated is
= 130 m. Vesicular coarse-grained basalt, represented
by Camelot rim ejecta, may be the deepest subfloor
material sampled on the mission, and the contact
between vesicular coarse-grained material and the

next shallower unit may be at some depth <130 m,

At station 1, which lies approximately one-fourth
crater diameter out on the flank of Steno Crater, the
larger blocks and most of the loose rocks larger than
5 cm in diameter are of vesicular fine-grained basalt.
The station is within the mappable continuous ejecta
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of Steno. If these are original Steno ejecta, material
from intermediate depths (<120 m) could be ex-
pected in that part of the ejecta blanket.

In the LM/ALSEP/SEP area, the large blocks are
vesicular, porphyritic, coarse-grained basalts, They
belong to the population of large blocks that charac-
terized the central cluster ejecta (see section entitled
“Regolith and Mantle Units of the Valley Floor™).
Those in the LM area are difficult to relate to the
continuous ejecta of any single crater and may, in
fact, represent rays or ballistic ejecta from one or
more central cluster craters. If so, they could have
been derived from any depth within the sequence
penetrated by the central cluster craters. The largest
craters are ~ 600 m in diameter; hence, maximum
sampling depth is ~ 120 m (one-fifth crater diame-
ter). If this rock type intergrades with the vesicular
coarse-grained basalt sampled at Camelot, it probably
comes from a slightly higher stratigraphic level.

Except for the intensely fractured S-m boulder at
Shorty, which is vesicular, porphyritic, coarse-grained
basalt, all fragments collected there are of dense
aphanitic or vesicular aphanitic basalt. If the inter-
pretation that the coarse basalts arc related is correct,
the large 5-m boulder may have been reexcavated by
Shorty Crater from the ejecta of some older large
crater. The absence of this basalt among the other
fragments that were collected at Shorty also suggests
that it does not represent the upper part of the local
bedrock, whereas the exclusive concentration of
aphanitic basalt fragments suggests that these may in-
deed represent shallow bedrock.

Sampled subfloor basalts were most probably
derived from depths between =~ 20 and 130 m. The
stratigraphically lowest basalt unit is interpreted to be
the vesicular coarse-grained basalt sampled at the
Camelot rim. This unit may grade upward into the
coarse-grained porphyritic type sampled in the LM/
ALSEP/SEP area. The next stratigraphic unit, pro-
ceeding upward, is the vesicular fine-grained basalt
represented in the Steno ejecta, and the aphanitic
basalts of the Shorty ejecta may be the shallowest
recognizable types. It should be stressed that this
stratigraphic succession is speculative.

Origin
The landing site valley is interpreted to be a deep

graben formed at the time of the Serenitatis impact
event. Geophysical data collected during the mission

suggest that the graben floor is overlain by 1 km or
more of high-density material (secs. 10 and 13). The
sampled part of the subfloor basalt is interpreted to
represent the upper part of the high-density graben-
filling material, which may consist entirely of basalt.
Radiometric age determinations (ref. 6-6) suggest that
filling of the valley by lava flows may have been
completed by approximately 3.8 billion years ago.
Before the final accumulation of the Serenitatis mare
fill, broad arching east of the Serenitatis basin tilted
the subfloor lavas to the east as shown in the present
1° eastward tilt of the valley floor.

Highlands Regolith and Surficial Deposits

The formation of a regolith of impact-generated
debris has been a continuous process in the highlands
of the Taurus-Littrow area as elsewhere on the Moon.
The amount of regolith formed on any surface is
porportional to the length of time that the surface
has been exposed to bombardment by impacting
bodies, whereas the thickness of regolith now present
is also a function of the rate of removal of the
loosened debris. Theoretically, there is no net loss of
debris on flat surfaces because the debris ejected from
a point of impact is balanced by the influx of debris
from nearby and distant impacts. On slopes, there is a
net loss of regolith as impacts at lower levels fail to
throw balancing amounts of debris to the higher
levels. Such a net loss of debris, sufficient to expose
bedrock, occurs at the lip of Rima Hadley, the Apollo
15 landing site (ref. 6-7).

The rolling tops of the massifs and the Sculptured
Hills are considered very old surfaces with thick
accumulations of regolith. On the generally flat
surface above the Sculptured Hills, in particular, very
thick regolith is implied by the close spacing of the
many large craters. The regolith there is probably
several tens of meters thick.

" The upper slopes of the massifs are nearly free of
regolith as shown by exposures of bouldery zones
that may represent near-surface bedrock. Such zones
occur on the upper one-third of the South Massif,
high on the East Massif, and on the upper two-thirds
of the North Massif, These zones seem to have been
the sources of most of the large boulders now resting
lower on the slopes as indicated by boulder tracks.
The slope of the Sculptured Hilis just above station 8
is either mostly covered with thick regolith or is
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composed of material so friable that boulders or
bedrock ledges are rapidly disintegrated by impact.

In addition to the net downslope movement of
ejecta, loose material tends to roll, slide, or bounce
down steep slopes in response to gravity. Such
movements may be initiated by jarring due to impacts
or seismic events or by oversteepening of slopes by
cratering or faulting. Deposits formed by these
processes are distinguished herein as surficial deposits.

Vohlimetrically, the most important surficial de-
posit is talus, a poorly sorted deposit composed of
debris that has arrived essentially piece by piece at its
place of deposition on the lower slopes. The boulders
resting near the bases of slopes and at the ends of
trails leading down the slopes are clearly visible parts
of the talus. Impact fragments thrown onto the lower
slopes also comprise part of the talus. At the bases of
large slopes, the talus forms a continuous apron.
Separate talus streaks rather than aprons are clearly
visible on the inner slopes of some of the large fresh
craters in the region.

Other surficial deposits, denoted herein as mass
movement deposits, occur as masses of debris that lie
beyond the bases of the slopes. These deposits result
when masses of loose debris, mostly regolith, move
downslope as tumbling or sliding units driven by
gravity and gather sufficient momentum to move
beyond the steep slopes. These materials are com-
monly set in motion by some jarring event or when
they become unstable on oversteepened slopes.

Surficial deposits are undoubtedly present on the
lower parts and at the bases of all the large steep
slopes of the highlands. Gentle intermediate slopes
near the base may reflect the occurrence of a
high-lava mark of subfloor basalt. The slopes are more
probably talus deposits that may have been partly
redistributed valleyward by impacts. At stations 2, 6,
and LRV-10, located on the gentle slopes immedi-
ately above the valley floor, fillets occur preferen-
tially on the upslope sides of boulders, which
indicates that debris is currently moving downslope.

Along much of the base of the South Massif, the
talus intersects the valley floor at a sharp angle, which
suggests that downslope movements have been re-
newed so recently, perhaps as a consequence of
recent massif uplift, that impact processes have not
had time to round the knickpoint. Part of this talus
deposit has filled approximately three-fourths of
Nansen Crater. The Nansen impact undoubtedly
caused oversteepening at the base of the talus slope.

Probably the oversteepened, already fragmented rock
debris started moving immediately to fill enough of
the crater to reestablish equilibrium at the angle of
repose.

Except for a few boulders with enough energy to
climb slightly up the opposing slope of the north wall
of Nansen, the debris merely slid into the crater but
did not cross it. The present appearance of the massif
slope into Nansen is that of an active talus apron that
is slowly continuing to fill the crater.

The best documented mass movement deposit is
the light mantle at the base of the South Massif,
which is presumed to be a mass of debris that
obtained enough kinetic energy to spread out across
the valley floor for a distance of =~ 6 km. In several
places, there is evidence for mass movement deposits
older than the falus aprons. Subdued lobes extend
from the highland slopes onto the valley floor along
the base of the North Massif and along the base of the
South Massif between Nansen Crater and Bear Moun-
tain. It is possible that some of these lobes are mass
movement deposits overlying the subfloor basalt.

Mass movements and formation of talus deposits
should date back to the earliest uplift of the massifs.
If the bounding faults were, as we suppose, steeper
than the angle of repose for loose fragments, there
must have been a large transfer of material down the
newly formed slopes until the angle of repose was
reached. Thus, mass movement deposits and thick
talus aprons buried by subfloor basalt are inferred to
overlie the still older rocks that formed the initial
floor and walls of the Taurus-Littrow valley.

Regolith and Mantle Units of the Valley Floor

The subfloor basalt is overlain by fragmental
debris that is as much as 15 m thick where it is cut by
Shorty and Van Serg Craters. A complete understand-
ing of this material must await detailed descriptions
of the numerous soil and core-tube samples. Part of
the material is undoubtedly impact-generated regolith
similar to that developed on mare basalts elsewhere
on the Moon. Premission geologic maps of the Apollo
17 site (ref. 6-1) indicated, in addition to normal
regolith, light and dark mantle units. The light mantle
unit was identified and sampled at stations 2, 2A, and
3 and at LRV sample stops 2, 5, and 6. The dark
mantle was not recognized on the lunar surface as a
distinct stratigraphic unit; a unique darkening com-
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ponent, if present, is apparently intimately mixed
with the impact-generated regolith.

In this report, the fragmental material overlying
the subfloor basalt is divided into an older regolith,
information on which comes mainly from the Van
Serg Crater ejecta, and a younger regolith that occurs
at or close to the surface. In addition, major crater
ejecta blankets around the central crater cluster and
Shorty and Van Serg Craters are mapped and de-
scribed as separate portions of the surficial debris
layer. Inferred stratigraphic relationships among these
units are shown in figure 6-48.

Petrography of Regolith Breccias

A total of 14 samples of breccia (70018, 70019,
70175, 71515, 72135, 79035, 79115, 79135, 79175,
79195, 79225, 79226, 79227, and 79228) was
collected from the valley floor at stations 1, 9,
LM/ALSEP/SEP, and LRV-1. Most of the samples are
probably soil breccias ejected from the older regolith.
Some, however, such as 70019, are soil breccias
formed by impacts in the younger regolith. These
breccias are all dark to very dark gray, are friable to
moderately coherent with numerous penetrative frac-
tures, and typically have low clast populations,

Samples 79115 and 79135 are layered, with
alternating layers on the order of several centimeters
thick that are distinguished by differing clast abun-
dances. Similar layering is also visible in lunar surface
photographs of breccia boulders at Van Serg Crater
(fig. 6-49). Surfaces of penetrative fractures are
commonly weakly slickensided, as was typical of
regolith breccias returned from earlier Apollo mis-
sions. Slickensides are especially well developed in
sample 79135. Clasts larger than 1 mm make up from
1 to = 15 percent of the breccias; most clasts are
smaller than 1 cm, although the crew reported clasts
as large as 0.5 m in breccias of this type at Van Serg

Shorty ejecta

T —
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S Younger regolith Central cluster ejecta
S *Light mantle — ]
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‘g Camelot EjECta Older regolith

Subfloor basalt

FIGURE 6-48.—Schematic diagram of stratigraphic nomen-
clature of valley floor deposits.

Crater. Samples 70019 and 79175 are breccias com-
posed of friable dark clods loosely cemented by dark
glass; these also closely resemble rocks returned by
earlier Apollo missions.

Regolith breccias were also found at two areas
marginal to the valley floor. Five small breccia
fragments (78508 and 78515 to 78518) were found
in a soil sample from station 8. Samples taken from
SWP Crater (e.g., 78120), did not survive in pieces
larger than 1 cm but appear to be similar to the other
regolith breccias.

Older Regolith

The ejecta of the 90-m-diameter Van Serg Crater
includes a large proportion of soft, dark, matrix-rich
breccias (figs. 6-49 and 6-50) the petrography of
which is described in the preceding section. On the
crater rim, the breccias contain scattered light-gray
lithic clasts that are as large as ~ 2 cm in diameter.
Light clasts as large as 0.5 m in diameter were seen in
the dark-matrix fragment-rich breccia on the crater
floor.

The Van Serg breccias can be interpreted as
regolith materials indurated by the impact that
formed Van Serg Crater. So far as we know, subfloor
basalt was not excavated by the impact, although
traverse gravity data (sec. 13) imply its presence in
the subsurface. At least 15 m of regolith material is

FIGURE 6-49.—South-looking photograph of layered dark
matrix-rich breccia in the ejecta of Van Serg Crater
(AS17-142-21821).
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FIGURE 6-50.—West-looking photograph
matrix-rich breccia boulders on rim of Van Serg Crater.
Note small white clasts in the foreground boulder and
sheared aspect of boulder to the right of the gnomon
{AS17-142-21791).

showing dark

interpreted to have overlain the subfloor basalt in the
Van Serg area when the crater was formed. The
deepest part, represented by the Van Serg rim and
floor rocks, is presumed older than the central cluster
ejecta and hence represents older regolith material.

Central Cluster Ejecta

The regolith is subdivided locally by recognizing as
unique a portion that is considered to be the complex
ejecta blanket of a cluster of large craters that lie
mostly to the south and east of the LM (fig. 6-51).
This uvnit, distinguished by an abundance of blocks
visible at the surface, is terrned the central cluster
ejecta. Younger deposits are apparently too thin to
bury the blocks in the unit, and the unit is too young
for the blocks to have been reduced much in size by
later impacts. The general distribution of blocks
considered as central cluster ejecta is shown in figure
6-51. It is assumed that beyond a crater diameter
from the nearest crater of the cluster, the fine-grained
ejecta will be present in significant amounts only
discontinuously. The unit probably does not extend
as far as the LRV station at Tortilla Flat but may
coat station 5.

The shape of the central cluster ejecta unit must

be that of a very complex lens as it is composed of
the ejecta, rim, and continuous blanket deposits of
each of the craters within the cluster. At station I, a
2-m-deep crater does not appear to have penetrated
the total thickness of the unit, which is expectable
because station 1 is only approximately one-fourth
crater diameter out from the rim of Steno, a member
of the cluster. At the deep core site, =~ 40 m north of
the ALSEP central station, the central cluster ejecta is
assumed to be thin because the site is more than a
crater diameter away from any large member of the
cluster. The deep core probably penetrated the entire
unit; the change of soil appearance, seen in corestem
joints, at a depth of &= 1 m probably indicates the
base of the central cluster ejecta.

All blocks from the central cluster ejecta that were
sampled are considered to be subfloor basalts. Smaller
sampled fragments are more difficult to relate to a
source, but the preponderance of surface rock frag-
ments from the LM/ALSEP/SEP and station 1 sites
must have come from the subfloor basalt either
directly or after reexcavation. Soil samples in the area
must be considered as originating from the overlying
younger regolith unit. The ejecta of the central
cluster unit is inferred from crater depths and
estimated regolith thickness to contain roughly three
times as much subfloor basalt as older regolith. The
older regolith contains a large percentage of fine
basalt fragments, so the expected amount of basalt in
the central cluster ejecta, or later reexcavated de-
posits, is at least 80 percent. A net effect of the
central cluster ejecta was to create an immature
regolith surface layer overlying what must have been,
in general, a very mature regolith. The immaturity is
most easily seen in the common occurrence of blocks
and rock fragments. It is also reflected in the
lithologic composition by the high percentage of
fragments newly derived from the subfloor basalt and
a little admixture of exotic components such as ejecta
from impacts in the highlands.

Samples collected from the central cluster ejecta,
either directly from boulders protruding through the
younger regolith or from reexcavated parts of the
unit adjacent to some recent crater, would be
expected to consist mostly of subfloor basalts that
originally came from the uppermost 120 m of that
unit.

Younger Regolith

Premission mapping of the Taurus-Littrow valley
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A

FIGURE 6-51.—Map showing the craters of the central cluster, related boulders, and the outline of the

central cluster ejecta.

showed the valley floor to be covered with a dark
mantle unit considered younger than the subfloor
basalts and older than the light mantle. With the
recognition of the central cluster ejecta unit, the
definition of the dark mantle must be modified. The
surface layer of material that overlies the central
cluster ejecta where it is present is herein considered
as a unit, composed of both regolith and whatever
dark mantle may be present, and is termed the
younger regolith. The surface of this unit was
traversed, so all shallow soil samples should be part of
it. The light mantle is considered as a local unit that is
equivalent to some central part of the younger
regolith. Regolith younger than the central cluster
ejecta is certainly present at the landing site, but a

unique component that can be called dark mantle has
not been identified. The reasons for having postulated
a dark mantle unit during premission mapping remain
valid and will be briefly stated. The findings of the
Apollo 17 crew will then be summarized.

An area of very low albedo is present along the
southeastern edge of the Serenitatis basin as shown
on full-Moon photographs (fig. 6-52). The boundaries
of this area have been mapped somewhat differently
by various mappers and the interpretations of the
very low albedo have differed, but the presence of an
anomalous area has been recognized by previous
workers (refs. 6-1 and 6-2 and part B of sec. 29).
Photographs taken during the Apollo 15 mission
indicated that dark areas existed along the edge of
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FIGURE 6-52.—Earth-based telescopic view of southeastern part of Mare Serenitatis showing light
central mare, dark annular ring, and dark mantie (U.S. Navy photograph 5819).

Mare Serenitatis, in the valleys to the southeast, and
as spots and discontinuous coatings in the highlands.
This distribution seemed to require an interpretation
of a thin mantling unit that conformed to underlying
topography. Several experiments seemed to confirm
the presence of a dark mantle unit, especially the
spectral results that indicated a compositional differ-
ence from other mare volcanic types (ref. 6-8).
Because it is widespread, the dark mantle was

interpreted as most likely to be a volcanic pyroclastic
deposit with many source vents located both in the
highlands and in the valleys. The thickness was
considered to range from as much as 20 m to as little
as a few centimeters within the traverse area planned
for the Apollo 17 crew. The reasons for the existence
of a dark mantling unit are discussed in detail in part
B of section 29.

The photographs taken from orbit during the
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Apollo 17 mission permit a reevaluation of the
very-low-albedo area seen on the full-Moon photo-
graphs. The low Sun angles of the Apollo 17
photographs permit individual mare units to be
separated. A comparison of the Apollo 17 photo-
graphs with the full-Moon photograph shows that, in
the Mons Argaeus arca, the dark mantle edge cuts
across mare unit contacts and is thus independent of
the mare units. In the Mons Argaeus area, the dark
mantle apparently overlies the high-albedo, main
mare unit of Mare Serenitatis. As shown in figure
6-52, the very low albedo of the dark mantle unit
extends from the Mons Argaeus area eastward to
include the landing site. Hills west of the landing site,
in addition to having a very low albedo, have a more
rounded and subdued appearance than adjacent
brighter hills as though covered by a thin mantle.

In summary, the weight of evidence favors the
formation of a dark mantle sometime after the
deposition of the subfloor basalt in the Taurus-
Littrow region. Evidence that the mantle is substan-
tially younger than the subfloor is present in one area
to the west of the landing site. The dark material
apparently has been mixed with underlying material
nto a regolith unit.

The thickness of dark mantle that was suggested in
premission studies ranged from several centimeters to
20 m. The 20-m thickness was based on the hypoth-
esis that Shorty Crater had ejected only dark mantle
from beneath light mantle. Most of the thickness at
Shorty between the light mantle and subfloor basalt
is now considered older regolith, and no distinct dark
mantle layer was seen. If only several centimeters of
dark mantle were present, it could be mixed with the
regolith portion of the valley fill unit. Although no
unique dark mantle component has been identified at
the Apollo 17 site, the evidence for such a com-
ponent at the edge of Mare Serenitatis seems inescap-
able. The low albedo may be caused by the presence
of many tiny opaque black spheres found in the soils
(sec. 7).

New photographs from orbit reinforce other evi-
dence for the existence of a mantling component in
the Family Mountain region just a few kilometers
west of the traverse route. The evidence is the
presence of surface areas that appear distinctly
different. On Lunar Orbiter V and Apollo 15 photo-
graphs, a triangular area, which appeared slightly out
of focus or fuzzy, had been noticed between Family
Mountain and the South Massif. This area includes

the cone considered as a cinder cone (ref. 69). On
the Apolio 17 photographs taken at a low Sun angle,
the area has many sharply defined small craters, but
larger features are definitely more rounded in appear-
ance than they are in adjacent areas. The best
explanation seems to be that the area is a unit of
mantling material of local extent. Its area might
include the western edge of the light mantle. Two
other small areas of smooth surfaces nearby are
adjacent to steep slopes; the smoothing unit, how-
ever, could be debris derived from the nearby slopes.

In general, the areas of smooth surface are
considered to be evidence for dark mantle, and their
nearness to the traverse area suggests that at least a
few centimeters of dark mantle might exist in the
traverse area. Such a thin unit with the degree of
cratering seen in the smooth areas would be gardened
by impacts to a depth greater than its thickness; that
is, it would not exist as a pure layer but would be
mixed with underlying material into a regolith layer.

Light Mantle

The light mantle is a deposit of high-albedo
material with finger-like projections that extend 6 km
across dark plains from the South Massif. The light
mantle was interpreted from premission photographs
as a probable landslide or avalanche from the steep
northern slope of the South Massif (refs. 6-1 and
6-10). The samples collected at stations 2, 2A, and 3
on the light mantle are similar to those that comprise
the South Massif, which supports this hypothesis (sec.
7). A cluster of apparent secondary craters that is
visible on top of the South Massif in the low-Sun-
angle panoramic camera photographs from Apollo 17
may record the impacts that initiated the avalanche.

Thirteen rock samples were collected from stations
on the light mantle. Three of these samples {73155,
73217, and 73235) are blue-gray breccias with
light-gray clasts and appear to be very similar to those
collected at station 2. Sample 73217 is unusual in
that it has a blue-gray portion of the breccia with a
veneer on one edge that is composed of blue-gray and
white sugary clasts in a friable light-gray matrix. The
main body of this rock may be a clast from light-gray
breccia. Two samples (73215 and 73255) are light-
gray breccias composed of gray clasts in a light-gray
friable matrix and appear to be very similar to those
sampled from boulder | at station 2. Sample 73215
has a crude foliation resulting from alternating bands
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of gray and white material. Three samples (73216,
73218, and 73275) are greenish-gray breccias and
appear to be similar to those collected from boulder 2
at station 2. Five samples collected at LRV-6 (74115
to 74119) are very friable, medium light-gray regolith
breccias that contain a few white clasts.

The materials of the light mantle have an albedo of
= 20 percent at the surface, which is slightly lower
than the 25 percent of the massif slopes (see section
entitled “Albedo Measurements™). This albedo differ-
ence is probably due to the formation of a regolith
and consequent darkening of the surface of the light
mantle; continued downslope movement of materials
of the South Massif brings newly exposed materials to
the surface of the massif, hence the darkening process
is not so effective on the steep slopes. At a distance,
the crew recognized that the bright aspect of the light
mantle is primarily manifested by numerous small
craters the walls and rims of which are brighter than
any in the dark plains. These craters probably expose
fresh material.

The light mantle consists mainly of unconsolidated
fines. Comments by the crew and photographs taken
at stations 2A and 3 and while driving indicate that
rocks > 25 ¢m across are sparse on the surface of the
unit. Smaller rocks are fairly common but not
abundant. A single large (3 to 4 m) boulder was
encountered on the traverse. The scarcity of rocks
sugpests that the avalanche mainly consisted of
regolith from the surface of the massif and did not
involve the sliding of underlying bedrock.

The light mantle feathers out at its margins away
from the South Massif. Near the extremities of the
mantle, Shorty Crater and a smaller nearby crater
appear to penetrate through the slide into underlying
valley regolith. Craters of this size nearer the South
Massif do not penetrate to darker underlying mate-
rial.

A greater thickness near the base of the massif is
also suggested by the occurrence of numerous low
ridges that become less distinct farther from the
massif (fig. 6-53). The ridges are alined in the
apparent direction of movement of the avalanche
away from the massif and are spaced 25 to 100 m
apart. In some orbital photographs, lineaments appear
to form V’s that open away from the massif. Similar
lineament patterns are visible in areas of similar relief
just northwest of the light mantle. This similarity
suggests that the V lineaments are not necessarily
associated with the emplacement of the avalanche.
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FIGURE 6-53.—Pancramic camera photograph showing de-
tails of the light mantle and Lee-Lincoln Scarp {Apollo 17
panoramic camera frame AS17-2309).

The lineaments may be enhanced or created by the
lighting condition, an effect that is not fully under-
stood (refs. 6-11 and 6-12). On the other hand, the
lineament patterns resemble interference patterns
seen in the lee of obstacles in a moving fluid.

Descriptions by the crew at station 2A indicate
that the upper portion of the light mantle is
composed of 5 to 15 ¢m of medium-gray material
underlain by light-gray material. The medium-gray
material may be regolith, darkened by the formation
of impact glass, that has been formed from small
contributions of dark soil from impacts occurring on
the dark portions of the valley floor.

The trench (fig. 6-54) at station 3 was dug into the
rim of a 10-m crater. The bottom of the trench
exposed a marbled zone of light- and medium-gray
materials. The texture of the marbled material is
similar to the textures and ejecta from terrestrial
impacts such as Meteor Crater (fig. 6-55), and this
material may be ejecta from the 10-m crater in which
undiluted light mantle was mixed with precrater
regolith. Qverlying the marbled material is a 3cm-
thick layer of light material, which may represent
unmixed light mantle ejected from well below the
precrater regolith. Where the trench was dug, on the
rim of the 10-m crater, the upper part of the
stratigraphic sequence had probably been eroded by .
impact of small meteorites (refs. 6-7 and 6-13). Thus,
the 3-cm layer of light material was probably signifi-
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FIGURE 6-54.—Presampling view of trench wall at station 3. (a) Southwest-looking view (AS17-138-
21148). (b) Enlargement of part of figure 6-54(a). Hachured area is light-gray material; remainder
is medium gray. The 0.5 cm of medium light-gray regolith that caps the mapped units is not
separately mapped (AS17-138-21148).

cantly thicker at its time of deposition as crater layer is interpreted to be the regolith that has formed
ejecta. The uppermost layer in the trench is 0.5 cm of  on the ejecta of the 10-m crater (fig. 6-56).

medium-gray material that is slightly lighter than the The size-frequency distribution and morphologies
medium-gray component of the marbled zone. This of craters on the light mantle suggest that its age is
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FIGURE 6-55.—Marbled texture in ejecta at Meteor Crater,
Arizona. Compare with figure 6-54 (U.S. Geological
Survey, Center of Astrogeotogy photograph 76824).

comparable to that of the crater Tycho, or on the
order of 100 million years. Crater counts show that
the saturation crater size is 2 to 4 m. The saturation
crater size at Tycho is 2.8 m (ref. 6-14).

Another way to estimate age uses the crater
degradation model of Soderblom and Lebofsky (ref.
6-13). The diameter of the largest unshadowed crater
(Dx) on Apollo 17 panoramic camera frame 2308
{Sun angle SA = 16.3%) is 30 + 10 m. By using this
calculation, the age expressed as the diameter of a
crater (D) which would be eroded to 1° slopes was
catculated as 13 £ 5 m. This age compares with that
of Tycho Crater, where Dy = <20 m (ref. 6-13). A
minimum age for the light mantle is the exposure age
(20 to 30 million years) for the orange soil deposited
on the rim of Shorty Crater (ref. 6-15).

The light mantle is larger than most other lunar
avalanches and, unlike many, has no conspicuous
source ledge on the slope above. New evidence
suggests that the avalanche was triggered by secon-
dary impacts from a distant crater. This evidence is
based on the recognition on Apollo 17 low-Sun-angle
orbital photographs of a cluster of 100-m craters on
the top of the South Massif and a similar cluster on
the plains adjacent to the northwest side of the light
mantle. The elongation of the cluster craters suggests
that they are secondaries from a distant crater to the
southwest, possibly of Tycho. If impacts from the
same cluster of secondaries impacted the north-
western slope of the South Massif, they could have
initiated the avalanche. Elsewhere on the Moon are

éoltom of trench
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Bottom of trench
at station 3

at station 2A

\\ 10-m crater

Explanation at station 3

[[] Medium-gray (lighter than
medium-gray component
of marbled mantle} regolith
formed on crater ejecta

Marbled mant!e (the old
medium-gray regolith and
light-gray mantle) over-
turned and mixed

Precrater medium-gray regolith

] Light-gray mantle

FIGURE 6-56.—Interpretation of stratigraphy as seen in
trenches on the light mantle at stations 2A and 3.

other avalanches that clearly were similarly initiated
by the impact of crater ejecta on slopes facing away
from the primary crater (ref. 6-10).

Shorty Crater

Shorty is a fresh 110-m crater located near the
north edge of the light mantie. It resembles other
craters that have been interpreted as young impact
craters. The floor is hummocky, with a low central
mound and with marginal hummocks that resemble
slumps forming discontinuous benches along the
lower parts of the crater wall. The rim is distinctly
raised and is sharp in orbital views. The dark ejecta
blanket is easily distinguished from the high-albedo
surface of the surrounding light mantle, which it
overlies. However, the low albedo of the ejecta is
similar to that of the dark younger regolith elsewhere
on the plains surface.

Samples were collected in a low place on the rim
crest of Shorty Crater just south of a 5-m boulder of
fractured basalt (fig. 6-57). Debris that may have
been shed from the boulder lies on the nearby
surface, and blocks are abundant on this part of the
inner crater wall. All the rocks examined are basalt.
Most are intensely fractured and some show irregular
knobby surfaces that resemble the surfaces of terres-
trial flow breccias. Rocks range from angular to
subrounded; some are partially buried; some are
filleted, including the upslope sides of a few of the
larger boulders on the inner crater wall.
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FIGURE 6-57.—Northwest-looking view of southwest rim of
Shorty Crater showing sampling area and areas of orange
soil as indicated by dashed lines. Large sampled boulder
on rim is 5 m wide (AS17-137-21009 and 21011).

The floor material, exposed in the central mound
(fig. 6-58), is blocky and extremely jagged. It may
differ in lithology from the basalts of the rim. The
hummocks or benches that encircle the floor as well
as portions of the walls are also blocky. However, the
wall, the rim, and the outer flank of Shorty Crater
consist largely of dark material that is much finer
grained than the floor. On the crater rim, fragments
as large as =~ 15 cm in diameter typically cover <3
percent of the surface. Scattered coarser fragments,
ranging up to at least 5 m in diameter, are present.
The crater rim and flanks are pitted by scattered,
small (to several meters) craters the rims of which
range from sharp to subdued. Typically, their ejecta
are no blockier, except for clods, than the adjacent
surfaces.

Although a volcanic origin has been considered for
Shorty Crater, no compelling data to support the
volcanic hypothesis have been recognized. The type
of pure accumulation of basaltic spatter or cinders
that forms steep-sided terrestrial volcanic cones has
not been recognized; nor does the steeply raised sharp
rim of Shorty resemble the low rounded rims of
terrestrial maar craters. Most probably, Shorty is an
impact crater. Its blocky floor may represent either
impact-indurated soil breccia or the top of the
subfloor basalt, which is buried by 10 to 15 m of
poorly consolidated regolith, including light mantle
(fig. 6-59). The predominantly fine-grained wall, rim,
and flank materials are probably ejecta derived largely
from materials above the subfloor, and the basalt
blocks may be ejecta derived from the subfloor.
Regardless of its origin, the crater is clearly younger
than the light mantle,

FIGURE 6-58.—North view across 110-m-diameter Shorty
Crater. Far crater wall, blocky benches encircling floor,
and jagged rocks of central mound are visible (AS17-137-
21001).
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FIGURE 6-59.—Schematic cross section through Shorty
Crater with vertical scale exapgerated.

Unusual orange soil is known to occur in two
places on the Shorty Crater rim crest as well as in the
ejecta of a small fresh crater high on the northwest
interior wall of Shorty (fig. 6-57). A trench exposed
an 80-cm-wide orange zone that trends parallel to the
crater rim crest for several meters. The orange soil is
markedly coherent as shown by the systematic
fractures in the trench wall (fig. 6-60). It is also
zoned; a wide central reddish zone, now known to
consist largely of small red and orange glass spheres
and fragments, grades laterally to marginal yellowish
zones =~ 10 cm wide (fig. 6-61). The yellowish zones
in turn are in sharp steep contact with light-gray
fragmental material that is probably typical of the
Shorty Crater rim. A double drive tube placed in the
axial portion of the colored zone bottomed in black
fine-grained material now known to consist of tiny,
opaque, black spheres (sec. 7). The contact between
orange and black glass occurs within the upper drive
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FIGURE 6-60.--North-looking photograph showing orange glass material and light-gray fragmental
material exposed in trench on rim crest of Shorty Crater. Short lines indicate more prominent
fractures in the orange glass material (AS17-137-20986).

tube at a depth estimated from the debris smeared on orange glass material implies solidification during or
the exterior of the tube to be = 25 ¢cm. shortly after the period of subfloor basalt volcanism,

The origin of the red and black glass materials is Shorty Crater, of course, is much younger. Such glass,
uncertain. The radiometric age determination for the whether ejected from an impact crater or a volcanic
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FIGURE 6-61.—Schematic cross section showing materials in
trench and double drive tube on Shorty Crater rim crest.

vent, may have lain as a layer (or layers) either within
the upper part of the subfloor basalt sequence or
deep within the regolith overlying the subfloor basalt
in the target area. If so, the orange and black glassy
materials may represent clods of ejecta excavated by
the Shorty impact. However, the symmetrical color
zonation of the orange soil, internal color zoning of
at least one clod, and apparent parallelism of the
steep boundaries of the zone with both the internal
color banding and the axis of the rim crest are
improbable features for a clod of cjecta unless the
clod has undergone alteration subsequent to its
emplacement, a process heretofore unknown on the
Moon. The color zoning and steep contacts might be
more readily explained if the glass material, derived
from a layer of similar material in the target, were
mobilized by the impact and driven dike-like into
concentric fractures. However, the occurrence of
black glass material below the orange glass material in
the double drive tube (fig. 6-61) and the absence of
the black glass at the surface suggests the existence of
horizontal or gently dipping layering, a geometric
arrangement that would be reasonable in a clod of
ejecta but is difficult to reconcile with injection of
old glass material into a concentric fracture.

A 0.5-cm-thick layer of dark fine-grained soil
overlies both the orange soil zone and the adjacent
light-gray fragmental material. This dark surface

material may represent the regolith that has formed
since the formation of Shorty Crater.

Van Serg Crater

Van Serg is a fresh 90-m-diameter impact crater. It
has a blocky central mound = 30 m across, discontin-
uous benches on the inner walls, and a raised blocky
rim with a distinct crest from which the blocky ejecta
blanket slopes outward. The bench is particularly well
developed on the north wall, where the crew reported
that materials in the crater wall above the bench were
darker than those below. Its ejecta blanket is distinct
in lunar surface views because of its blockiness, which
is greater than that of the adjacent plains. The ejecta
blanket can be recognized, at least in part, in orbital
photographs as a distinct topographic feature, but it
is inseparable from the adjacent plains on the basis of
albedo.

Rocks in the Van Serg ejecta range to ~ 30 cm,
with a few boulders as large as 1 to 2 m in diameter.
At the rim crest, fragments larger than 2 cm cover
= 10 percent of the surface, but they cover no more
than 3 percent of the surface on the outer flank of
the crater. The predominant rock type at station 9 is
soft or friable dark matrix-rich breccia. White clasts
ranging to ~ 2 cm in diameter are visible in some
rocks on the crater rim, and light-colored clasts
possibly as large as 0.5 m in diameter were seen in
rocks of the central mound. Some rocks are slabby.
Closely spaced, platy fractures occur in some, and a
few show distinct alternating light and dark bands.
Some frothy glass agglutinate was also sampled,
Despite their apparent sofiness, the rocks are typi-
cally angular. Many are partially buried, but there is
little or no development of fillets even on the steep
inner watls of Van Serg Crater.

Soil at the surface is uniformly fine and gray with
no visible linear patterns. The uppermost 1 or 2 cm is
loose and soft. A trench on the outer flank of the
crater exposed = 10 cm of light-gray fragmental
material below a 7-cm layer of dark surface material
(fig. 6-62).

Craters younger than Van Serg are extremely rare
in the station 9 area. A few small (= 1 m) craters are
present. A large subdued depression immediately
south of Van Serg may be an old crater now mantled
by Van Serg ejecta. The frequency and angularity of
blocks, the paucity of craters, the general absence of
fillets, and the uneroded nature of the crater rim and
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FIGURE 6-62.—North-looking photograph showing trench
on outer flank of Van Serg Crater = 70 m from rim crest,
Dark surface material overlies light-gray fragmental mate-
rial (AS17-142-21827).

the central mound attest to the extreme youth of
Van Serg Crater. Evidence for its being younger than
Shorty is equivocal. Its rim seems to be slightly
sharper than the rim of Shorty in orbital photo-
graphs, and small craters may be slightly more
abundant on the Shorty rim.

There is no evidence that the Van Serg impact
excavated subfloor basalt. The fragment-rich breccias
and dark matrix-rich breccias of its floor, rim, and
outer flank may be regolith breccias indurated in the
Van Serg impact, If this reasoning is correct, then at
least 15 m of regolith is inferred to overlie the
subfloor basalt in the Van Serg area. However, these
breccias may be of a volcanic type not previously
recognized and may be associated with the orange
and black glass formations.

Near coincidence of the albedos of the blocky Van
Serg ejecta blanket and the nearby smooth regolith
surface is puzzling. Possible explanations are that the
elusive dark mantle material is represented in the
ejected older regolith as well as at the present regolith
surface or that the dark surface material recognized
on the crater rim and flank has masked any distinc-
tion between the Van Serg ejecta and the nearby un-
disturbed regolith surface.

STRUCTURAL GEOLOGY

Geologic Structure of the Landing Site

The valley in which Apollo 17 landed is bounded
by high steep-sided mountain blocks that form part
of the mountainous eastern rim of the Serenitatis
basin, The blocks are thought to be bounded by
high-angle faults that are largely radial and concentric
to the Serenitatis basin. Hence, the valley itself is
interpreted as a graben formed at the time of the
Serenitatis impact. Some of the prominent faults are
not concentric or radial to Serenitatis, although major
displacements probably occurred along them when
Serenitatis was formed. The faults may have been
preexisting zones of weakness related to older basins
such as Tranquillitatis or to the so-called lunar grid.

Massifs and Sculptured Hills

Each massif block probably is a structural entity
uplifted during the Serenitatis event. Rejuvenation of
these older structural elements may have occurred
during the Imbrian event as suggested by the elonga-
tion of the Taurus-Littrow valley, which is radial to
both Imbrium and Serenitatis. Segmentation of the
massifs may be an inheritance from the even earlier
Tranquillitatis event.

The massifs adjacent to the landing site appear
similar in slope, albedo, and degree of cratering. They
contrast with the closely spaced domical hills of the
Sculptured Hills, which also form fault block moun-
tains. No unequivocal Sculptured Hills material has
been recognized among the samples; hence, the
reason for the differing appearances of the massifs
and the Sculptured Hills is not clearly understood.
The massifs may consist of distinctly different mate-
rials with more friable material occurring in the
Sculptured Hills. For example, the massifs may
consist largely of pre-Serenitatis ejecta uplifted in the
Serenitatis event, whereas the Sculptured Hills may
consist mainly of Serenitatis ejecta. Alternatively,
each might consist mainly of a different facies of
Serenitatis ejecta, with more thorough recrystalliza-
tion increasing the coherence of the massif materials.
On the other hand, the initial materials of the two
units may be similar, but subsequent deformational
history may have caused their different aspects. For
example, relatively recent uplift selectively affecting
the massif blocks may have rejuvenated slope proces-
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ses to create the relatively uninterrupted steep slopes
that distinguish the massifs from the Sculptured Hills.

Single, major bounding faults are inferred along
the face of each mountain block. Such faults can be
recognized at younger, less modified basin margins
(e.g., Orientale, Imbrium). These faults are probably
very steep—more than 60° and probably close to 90°
for the radial faults. They are buried under the talus
aprons and lie valleyward from the lowest outcrops
visible on the massif faces. Sharp knickpoints at the
massif bases suggest that additional later uplift may
have reinitiated downslope movement of talus.

Valley

The Taurus-Littrow valley appears to be a long
narrow graben radial to the Serenitatis basin. The
graben probably is composed of several structural
blocks and did not move as an entity. Its floor, now
buried, is thus visualized as having steps between
blocks the separate tops of which are at different
¢levations. These buried tops probably resemble in
roughness the present tops of the massifs and the
Sculptured Hills.

The present uniformity of the valley floor is due
to the continuity of the valley fill surface. The fill
probably consists of rubble created at the time of
block faulting overlain by basalt (subfloor) and
regolith materials that are younger than any large
differential movements of the structural blocks. The
surface continuity must be due mainly to infilling by
subfloor basalts that are interpreted from geophysical
measurements (secs. 10 and 13) to be 1 km or more
thick.

The valley floor slopes ~ 1° toward its eastern
end. This small dip is interpreted as structural rather
than depositional because it is coincident with other
regional surface slopes. The NASA Lunar Topo-
graphic Orthophoto Map (1972) shows an east-tilted
belt that includes the Taurus-Littrow valley and the
floor of the crater Littrow (fig. 6-1). The tilt is
interpreted to record development of a broad arch
formed by uplift along the mountainous Serenitatis
rim after the subfloor basalt fill had accumulated in
the Taurus-Littrow graben. Long shallow grabens
largely concentric to the Serenitatis basin were
created during this deformation. They were truncated
by younger mare-filling deposits that subsequently
accumulated in the Serenitatis basin.

Younger deformational features on the valley floor
include the Lee-Lincoln Scarp, which is discussed
subsequently and several small sharp grooves that are
visible on the surface of the light mantle in the
low-Sun-angle photographs taken with the Apollo 17
panoramic camera. These grooves appear to be small
grabens similar to the small graben rilles that are
common on mare surfaces. They were probably
formed by minor tectonic movements that occurred
after the emplacement of the light mantle.

Lee-Lincoln Scarp

The origin and nature of the Lee-Lincoln Scarp are
still puzzling. Tts steep face nearly everywhere faces
east, commonly in a pair of steps the total relief of
which reaches 80 m in the center of the valley. A few
prominent smaller west-facing scarps are present, best
seen from Lara Crater northward where the shadowed
highlighting is enhanced by the whiteness of the light
mantle (fig. 6-53). Individual segments disappear
along strike as another picks up the displacement; in
places, it appears almost braided. The trends of
individual segments of the scarp appear to alternate
between north and northwest as if conirolled by an
underlying prismatic fracture system. This same set of
trends is identifiable in segments of the scarp along
the western base of the North Massif. Here, however,
the scarp is single and always faces east—toward the
massif—in the form of a reverse or thrust fault. Forty
kilometers to the north, the scarp passes out onto the
dark plains surface where it cuts Rima Littrow I (fig.
6-1).

The overall length, trend, asymmetry, and mor-
phologic character of the scarp resemble that of the
larger wrinkle ridges of the adjacent Serenitatis mare
(part A of sec. 29). This similarity suggests a common
origin—possibly folding and thrusting of a thin plate
(décollement sheet) eastward. The relative youth of
this deformation is indicated by the transection of
fresh Copernican craters by wrinkle ridges in the
mare, by the fresh, possibly rejuvenated scarplets that
may be younger than the light mantle, and by the
good preservation of the scarp in the unconsolidated
materials of the North Massif face. An alternative
possibility is that the Lee-Lincoln Scarp is the surface
trace of a complex high-angle fault that changes strike
where it follows the old North Massif boundary fault
immediately north of the valley.
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ALBEDO MEASUREMENTS

Lunar surface and orbital photographs were used
to map albedo in the Taurus-Littrow area. Down-Sun
60-mm photographs at each traverse station in com-
bination with high-resolution 500-mm photographs of
the mountain slopes provided the control for photo-
metric measurements made from orbital photographs.

Relative film densities of Apollo 15 panoramic
camera frames 9557 and 9559 were measured on a
Joyce-Loebl microdensitometer. The scanning aper-
ture was 50 um square, equivalent to an integrated 9
m? of lunar surface. Film densities, after calibration
to normal albedo as determined in down-Sun lunar
surface photographs in areas of fine-grained regolith
and after adjustment to remove the effects of
topographic slopes, are proportional to albedos of
lunar surface materials. Topographic corrections were
derived from the NASA preliminary topographic map
of part of the Littrow region of the Moon.

The resulting map (fig. 6-63) was smoothed to
remove scanning noise and high-frequency albedo
variations. Important qualifications are that the usual
lunar photometric function was applied for the
Apollo 17 areas and that the albedo adjustments for
topography are approximate because of inaccuracies
of slope orientations. Comparisons of albedo values
are most reliable between areas with similarly ori-
ented slopes.

The albedo map (fig. 6-63) can be compared with
an orbital photograph of the arca at a similar scale
(fig. 6-64). The east-west trending valley floor is the
most continuous physiographic unit. Except for the
light mantle, in which albedo ranges from 14 to 23
percent, the albedo of the valley floor is low. It
ranges from 14 percent in the western part to 9
percent over the eastern portion. The albedo of the
floor generally increases gradually (3 to 4 percent)
along a 300- to 600-m-wide outer zone (generally
depicted by unit 6) adjacent to the base of the
surrounding mountains. This zone is considered to
represent mixing of lighter highlands regolith with the
much darker floor regolith and is remarkably nar-
rower than the 1- to 2-km width of a similar zone at
the Apolio 15 site (ref. 6-16). The lighter valley floor
area between the South Massif and Family Mountain
may represent a more extensive mixing zone, perhaps
related to the proximity of uplands material at the
surface or to its presence at very shaflow depths in
the subsurface. Even so, the mixing zone at the foot

of the South Massif (depicted by unit 5) scems to be
as narrow as along the northern side of the valley
floor.

The massifs and hills surrounding the valley
generally have albedos ranging from 15 to 34 percent,
as is normal for lunar highlands. However, local small
depressions contain dark material with albedo aslow
as 10 percent. The lightest regolith material occurs on
the steepest slopes and on top of some rounded
domes. The slopes of the South Massif are lightest
from one-fourth to three-fourths of the way down
the slope front and darker near the top and bottom
of the slopes. The small undulating plains area on top
of the South Massif (unit 5) is as dark as the valley
floor between the massif and Family Mountain (14
percent) with tongues of the material draping over
the edge of the upper massif slopes and extending
down the steeper slopes. The North Massif has lighter
regolith on the tops of rounded domes and down the
upper two-thirds of the slopes. Small closed depres-
sions on top of the massif that are too small to be
shown in figure 6-63 show slight darkening in the
western part and increasing darkening toward the
eastern part. The Sculptured Hills show a general
darkening toward the east with the regolith in similar
small depressions ranging in albedo from 17 to 14
percent. The large upland basin to the northeast has
extensive regolith with 12-percent albedo. The East
Massif is similar to the North Massif, but the small
closed depressions darken toward the southeast.
Albedos as low as 10 percent occur immediately
south of the map area.

The surfaces of the small intramassif and intrahill
depressions are from 1200 to 2000 m higher than the
floor of the Taurus-Littrow valley. These dark areas
are considered to contain bedrock material similar to
the surrounding massif or hill bedrock. There is no
observed geologic evidence to suggest that any mare-
like basalt could have flooded these small depressions.
Yet the darker albedos of many depressions are
similar to the albedos of the mare areas and of the
Taurus-Littrow valley floor.

The lunar regotith is generally considered to be
developed primarily by repetitive crushing of local
bedrock by impact processes (ref. 6-17). The product
is a fine-grained layer that is darker than the original
bedrock. Mare basalt fragments with albedos ranging
from 13 to 21 percent occur with fine-grained
regolith of 9- to 13-percent albedos (ref. 6-7). The
ratio of the albedo of the fine-grained regolith to the
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FIGURE 6-63.—Albedo map of Apollo 17 landing site. Albedo information obtained by digitization of
panoramic photographs AS15-9557 and 9559. Albedo values were adjusted for local slope effects.
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FIGURE 6-64.—0rbital photomap of area shown in figure 6-63. Sun angle is 55°. Base map prepared
for NASA by U.S. Army Topographic Command under the direction of the Department of
Defense, 1972.
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contained rock fragments for mare surfaces ranges
from 0.62 to 0.68 and for highland surfaces from
0.55 to 0.68. Thus, the percentage of regolith
darkening with maturity is only slightly greater for
the hightands (32 to 45 percent) than for the mare
(32 to 38 percent).

On the floor of the Taurus-Littrow valley within
the landing area, average normal albedos of the floor
and the subfloor basalt blocks are 12 and 18 percent,
respectively, vielding a ratio of 0.66, which is average
for mare regolith darkening. In the vicinity of MOCR
Crater at the eastern end of the valley, albedos of the
dark floor material and the crater wall are 9 and 18
percent, respectively, giving a ratio of 0.50, which is
the greatest degree of mare regolith darkening ever
measured on the Moon. It is probable that some
darker material (black glass?) has been deposited over
and mixed with an original bedrock-derived regolith.
The surface in this area, which coincides with the
darkest albedo unit (fig. 6-63, unit 8), also appears
somewhat smooth and subdued, in contrast to the
landing area.

The North and South Massifs show average albedos
of =26 percent for fine-grained regolith and 34
percent for rocks, producing a ratio of 0.76 for
regolith darkening, slightly less darkening than at
Hadiey Delta (Apollo 15 site). The Sculptured Hills
and the East Massif show local maximum albedos that
are similar to the maximums for the North and South
Massifs. This similarity suggests that bedrock with
similar albedo occurs in all four mountain masses.
The average albedo of the Sculptured Hills and the
East Massif is = 18 percent, which gives an average
regolith darkening ratio of 0.53. This is considerably
darker than the 0.74 on Hadley Delta and the 0.76 on
the North and South Massifs.

Careful study of the Sculptured Hills and the East
Massif revealed 11 small closed depressions with areas
of smooth floors. The normal albedo of the regolith
on the depression floors should show the maximum
darkening effects because mass-wasting processes tend
to expose fresher brighter material on slopes. The
albedos of the depression floors decrease eastward in
the northern part of the Sculptured Hills, ranging
from 17 to 12 percent. The albedos of depression
floors in the East Massif decrease southward beyond
the mapped area from 14 to 10 percent. The regolith
darkening ratic decreases from 0.50 to 0.29, which is
much lower than any other measured area on the
Moon. A darkening ratio of 0.50 or less strongly

implies addition of material darker than local rego-
lith, but a ratio of 0.29 is strong evidence for the
addition of dark material from another source.

The increased darkening, to the south and east, of
regolith developed on different geologic materials
(i.e., the eastern valley floor, the Sculptured Hills,
and the East Massif) is best interpreted as the effect
of addition of material darker than 9-percent normal
albedo from sources to the east or southeast of the
Tauvrus-Littrow valley. The absence of any apparent
ballistic shadowing by the mountains indicates that
the material was transported along high-angle trajec-
tories. The only lunar material Xnown to have such
low albedo is dark to black glass or glassy material. A
pyroclastic-like mantle of dark glassy material fits the
observed geological relationships and albedo data.

GEOLOGIC HISTORY

Before the Serenitatis basin was formed, older
major basin impacts should have covered the Taurus-
Littrow area with sheects of ejecta derived from still
older ejecta deposits and ultimately from igneous
lunar crustal material. Because of their proximity,
Tranquillitatis and Fecunditatis should have contri-
buted large amounts of ejecta that may be exposed in
the massifs. The older major basin impacts should
also have developed radial and concentric fracture
zones comparable to those around the younger,
better preserved basins. Some of these fractures were
presumably reactivated in the Serenitatis event.

The major physiographic units (e.g., the Massifs,
the Sculptured Hills, and the Taurus-Littrow valley)
of this region were produced by the impact that
formed the Serenitatis basin. Major radial faults
bound the Taurus-Littrow valley and Mons Argaeus;
major concentric faults bound the South Massif and
the East Massif.

Deposits of Serenitatis ejecta must have been thick
and widespread. By analogy with deposits around
younger multi-ringed basins such as Imbrium and
Orientale, they are interpreted to comprise most of
the Sculptured Hills terrain. Whether Serenitatis
ejecta comprises a major portion of the massifs as
well or occurs only as a veneer overlying older ejecta
deposits is unknown. Deposits from the younger
multi-ringed basins are probably also present but have
not been specifically identified. Such deposits, which
may be present on the highlands and beneath or
intercalated with the lower part of the subfloor
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basalts, could have been derived from the Nectaris,
Humorum, Crisium, Imbrium, and Orientale basins,
listed from oldest to youngest (ref, 6-18).

Uplift of the massifs following the Serenitatis
impact was probably rapid and occurred along high-
angle faults. Thus, the graben walls are thought to
have stood at angles steeper than the angle of repose.
Rapid reduction of slope angles by accumulation of
thick talus wedges on the lower slopes and of mass
movement deposits on the graben floor must have
occurred.

With the major physiographic features now
formed, the next major event was flooding of the
valley by lavas that filled it with ~ 1200 m of basalt
(sec. 10). Samples collected from the upper 130 m of
the subfloor basalt show it to be similar to Apollo 11
mare basalt but slightly older with an age of ~3.8
billion years.

Either as a late stage of the subfloor basalt
volcanism or as totally separate slightly younger
events, spherical orange and black glass particles were
deposited in the area of Shorty Crater and probably
over much of the Taurus-Littrow region. Whether of
volcanic or impact origin, the glass spheres, which
solidified ~ 3.7 billion years ago, were rapidly buried
so as to be preserved for eventual excavation at
Shorty Crater.

After subfloor basalt extrusion was completed,
warping around the Serenitatis margin produced a
broad anticlinal arch with the Taurus-Littrow valley
and Littrow Crater on its eastern limb, Long narrow
grabens such as Rima Littrow I formed along the
Serenitatis basin side of the crest of the arch, which
was eventually overlapped by younger mare basalts of
the Serenitatis basin,

A long period of regolith formation and accumula-
tion of surficial deposits ensued. Some of the earlier
formed regolith may be represented by the floor
materials of Van Serg, in which light-colored lithic
clasts presumably derived from the uplands are
common. Relatively late events recorded in the
regolith sequence are the formation of older, large
craters (Camelot, Henry, Shakespeare, and Cochise),
formation of the younger central cluster (Steno,
Emory, Sherlock, Powell, etc.), and emplacement of
the light mantle as an avalanche of debris that may
have been triggered when ejecta struck the South
Massif.

Photogeologic evidence in the gencral Taurus-
Littrow area indicates that an unusually dark man-

tling deposit was deposited on both the plains and
upland surfaces during this long period of regolith
formation. The unusual concentration of glass spheres
in dark soils from the valley (sec. 7) may represent
the dark mantle thoroughly intermixed with more
normal impact-generated regolith.

Relatively young deformational events that took
place during the long period of regolith formation
include a slight eastward tilting of the Serenitatis
basin (ref. 6-19) and the development of wrinkle
ridges in Mare Serenitatis and the Lee-Lincoln Scarp
in the landing area. Very recent deformation is
suggested by the occurrence of small grabens on the
surface of the light mantle and by the apparent youth
of parts of the Lee-Lincoln Scarp.

The youngest large events of special significance to
the mission were the impacts that formed Shorty and
Van Serg Craters in that order. Both craters are
younger than the light mantle, and both penetrate
deeply into the regolith.
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APPENDIX A

LUNAR SURFACE ORIENTATIONS OF APOLLO 17 ROCK SAMPLES

R. L. Surton?

The lunar surface orientations of some of the
Apollo 17 rock samples at the time of their collection
(table 6-V) are shown in this appendix (figs. 6-65 to
6-87). These orientations were determined by corre-
lating lunar photographs of samples before collection
with shapes and shadow characteristics of the same
samples in the LRL under oblique illumination with
nearly collimated light. The light source in the
laboratory simulates the Sun. It is important to
emphasize that the orientations shown are those at
the time of collection and do not necessarily apply to
the entire history of the exposure of a rock on the
lunar surface. Tumbling and tuming of some rock
fragments on the lunar surface has already been well
documented.

The small lettered cube included in each labora-
tory orientation photograph is not meant to indicate

3p.8. Geological Survey.

the lunar attitude of samples but is designed to tie the
lunar perspective orientations to documentary views
of the same samples in orthogonal and stereoscopic
photographs (mug shots) taken in the LRL using the
same orientation cube.

Not all the photographs showing sample orienta-
tions are in this appendix; some have been included
with the discussions of the South Massif, the North
Massif, and the Sculptured Hills. Table 6-V identifies
the appropriate illustrations for these samples.

During the sample orientation studies, it became
apparent that the special lighting used for orienting
rock samples was also useful for enhancing structural
and textural alinements that, for some samples, could
be correlated with mappable lineations in boulders
from which the samples were broken. This is espe-
cially true for the breccias. Most of the lineations in
breccia samples appear to be closely spaced, thin
shears. Some of these have deformed preexisting
minerals and clasts or controlled recrystallization so



as to form alternating light- and dark-colored streaks
that offer variable resistance to lunar weathering on
exposed surfaces. Other alinements are apparently
covered by changes in composition, possibly repre-
senting initial layering in the breccias. Figures 6-88 to
6-96 are views of some samples that portray enhanced
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linear features.

TABLE 6-V.—Lunar Orientation of Apollo 17
Rock Samples

(a) Samples for which the orientation at the time of
sampling has been established by correlation with lunar

TABLE 6-V.—Lunar Orientation of Apollo 17

Rock Samples—Concluded

(b) Samples deleted from orientation attempt

surface photographs
Sample no. L""g) top Luna(ra;mrth Figure no.
70185 T E/N 6-65
70255 N E/B 6-66
70275 T E 6-67
71035 N/T E/B 6-68
71055 S E/T 6-69
71175 N/T S/w 6-70 and 6-71
72155 T N/E? 6-72
72215 B S 6-8
72235 N B/W 6-8
72255 S/B W 6-8
72275 B S 6-8
72315 W/T N/B 6-10
72335 T/N N/B 6-10
723558 N/T S/W 6-10
72395 T S/w 6-10
72435 B N/W 6-12
73155 B/N N/E 6-73
73238 T S/E 6-74
73255 B N 6-75
732178 T w 6-76
74255 B N/E 6-77
74275 T S/E 6-78
75035 S/W B/W 6-79
75055,1 T/N/E S/E 6-80
75075 B S/w 6-81 and 6-82
76015 w B/S 6-83
76255 N B 6-23
76275 T Ww/S 6-23
76295 B N/E 6-23
77135 S T/W 6-84
78135 T w 6-85
78235,0,2 T S/E 6-40
78236 T E/N 640
79175 W N 6-86
79215 N E/B 6-87

aDirections are those of the identification cube used in
orthogonal and sterecscopic photography (LRL mug shots):

north, south, east, west, top, and bottom.

Sample no. Reason

70017 Insufficient lunar surface photographs

70018 Insufficient lunar surface photographs

70019 Breakage in transit

70035 Insufficient lunar surface photographs

70135 Insufficient lunar surface photographs

70175 Insufficient lunar surface photographs

70215 Insufficient lunar surface photographs

70295 Insufficient lunar surface photographs

70315 LRV sample; insufficient lunar surface
photographs

71036 Inaccessible because of special storage

72135 LRV sample; insufficient lunar surface
photographs

72415 Small size; not identifiable in lunar surface
photographs

73215 Insufficient lunar surface photographs

73216 Insufficient lunar surface photographs

73217 Insufficient lunar surface photographs

73218 Insufficient lunar surface photographs

74235 Insufficient lunar surface photographs

75015 Breakage in transit; unsuccessful attempt

76035 Insufficient lunar surface photographs

76055 Insufficient lunar surface photographs

76135 LRV sample; insufficient lunar surface
photographs

76215 Insufficient lunar surface photographs; un-
successful attempt

76235 Breakage in transit

76315 Small size; not identifiable in lunar surface
photographs

76335 Insufficient lunar surface photographs

77017 Insufficient lunar surface photographs

77038 Insufficient lunar surface photographs

77075 Breakage in transit

77115 Small size; not identifiable in lunar surface
photographs

77215 Small size; not identifiable in lunar surface
photographs

78238 Small size; not identifiable in lunar surface
photographs

78255 Small size; not identifiable in lunar surface
photographs

79035 Insufficient lunar surface photographs

79115 Small size; not identifiable in lunar surface
photographs; unsuccessful attempt

79135 Small size; not identifiable in lunar surface
photographs; unsuccessful attempt

79155 Insufficient lunar surface photographs

79195 Breakage in transit
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FIGURE 6-65.—-Sample 70185 showing approximate lunar
orientation reconstructed in the LRL compared to a

portion of photograph AS17-136-20721, looking north
(inset photograph, §-73-17797).
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FIGURE 6-67.—Sample 70275 showing approximate lunar

orientation reconstructed in the LRL compared to a

portion of photograph AS17-135-20539, looking north
(inset photograph, S-73-21388).
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FIGURE 6-66.—Sample 70255 showing approximate lunar FIGURE 6-68.—Sample 71035, chipped from the same

orientation reconstructed in the LRL compared to a boulder as sample 71055, showing approximate lunar
portion of photograph AS17-135-20537, looking south- orientation reconstructed in the LRL compared to a
west (inset photograph, S-73-21974). portion of photograph AS17-136-20739 taken down-Sun,

looking northwest (inset photograph, $-73-17804).
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FIGURE 6-71.—Sample 71175 showing approximate lunar
orientation reconstructed in the LRI compared to a
portion of photograph AS17-134-20399, looking north

FIGURE 6-69.—Sample 71055, chipped from the same (inset photograph, §-73-17802).
boulder as sample 71035, showing approximate lunar
orientation reconstructed in the LRL compared to a
portion of AS17-134-20394, looking north (inset photo-
graph, $-73-17798).

FIGURE 6-72.—Sample 72155 showing approximate lunar
orientation reconstrucied in the LRL tentatively com-
pared to a portion of LRV driving photograph AS17-135-
20649, looking north. No photograph was taken after

FIGURE 6-70.—Sample 71175 showing approximate lunar collecting the sample (inset photograph, S-73-18406).
orientation reconstructed in the LRL compared to a
portion of photograph AS17-136-20741 taken down-Sun,
looking northwest {inset photograph, §-73-17803).
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FIGURE 6-73.—Sample 73155 showing approximate lunar
orientation reconstructed in the LRL compared to a
portion of photograph AS17-138-21098, looking north-
west (inset photograph, 8-73-19595).

FIGURE 6-74.—Sample 73235 showing approximate lunar
orientation reconsiructed in the LRL compared to a
portion of photograph AS17-138-21143, looking south
(inset photograph, $-73-16968).

APOLLO 17 PRELIMINARY SCIENCE REPORT

FIGURE 6-75.—Sample 73255 showing approximate lunar
orientation reconstructed in the LRL compared to a
portion of photograph AS17-138-21148 taken down-Sun,
looking southwest (inset photograph, S-73-19592).

FIGURE 6-76.—Sample 73275 showing approximate lunar
orientation reconstructed in the LRL compared to a
portion of photograph AS17-138-21144, looking south
{inset photograph 8-73-16969).
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FIGURE 6-79.-Sample 75035, chipped from a boulder,
showing approximate lunar orientation reconstructed in
the LRL compared to part of photograph AS17-145-
22138, looking northwest (inset photograph, S-73-
19593).

FIGURE 6-77.—Sample 74255 showing approximate lunar
orientation reconstructed in the LRL compared to a
portion of photograph AS17-137-20990 taken down-Sun,
looking southwest. The sample broke from the boulder
along existing fractures (inset photograph, 5-73-18404).

FIGURE 6-80.—Sample 75055, chipped from a boulder,
showing approximate lunar orientation reconstructed in
the LRL compared to part of photograph AS17-145-
22148, looking north (inset photograph, S-73-17796).

FIGURE 6-78.—Sample 74275 showing approximate lunar
orientation reconstructed in the LRL compared to part of
photograph AS17-137-20982, looking north. The sample
was broken from the larger rock along a planar fracture
(inset photograph, $-73-18405).
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FIGURE 6-83.—Sample 76015 showing approximate lunar
orientation reconstructed in the LRL compared to part of
photograph AS17-140-21411 (inset photograph, S-73-

FIGURE 6-81.—Sample 75075, picked from the top of a 19376).
large boulder, showing approximate lunar orientation
reconstructed in the LRL compared to part of photo-
graph AS17-145-22154, looking south (inset photograph,
S-73-17800).

FIGURE 6-84.—8ample 77135, chipped from a large boulder,
showing approximate lunar orientation reconstructed in

FIGURE 6-82.—Sample 75075 showing approximate lunar
orientation reconstructed in the LRL compared to part of the LRL compared to part of photograph AS17-146-

photograph AS17-133-20337 taken down-Sun, looking 22388 taken down-Sun, looking northwest (inset photo-
west (mset photograph, S-73'17801) graph, S-73'19386)
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FIGURE 6-87.—Sample 79215 showing approximate lunar
orientation reconstructed in the LRL compared to part of
photograph AS17-143-21837, looking north (inset photo-
graph, S-73-19590).
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FIGURE 6-85.—Sample 78135 showing approximate lunar
orientation reconstructed in the I,LRL compared to part of
photograph AS17-146-22365, looking north (inset photo-
graph, 8-73-21073).

FIGURE 6-86.—Sample 79175 showing approximate lunar
orientation reconstructed in the LRL compared to part of FIGURE 6-88.—Sample 72215 with enhancement of surface
photograph AS17-146-22421, looking south (inset photo- lineations by oblique lighting (5-73-17987). (See fig. 6-8
graph, S-73-19594). for reconstructed lunar orientation.)
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FIGURE 6-90.—Sample 72275 collected from the top of a
foliated, stratified breccia boulder as shown in figure 6-8
at station 2. Compositional layering seen in the sample is
apparently parallel to a set of lineaments in the boulder
(S-73-17988).

FIGURE 6-89.—-Sample 72255 in reconstructed lunar orien-
tation (8-73-17989). (a) Cross-Sun view. (b) Surface
lineations that may be the traces of shear planes recon-
structed with camera lower than in view (a). (c) Same
view as shown in figure 6-89(b) with oblique lighting
adjusted to enhance closely spaced shear traces on
weathered surface.
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FIGURE 6-93.--Sample 76275 with oblique lighting adjusted
to accentuate traces of shears on weathered surface. (See
fig. 6-23 for reconstructed lunar orientation.)

Figure 6-91.—Sample 72395 in reconstructed lunar orienta-
tion (S-73-19586). (a) Lines indicate shear traces on
weathered surface. (b) Same view as shown in figure
6-91(a) with oblique lighting adjusted to accentuate
surface streaks that may be traces of thin shears.

tfr——

FIGURE 6-92.—Sample 76255 in reconstructed lunar orien-
tation. {a) Lines indicate shear traces on weathered
surface (8-73-19375). (b} Lighting adjusted to accentuate
traces of thin shear zones on freshly broken surface
(8-73-19374).
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FIGURE 6-94.—Sample 76295 in reconstructed lunar orien-
tation. (a) Lines indicate shear traces on weathered
surface (S5-73-19387). (b) Freshly broken surface
cbliguely lighted to enhance linear shear traces. (c)

Alternate view.

o)

FIGURE .6-95.—Sample 77135 in reconstructed lunar orien-
tation. (a) Lines indicate shears on weathered surface
(8-73-19386). (b) In oblique lighting, lines indicate traces
of shears in weathered surface. {¢) Freshly broken surface
lighted obliquely to accentuate shear traces.
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FIGURE 6-96.—Sample 78235 in reconstructed lunar orien-
tation with oblique lighting to enhance traces of shears on
weathered surface (8-73-17962).




APPENDIX B

PANORAMIC VIEWS AND DETAILED PLANIMETRIC MAPS
OF THE TRAVERSE STATIONS

Explanation of terms and symbols used in panoramic views and
planimetric maps (figs. 6-97 to 6-123)

10275 Sample number assigned by Lunar Receiving Laboratory
x Sample location
700187 Sample location uncertain
(u] Rake and soil sample location
DT 73002/ 73001 Drive tube, upper/ lower tube number
crs ALSEP central station
G/M Geophone module
EP-6 Explosive package number 6
Geo-2 Geophone number 2
HFE Heat flow experiment
LEAM Lunar gjecta and meteorites experiment
LM Lunar module
LACE Lunar atmospheric composition experiment
LSG Lunar surface gravimeter experiment
LSP Lunar seismic profiling experiment
Pan & 60-mm Hasselblad panerama
Ppan & Partial pancrama
RTG Radioisotope thermoelectric generator
SCB Sample collection bag
SEP Surface electrical properties experiment transmitter
LRy 3 Lunar roving vehicle; dot shows front of vehicle
- Boulder (letters refer to 1arge blocks on maps and panoramas)

D Crater

6-73
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FIGURE 6-97.—~Panoramic view taken south of the LM.
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FIGURE 6-98.—Planimetric map of the LM-ALSEP-SEP area.
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FIGURE 6-97.-Concluded.
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FIGURE 6-98.—Concluded.
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AS17-136-20685 20685 20687 20689 20691 20692 20693 20694  206%

20691

FIGURE 6-99.—Panoramic view taken northwest of the ALSEP central station.

AS17-134-20437 20438 20439 20442 20443 20444 20445 20446
H Geophione '
Bear Mouniain Rack Famity Mountain

i
)

FIGURE 6-100.—Partial panorama of SEP site.

AS17-134-20408 20409 20410 20411 20413 20416 20418 20420

~Bear Mountain

20409

FIGURE 6-101.—-Panoramic view taken east of station 1.
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20698 20699 20701 20703 20705 20707 20708

Geophone Rock
40175

FIGURE 6-99.—Conctuded.
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FIGURE 6-101.--Concluded.
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FIGURE 6-102.—Planimetric map of station 1.

AS17-136-20745 20746 20747 20749 20752 20754 20756

FIGURE 6-103.—Panoramic view taken west of station 1.

AS17-138-21072 21073 21054 21056 21057 21058 21059 21061
... |

North Massif ._

FIGURE 6-104.—Panoramic view taken northeast of station 2.
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7. Preliminary Examination of Lunar Samples

The Lunagr Sample Preliminury Examination Team?

The returned samples from the five previous
Apollo and the two previous Luna missions include
basaltic rocks and soils from four mare basins, glassy
to crystalline breccias and soils from the Fra Mauro
Formation and the Apennine Front, and highly
aluminous, crystalline breccias and soils from two
lunar highland sites. Isotopic dating of mare basalts
(refs. 7-1 and 7-2) indicates that mare volcanism
covered a timespan of 600 million years, beginning
approximately 3.7 billion years ago. Similar studies of
breccias (refs. 7-3 and 7-4) indicate an intense period
of crystallization and an inferred formation of less
than 200 million years, beginning approximately 4.0
billion years ago. Some anorthositic breccias from the
2. to 4-mm fragments of Apollo 16 soils have
somewhat older crystallization ages of approximately
4.1 to 4.2 billion years (ref. 7:5) and may be
remnants of earlier periods of formation. The breccias
have undergone many generations of crushing, partial
melting, and recrystallization, which has changed the
initial textures of rocks from the early lunar crust.

These data raise important questions concerning
both lunar and solar-system history. Do the measured
basalt ages represent a restricted period of lunar
volcanism, or is there evidence of younger or older
volcanism in the unsampled areas? Answers to such
questions are crucial to understanding the lunar
thermal history and the origin of lunar magmas. Do
the ages of breccia formation represent a restricted
period of the major impacts that shaped the lunar
surface, or have only the breccias associated with the
last few major impacts been sampled? Answers to
these questions are of profound importance to studies
of the particle flux and the accretionary history of
the early solar system. Are the breccias too highly
modified to identify initial textures of the early

The team composition is listed in “Acknowledgments”
at the end of this section.

crustal rocks from which they were formed? To
determine whether the early crust consisted of
volcanic material, layered gabbroic complexes, or
other possible rock types, the textural relationships
among remnants of these materials must be studied.

For the final Apollo mission, it was imperative
that a site be chosen to potentially provide answers to
as many of these (and other) questions as possible.
From orbit on the Apollo 15 mission, the command
module pilot reported seeing dark patches that
resembled young cinder cones southeast of the
Serenitatis basin in the Taurus-Litirow region (ref.
7-6). Steep-walled valleys with over 2000 m of relief
were also evident in this area. The possibility of
relatively young volcanic activity and mountains
consisting of a sequence of old, large-scale ejecta
blankets made this an attractive site for further
exploration.

Analysis of high-resolution photographs obtained
during the Apollo 15 mission showed that a 6- to
10-km-wide valley between the second and third rings
of the Serenitatis basin allowed access to two
steep-sided mountains and a dark-mantled valley floor
that might produce evidence of young volcanism
(refs. 7-7 and 7-8). Detailed mapping provided five
major photogeologic units for sampling: dark mant-
ling material, a valley-filling rock unit below the
mantle, a light-gray mantle apparently deposited by a
slide or avalanche that spread across part of the valley
floor, a group of domical, closely spaced hills ranging
from 1 to 5 km in diameter (Sculptured Hills), and
two steep mountains (North and South Massifs) with
slopes showing several boulder tracks that were
traceable from possible outcrops to the base of the
slopes where some of the boulders lay within sam-
pling range. These boulder tracks originated at various
elevations on the massifs and may represent rock
types from several different units in what might be a
sequence of ejecta blankets from several major
impacts.
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The lunar module (LM) landed within 200 m of
the targeted landing point (lat. 20°09'55" N, long.
30°45'57" E), and three traverses were completed
(sec. 6). Three hundred thirty-five rocks (fragments
greater than 1 cm across), 73 soils, eight drive tubes,
and the deep drill string were collected. A complete
list of Apollo 17 rocks and their designated types is
presented in table 7-I. Several samples from large
boulders were collected at stations 2, 6, and 7. From
studies of samples, it is clear that the valley fill and
the “dark mantle” are mare-type basalts or soils
derived from them and the two massifs and the light
mantle are various types of breccias and their
derivatives, respectively. At present, it is not clear
whether a specific set of rocks can be associated with
the Sculptured Hills. In this paper, the chemical and
petrographic characteristics of a representative suite
of the Apollo 17 rock and soil specimens are
summarized.

PETROGRAPHIC CHARACTERISTICS
Rocks

Visual and microscopic examinations of rocks
from the Apollo 17 site indicate that they are the
most variable collection returned by any mission.
Some rocks show the cataclastic, highly crushed tex-
tures that were common in those returned during the
Apollo 16 mission. Many are crystalline breccias with
petrographic characteristics that indicate varying de-
grees of recrystallization or partial melting. Others are
friable and dark gray like the many regolith breccias
of previous missions. Others display features typical
of the lavas returned from the Apollo 11,12, and 15
mare sites, whereas few have the coarse-grained
igneous textures typically developed during slow
crystallization from basaltic melts. Such variety is a
striking contrast to the rather restricted set of
complex breccias returned from the Apollo 16
highland site.

In the preliminary examination, all rock samples
were cleaned with a jet of nitrogen gas to remove dust
coatings from their surfaces. The surfaces were then
examined and described with a low-power binocular
microscope. In addition, thin sections from 35 rocks
were prepared and studied by conventional petro-
graphic methods. From these examinations, the rocks
may be placed in seven broad groups and two
miscellaneous types.

1. Basalts

2. Dark matrix breccias

3. Glass-bonded agglutinates

4. Vesicular green-gray breccias (called anortho-
sitic gabbros by the Apollo 17 crew during the lunar
traverses)

5. Blue-gray breccias

6. Layered, foliated, light-gray breccias

7. Brecciated gabbroic rocks

8. Miscellaneous: crushed dunite and black fine-
grained material from a dike.

Basalts

The basalts are generally vesicular to vuggy (fig.
7-1) and similar in both composition and texture to
the Apollo 11 type B basalts (ref. 7-9), except for
some of the detailed relationships between opaque
minerals and pyroxene zonation. Modal estimates
indicate 45 to 55 percent clinopyroxene (both
pigeonite and augite), 25 to 30 percent plagioclase,
15 to 25 percent opaque minerals, and small amounts
of olivine. In some instances, the olivine occurs as
cores of pyroxene; but it usually occurs as pheno-
crysts, which generally comprise only a few percent
of a rock but occasionally as much as 20 percent.
Grain sizes range from coarse (1 to 2 mm) through
fine to vitrophyric. In some coarse-grained rocks, the
clinopyroxene may occur both as coarse, sectorially
zoned phenocrysts and as finer grains in poikilitic
plagioclase (fig. 7-2). There also may be fine fibrous
or plumose intergrowths of plagioclase and clinopyro-
xene. Traces of cristobalite, tridymite, a needle-
shaped phase, and very fine (perhaps partly glassy)
material occur interstitially to the larger grains. The
vitrophyres (now largely divitrified) contain skeletal
crystals of olivine (fig. 7-3) that, in some instances,
display overgrowths of clinopyroxene, skeletal ilmen-
ite and armalcolite, and a few patches of plumose
intergrowths of plagioclase and pyroxene. For a
given sampling area, the entire range of textures
may be present.

Opaque minerals in the subfloor basalts are present
in abundances of as much as approximately 25
percent (by volume); most rocks average approxi-
mately 20 percent. Ilmenite, armalcolite, chrome-
spinel, ulvospinel, rutile, metallic iron-nickel (Fe-Ni),
and troilite have been identified optically; all of these
minerals occur in most of the rocks. Ilmenite is by far
the most abundant oxide mineral (approximately 15
to 20 volume percent); reflection pleochroism and
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TABLE 7-L.—Complete List of Apollo 17 Rocks?

Sample Weight, Sample Weight,
number g Rock type number g Rock type
() (c) (®) (c)
70017 2957 Coarse basalt 71175 207.8 Medium basalt
70018 51.38 Dark matrix breccia 71505 RS 29.45 Fine basalt
70019 159.9 Agglutinate 71506 RS 12.11 Fine basalt
70035 B, 5765 Coarse basalt 71507 RS 3.962 | Medium basalt
70075 5.64 Fine basalt 71508 RS 3423 | Coarse basalt
70135 B, 446.3 Medium to coarse basalt 71509 RS 1.690 | Coarse basalt
70136 B, 10.65 Medium to coarse basalt 71515 RS 1.635 | Agglutinate
70137 B, 6.16 Medium fo coarse basalt 71525 R 3.900 | Fine basalt
70138 B, 3.66 Medium fo coarse basalt 71526 R 1291 Fine basalt
70139 B, 3.16 Medium to coarse basalt 71527 R 2.186 ! Fine basalt
70145 B, 3.07 Medium to coarse basalt 71528 R 11.25 Fine basalt
70146 B, .71 Medium to coarse basalt 71529 R 6.025 | Medium basalt
70147 B, 1.35 Medium to coarse basalt 71535 R 17.71 Course basalt
70148 B, 92 Medium to coarse basalt 71536 R 5.322 | Coarse basalt
70149 B, 95 Medium te coarse basalt 71537 R 12.25 Fine basalt
70155 B, 17 Medium to coarse basalt 71538 R 8.038 | Fine basalt
70156 B, 63 Medium to coarse basalt 71539 R 10.90 Fine basalt
70157 B, 57 | Medium to coarse basalt 71545 R 17.26 | Fine basalt
70165 S 2.143 | Coarse basalt 71546 R 150.7 Fine basalt
70175 339.6 Park matrix breccia 71547 R 12.54 Medium basalt
70185 S 466.6 Coarse basalt 71548 R 2546 Medium basalt
70215 8110 Fine basalt 71549 R 7.903 | Medium basalt
70255 2772 Fine basalt 71555 R 4.547 i Medium basalt
702758 1714 Medium basalt 71556 R 29.14 Coarse basalt
70295 3612 Dark matrix breccia 71557 R 40.35 Coarse basalt
70315 8 148.6 Coarse basalt 71558 R 15.81 Coarse basalt
71035 B, 144.8 Medium basalt 71559 R 82.16 Coarse basalt
71036 B, 1184 Medium basalt 71565 R 24.09 Coarse basalt
71037 B, 14.39 Medium basalt 71566 R 415.4 Coarse basalt
71045 8 11.92 Medium basalt 71567 R 146.0 Coarse basalt
71046 S 3.037 | Medium basalt 71568 R 10.02 Coarse basalt
71047 8 2,780 | Coarse basalt 71569 R 289.6 Fine basalt
71048 8 2.457 | Fine basalt 71575 R 2.113 | Fine basalt
71049 S 1.860 | Fine basalt 71576 R 23.54 Fine basalt
71055 B, 669.6 Medium basalt 71577 R 234.7 Fine basalt
71065 § 28.83 Fine basalt 71578 R 353.9 Medium basalt
71066 8 19.96 Fine basalt 71579 R 7.937 | Medium basalt
71067 8 4.245 | Medium basalt 71585 R 13.86 Medium basalt
71068 S 4.208 | Medium basalt 71586 R 26.92 Medium basalt
71069 8 4.058 | Fine basalt 71587 R 41.27 Medium basalt
71075 8 1.563 | Medium basalt 71588 R 48.98 Medium basalt
71085 8 3402 | Medium basalt 71589 R 6.860 | Medium basalt
71086 S 3.329 | Fine basalt 71595 R 25.21 Medium basalt
71087 S 2.200 | Fine basalt 11596 R 61.05 Medium basalt
71088 S 2.064 | Fine basalt 71597 R 12.35 Coarse basalt
71089 S 1.733 | Medium basalt 721358 336.9 Dark breccia of basalt fragments
71095 S 1.483 | Medium basalt 72145 S 1.25 Dark matrix breccia
71096 S 1.368 | Medium basalt 12155 238.5 Medium basalt
71097 S 1.355 | Medium basalt 72215 B, 379.2 Layered light-gray breccia
711358, B, 36.58 Fine basalt 72235 B, 61.91 Layered light-gray breccia
71136 §, B, 25.39 Fine basalt 72255 B, 461.2 Layered light-gray breccia
71155 S, B, 26.15 Fine basalt 72275 B, 3640 Layered light-gray breccia
71156 8, B, 5.420 | Fine basalt 72315 B, 1314 Vesicular poikilitic clast
711578, B, 1.466 | Fine basalt 72335 B, 108.9 Vesicular poikilitic clast
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TABLE 7-1.—Complete List of Apollo 17 Rocks®—Continued

Sample Weight, Sample Weight,
number 4 Rock type number £ Rock type
(b) (c) (b) ©)

72355 B, 367.4 Green-gray breccia 74249 8 4.183 | Fine basalt
72375 B, 18.16 | Green-gray breccia 74235 B 731.3 Coarse basalt
72395 B, 5364 Green-gray breccia 74275 1493 Fine basait
72415 B, 32.34 Brecciated dunite clast 742858 2.212 | Medium basalt
72416 B, 11.53 Brecciated dunite clast 74286 S 2.102 | Medium basalt
72417 B, 11.32 Brecciated dunite clast 74287 S 1.568 | Fine basait
72418 B, 3.55 | Brecciated dunite clast 75015 B, |1006 Coarse basalt
72435 B,, 5| 160.6 Blue-gray breccia 75035 B, 1235 Medium basalt
72505 RS 3.09 | Green-gray breccia 75055 B, 949.4 Coarse basalt
72535 R 2214 Blue-gray breccia 75065 S 1.263 | Medium basalt
72536 R 52.30 Blue-gray breccia 75066 S 980 | Dark-gray basalt
72537 R 5.192 | Blue-gray breccia 75075 B, | 1008 Medium basalt
72538 R 11.09 Blue-gray breccia 750858 4.298 | Medium basalt
72539 R 11.22 Blue-gray breccia 75086 S 2.323 | Medium basalt
72545 R 4.055 | Blue-gray breccia 75087 S 2.321 | Medijum basalt
72546 R 4.856 | Blue-gray breccia 750888 1.992 | Fine basalt
72547 R 5.045 | Blue-gray breccia 75089 8 1.718 | Fine basalt
72548 R 29.29 Blue-gray breccia 751158 2.600 | Fine basalt
72549 R 21.00 Green-gray breccia 76015 B 2819 Green-gray breccia
72555 R 1048 | Green-gray breccia 76035 S 376.2 Blue-gray breccia
72556 R 3.861 | Green-gray breccia 76036 S 3.95 Blue-gray breccia
72557 R 4.559 | Green-gray breccia 760378 2.52 Medium basalt
72558 R 5.713 | Green-gray breccia 16055 6412 Green-gray breccia
72559 R 27.84 Feldspathic breccia 761358 133.5 Green-gray breccia
72705 RS 2.39 Anorthositic breccia and glass 76136 S 86.6 Medium basalt
72735 R 51.11 Green-gray breccia 761378 2.46 Fine-grained crystalline
72736 R 28.73 Tan breccia 76215 B 643.9 Green-gray breccia
72737 R 3.33 Tan breccia 76235 B 26.56 Brecciated olivine norite
72738 R 23.75 Blue-gray breccia 76236 B 19.18 Brecciated olivine norite
73145 § 5.60 Dark matrix breccia 76237 B 10.31 Brecciated olivine norite
73146 S 3.01 Brecciated anorthosite 76238 B 8.2t Breceiated olivine norite
731558 79.3 Blue-gray breccia 76239 B 6.23 Brecciated olivine norite
73156 8 3.15 Fine crystalline 762458 8.24 Green-gray breccia
732158 1062 Light-gray breccia 76246 S 6.50 Green-gray breccia
73216 S 162.2 Green-gray breccia 76255 B 406.6 Banded tan and blue-gray breccia
732178 138.8 Blue-gray breccia 76265 8 1.75 Greenish-gray breccia
732188 39.67 Blue-gray breccia 76275 B 55.93 Blue-gray fragment breccia
732198 2.88 Fine basalt 762858 2.208 | Not described
732258 3.66 Crystalline (green-gray breccia?) 76286 8 1.704 | Not described
73237 878.3 Blue-gray breccia 76295 B 260.7 Banded tan and blue-gray breccia
73245 S 1.60 Brecciated anocrthosite clast 76305 B 4.01 Brecciated olivine norite
73255 394.1 Light-gray or blue-gray breccia 76306 B 4.25 Brecciated olivine norite
73275 429.6 Green-gray breccia 76307 B 249 Brecciated olivine norite
73285 S 2.58 Glass-coated, gray, friable breccia || 76315 B 671.1 Blue-gray breccia
74115 S 15.36 Friable clod 76335 3529 Friable anorthositic breccia
74116 S 12.68 Friable clod 76505 RS 469 Greenish-gray breccia
74117 S 3.69 Friable clod 76506 RS 2.81 Friable dark matrix breccia
74118 S 3.59 Friable clod 76535 R 155.5 Coarse norite
74119 S 1.79 Friable clod 76536 R 10.26 Brecciated norite
74235 59.04 Basalt vitrophyre 76537 R 26.48 Fine basalt
74245 S 64.34 Fine or devitrified basalt 76538 R 5.870 | Medium basalt
74246 8 28.81 Dark matrix breccia 76539 R 14.80 Vitrophyric basalt
74247 S 7.761 | Fine or devitrified basalt 76545 R 7.676 | Dark vitreous matrix breccia
74248 S 5.682 | Fine or devitrified basalt 76546 R 23.31 Dark vitreous matrix breccia
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TABLE 7-1.—Complete List of Apollo 17 Rocks®—Continuved

Sample Weight, Sample Weight,
number F4 Rock type number g Rock type
(b} © (®) (c)

76547 R 10.05 Dark vitreous matrix breccia 78526 R 8.77 Breccia with green glass veins
76548 R 2.527 | Dark vitreous matrix breccia 78527R 5.16 Brecciated gabbroic rock
76549 R 9.175 | Dark vitreous matrix breccia 78528 R 7.00 Fine basalt
76555 R 8.435 | Crystalline matrix-rich breccia 78535 R 103.4 Coherent dark matrix breccia
76556 R 7.396 | Crystalline matrix-rich breccia 78536 R 8.67 Coherent dark matrix breccia
76557 R 5,592 1 Crystalline matrix-rich breccia 78537 R 11.76 Coherent dark matrix breccia
76558 R 683 | Crystalline matrix-rich breccia 78538 R 5.82 Coherent dark matrix breccia
76559 R .747 | Crystalline matrix-rich breccia 78539 R 3.73 Coherent dark matrix breccia
76565 R 11.60 Friable dark matrix breccia 78545 R 8.60 Coherent dark matrix breccia
76566 R 2639 | Friable dark matrix breccia 78546 R 42.66 Coherent dark matrix breccia
76567 R 5.490 | Friable dark matrix breccia 78547 R - 2991 Friable dark matrix breccia
76568 R $9.477 | Basalt-rich breccia 78548 R 15.95 Friable dark matrix breccia
76569 R 4.207 | Crystalline breccia (blue-gray?) 78549 R 16.09 Friable dark matrix breccia
76575 R 16.25 Crystalline clast-rich breccia 78555 R 6.64 Friable dark matrix breccia
76576 R 5.327 | Crystalline light-gray breccia 78556 R 9.50 Friable dark matrix breccia
76577 R 13.54 Crystalline light-gray breccia 78557 R 7.19 Friable dark matrix breccia
77017 1730 Brecciated olivine gabbro 78558 R 3.78 Friable dark matrix breccia
77035 5727 Green-gray breccia 78559 R 3.05 Friable dark matrix breccia
77075 B 172.4 Dark-gray dike 78565 R 3.50 Friable dark matrix breccia
77076 B 13.97 Dark-gray dike 78566 R 77 Friable dark matrix breccia
77077 B 545 Dark-gray dike 78567R - [ 18.88 Friable dark matrix breccia
77115 B 1159 Blue-gray breccia 78568 R 3.57 Friable dark matrix breccia
77135 B 3374 Green-gray breccia 78569 R 14.53 Friable dark matrix breccia
77215 B 8464 Brecciated norite 78575 R 140.0 Coarse basalt
77515 R* 3376 Green-gray breccia 78576 R 11.64 Coarse basalt
77516 R* 103.7 Medium basalt 78577 R 8.84 Coarse basalt
71517 R* 45.6 Feldspathic breccia 78578 R 17.13 Coarse basalt
77518 R* 42.5 Green-gray breccia 78579 R 6.07 Medium basalt
77519 R* 274 Green-gray breccia 78585 R 44.60 Fine basalt
77525 R* 1.19 Feldspathic breccia 78586 R 10.73 Fine basalt
77526 R* 1.07 Feldspathic breccia 78587 R 1148 Fine basalt
77535 R* 577.8 Coarse basalt 78588 R 3.77 Fine basalt
77536 R* 355.3 Coarse basalt 78589 R 4.10 Fine basalt
77537 R* 71.7 Green-gray breccia 78595 R 4.19 Fine basalt
77538 R* 47.2 Light-gray breccia 78596 R 1.55 Fine basalt
71539 R* 396 Tan-gray breccia 78597 R 319.1 Fine basalt
77545 R* 29.5 Green-gray breccia 78598 R 224.1 Fine basalt
78135 1339 Medium basalt 78599 R 198.6 Fine basalt
78155 401.1 Gabbroic breccia 79035 2806 Dark matrix breccia
78235 8S,B 199.0 Coarse norite 79115 B, 346.3 Dark matrix breccia
78236 §,B 93.06 Coarse norite 791258 1.91 Dark matrix breccia
782388, B 57.58 Coarse norite 79135 B, 2283 Dark matrix breccia
78255 B 48.31 Coarse norite 79155 318.8 Coarse basalt
78465 S 1.039 ; Not described 79175 677.7 Agglutinate
78505 RS 506.3 Coarse basalt 77195 B, 368.5 Dark matrix breccia
78506 RS 55.97 Coarse basalt 79215 553.8 Brecciated troctolite
78507 RS 23.35 Coarse basalt 79225 § 742 Friable dark matrix breccia
78508 RS 10.67 Friable dark matrix breccia 79226 S 6.73 Friable dark matrix breccia
78509 RS 2.68 Basalt 792278 5.57 Friable clod
78515 RS 4.76 Coherent dark matrix breccia 79228 S 2.50 Friable clod
78516 RS 3.18 Friable dark matrix breccia 79245 S 10.11 Crystalline
78517 RS 1.82 Friable waite breccia 79265 S 2.60 Fine basalt
78518 RS .88 Friable dark matrix breccia 79515 8 33.00 Medium basalt
78525 R 5.11 Agglutinate 79516 § 2392 Fine basalt
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TABLE 7-1.—Complete List of Apollo 17 Rocks®—Concluded

Sample Weight, Sample Weight,
number g Rock type number g Rock type
(b) (<) (b) (c)

79517 8§ 10.23 Dark matrix breccia 79528 S 2.38 Dark matrix breccia
79518 S 5.20 Dark matrix breccia 79529 8 1.84 Dark matrix breccia
79519 8 3.65 Dark matrix breccia 795358 1.69 Dark matrix breccia
795258 3.03 Dark matrix breccia 79536 S 1.66 Dark matrix breccia
79526 S 2.93 Dark matrix breccia 795378 1.05 Dark matrix breccia
79527 8 2.65 Dark matrix breccia

3This inventory includes a total of 335 samples, including 132 rake samples.

bB = rack chipped from boulder. Where more than one boulder was sampled at an individual station, each boulder is
identified by subscripts. S = rock in bag with soil. Most of the smaller fragments in this category resulted from sieving. RS =
rock from soil collected at rake-sample area. R = rock from rake sample. R* = rock collected with scoop but treated as a rake

sample.

CFifteen rocks weighed more than 1 kg; 111 rocks, between 25 g and 1 kg; 52 rocks, between 10 g and 25 g;and 157 rocks,

less than 10 g.
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FIGURE 7-1.—Typical example of vesicular to vuggy basalts
(sample 70017) from the valley floor. Note the coarse
diabasic to subophitic texture (AS17-73-15720).

color indicate that much of it is rich in magnesiim
{Mg). Ilmenite crystals in the coarser grained rocks
may be blocky or may display rectangular cross
sections in addition to the usual lath-shaped morphol-
ogy, suggesting that ilmenite may be a pseudomorph
of an earlier phase. Ilmenite, especially in the coarser
grained rocks, contains abundant lamellae and irreg-
ular masses of rutile on rhombohedral planes, and
lamellae of a chromium-rich spinel phase parallel to
the basal plane. Some metallic Fe is associated with
these phases as blebs and narrow fracture fillings. In

rocks of intermediate grain size, blocky grains of
ilmenite occur in a matrix that is rich in feathery
ilmenite laths (e.g., sample 72135). Vitrophyric and
fine-grained basalts are rich in prisms and lozenge-
shaped grains of armalcolite rimmed by a selvage of
ilmenite. Trace amounts of chrome-spinel and chro-
mium-ulvéspinel occur in almost all basalts; ulvé-
spinel commonly shows evidence of subsolidus reduc-
tion to ilmenite and metallic Fe. Metallic Fe occurs as
blebs in troilite and as discrete grains that are similar
to the Fe seen in other mare basalts.

The similarity of basalt composition and textural
variation throughoui the Apollo 17 landing site
suggests a similar source for all of these rocks. On the
basis of the petrographic data, it is difficult to
determine whether the samples represent several
separate flows or different parts of a single relatively
thick flow that may be at the top of a thick sequence
of flows filling the valley.

Dark Matrix Breccias
and Aggiutinates

The dark matrix breccias range from friable “soil”
types to a more coherent type crossed by closely
spaced fracture sets that form a delicate set of
irregularly shaped plates (fig. 7-4). Clasts in the
breccias are primarily basalt; but, at station 9 (Van
Serg Crater), the breccias contain a variety of clasts,
including basalts, several types of glasses, some
breccia fragments with accretionary coats, and a
variety of recrystallized feldspathic rocks presumed
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FIGURE 7-2.-Thin sections of basalts. (a) Late development
of twinned, poikilitic plagioclase (light gray) enclosing
carlier formed pyroxenes (dark gray) and opaque minerals
(sample 70035,14, crossed polars view) (AS17-73-19846).
(b) Large clinopyroxene with sectoral zonation enclosed
in matrix of other pyroxenes and plagioclase. Note the

" opaque inclusions in the large clinopyroxene (sample
70035,14, crossed polars view) (AS17-73-19850).

to be derived from the surrounding highlands. Orange
glass similar to that found at station 4 occurs in
limited quantities in most breccias throughout the
landing site. Matrix material is largely dark-brown
glass, which imparts the dark color to these rocks.

A few large samples of glass-bonded agglutinates
(fig. 7-5) occur throughout the Taurus-Littrow valley.
Fragments are predominantly dark matrix breccias
and some basalts cemented by dark-gray glass. The
crew noted that these rock types occur in glasslined
bottoms of small (as much as 3 m in diameter)

FIGURE 7-3.—Needles and plates of armalcolite and iimenite
{black) and skeletal olivine crystals (white) in a devitrified
matrix of dendritic intergrowths of pyroxene and plagio-
clase (sample 74235,11, plane light view) (AS17-73-
19%967).

FIGURE 7-4.—Dark matrix breccia from Van Serg cratering
gjecta (sample 79135). Although this material is coherent
enough to maintain fractures that produce small plates
and wedges, the fragments are quite friable and break
from the specimen during handling. Note the various
light-gray clasts, some of which are feldspathic breccias
(AS17-73-15443).

craters. Although most breccias and agglutinates
appear to have formed by induration of the present
regolith, the breccias at Van Serg Crater are more
complex and appear to reflect multibrecciation events
rather than a simple induration of present day
regolith.
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FIGURE 7-5.-One of the large glass-bonded agglutinates of
dark matrix breccias (sample 70019) collected from
the bottom of a 3-m-diameter crater (AS17-73-15333).

Green-Gray Breccias

The green-gray breccias are very coherent and
consist almost entirely of a vesicular to vuggy matrix
that is rich in poikilitic orthopyroxene (fig. 7-6). The
degree of both vesicularity and development of
poikilitic texture varies significantly from sample to
sample, and, in some cases, the vesicles or vugs are
several centimeters across. Mineral clasts of olivine
and plagioclase and a few lithic clasts comprise a
small percentage (5 to 20 percent) of each rock, One
of these breccias (sample 76055) contains two dis-
tinct textures: a poikilitic and almost nonvesicular set
of fragments in a nonpoikilitic and vesicular matrix in
which the vesicles are planar and well foliated,
curving around the more dense fragments as in a flow
structure,

The matrix of the green-gray breccias generally
consists of at least 50 percent poikilitic orthopyrox-
ene (some may be pigeonite) with numerous small
laths of plagioclase both inside and outside the
oikocrysts (fig. 7-7). Small olivine grains occur in the
oikocrysts, but they are generally concentrated along
with opaque minerals outside the oikocrysts. A few
rounded to angular larger clasts, scattered throughout
the rock, consist primarily of plagioclase and olivine.
The oikocrysts range from well developed (as much as
2 mm long and enclosing 70 percent of the matrix) to
poorly developed (as much as 0.l mm long and
enclosing 5 percent of the matrix). Lithic clasts are
quite rare and are chiefly feathery to equigranular,
fine grained, and plagioclase-rich.

Green-gray breccia occurs as a major rock type
collected from boulders and smaller rocks sampled at
stations 2, 6, and 7 and as smaller fragments in the
light mantle at station 3; it must be considered as a

FIGURE 7-6.—Green-gray breccia (sample 76015). Although
some cavities are smooth walled, many have drusy linings,
especially the larger ones, The dark-gray coating (patina)
with numerous zap pits is typical of the exposed surfaces
of this rock type. Note the scarcity of macroscopic clasts
(AS17-73-15013).

major stratigraphic unit of the North and South
Massifs. These rocks are similar in texture, miner-
alogy, and chemistry to the poikilitic rocks collected
at the Apollo 16 site (ref. 7-10). The green-gray
breccias are also chemically similar to the brown-glass
matrix breccias collected at the Apennine Front (ref.
7-11),

Blue-Gray Breccias

The blue-gray breccias form the most complex
group of rocks. This group consists predoeminantly of
a very coherent, slightly vesicular, blue-gray matrix
containing angular to subrounded white clasts (fig.
7-8). There are some cases where the blue-gray
breccias seem to exist as {fragments in a tan matrix, or
there may be a banded relationship between blue-gray
and tan matrix breccias (fig. 7-9). These rocks have
no poikilitic matrix but may contain poikilitic clasts
as well as mineral clasts of plagioclase, pyroxene, and
subordinate olivine. Many of these mineral grains
have been shocked. A few mineral clasts have
fine-grained rinds that may have been partially glassy
at some stage of development. The matrix also
contains traces of glass (sample 73235) or divitrified
glass and displays some thin bands and oriented clasts
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FIGURE 7-7.-Thin sections of green-gray breccias. (a)
Lighter gray areas are poikilitic orthopyroxenes that
compose over 50 percent of matrix and contain numercus
chadacrysts of plagioclase and some olivine. Subrounded
to subangular clasts are principally olivine and plagioclase
(sample 77135,7, crossed polars view) (AS17-73-19912).
(b) Alinement of small plagioclase laths (white) is
common in some areas of green-gray breccia matrices,
generally in areas between oikocrysts. Several larger
blocky grains of plagioclase occur as clasts (white and
black). Olivine grains also occur as larger clasts (medium
gray) and as smaller grains the origin of which is less
certain. Note that the small laths “wrap around” the
clasts (sample 76055,11, crossed polars view) (AS17-73-
19877).

(fig. 7-10(a)); some bands of crushed minerals contain
pink spinel that also occurs in clasts (fig. 7-10(b)).
The tan material is considerably coarser than the
blue-gray material and contains numerous brown
mineral fragments, which, in a thin section of sample

FIGURE 7-8.—One of the more vesicular varieties of blue-

gray breccia (sample 72435). A variety of subangular to
rounded feldspathic clasts are apparent. Cavities are
generally smooth walled (AS17-73-16187).

FIGURE 7-9.—Banded blue-gray and tan breccia (sample
76255). The lighter areas (tan) seem to intrude on the
darker (blue) areas. The coarser grained nature of the
lighter areas can be seen clearly as can the foliated nature
of the light material (AS17-72-56415).

76255, appear to be inverted pigeonites with rela-
tively coarse exsolution lamellae.

The blue-gray matrix ranges from a very fine-
grained to a coarse-grained texture. The fine-grained
matrix consists of intergrowths of pyroxene and
plagioclase only a few micrometers in size in some
examples, whereas the coarse-grained matrix consists
of subophitic pyroxene and plagioclase where some
plagioclase laths may reach 50 to 100 um in length.
In contrast to the green-gray breccias, a large propor-
tion of the mineral clasts are pyroxenes of various
types. Lithic clasts include very-fine-grained, prob-
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FIGURE 7-10.—Thin sections of blue-gray breccias. (a) Clasts
and very-fine-grained dark matrix of blue-gray breccia
(sample 76315,11). Note the alinement of elongate clasts
and foliation of light and dark streaks in matrix. Several
pink spinels (medium gray) oceur in the light band along
the edge of the photograph (plane light view) (AS17-73-
19998). (b) Clast in blue-gray breccia (sample 76315,11).
Several equant, pink spinels (medium gray) occur in this
plagioclase and olivine clast, suggesting a source for the
crushed material in the spinel-bearing light band of figure
7-10(a) (plane light view) (AS17-73-20000).

ably devitrified material, poikilitic rocks, relatively
coarse-grained anorthositic types, feathery feldspar
intergrowths, and basalts.

The blue-gray breccias occur as a major part of the
boulders, as smaller rocks at stations 2, 6, and 7, and
as fragments in the light mantle at station 3; they
must be considered a major stratigraphic unit on both
massifs. The blue-gray breccia was reported by the

crew as being a major part of the large boulder at
station 6, where it was in contact with green-gray
breccia. The latter contained several inclusions of
blue-gray breccias near the contact, suggesting that
the green-gray breccias were largely fluid at the time
of incorporation.

Layered, Foliated, Light-Gray Breccias

The layered, foliated, light-gray breccias contain
approximately 60 percent matrix and are less coher-
ent than the green-gray and blue-gray breccias. There
is some variability in the coherence of the light-gray
breccias, apparently as a result of the degree of
annealing of an originally glassy matrix, some of
which remains as glass. On a macroscopic scale, these
breccias are nonvesicular to very slightly vesicular. A
large proportion of clasts in these breccias have white,
feldspar-rich cores rimmed by a dark-gray glass-rich
material. In the less coherent breccias, clasts stand
out in relief on eroded surfaces. On both macroscopic
and microscopic scales, there occur white veins,
layers, and lenses that, in some cases, appear to
intrude the light-gray matrix (fig. 7-11).

The light-gray matrix consists of numerous small
fragments of lithic debris, plagioclase, olivine, pyrox-
ene, and opaque minerals set in a brown, glassy to
very fine devitrified mesostasis. The white veins and
lenses contain no brown interstitial material but
consist of a few lithic fragments of the gray matrix
breccias and mineral debris that is largely feldspathic.
Mineral fragments are mostly plagioclase but also
include olivine, pyroxene, and spinel. Lithic frag-
ments are primarily breccias but also include anortho-
sitic types, basalts, and poikilitic rocks. Some clasts
show accretionary structures consisting of brown,
glassy matrix mantles surrounding lithic cores (fig.
7-12). Breccia clasts within breccia clasts indicate a
complex history for the formation of the light-gray
breccias.

This rock type is found as a boulder at station 2
and among the smaller fragments in the light mantle
at station 3; therefore, it appears to be associated
with the South Massif.

Brecciated Gabbroic Rocks

Several samples consist of brecciated or crushed
anorthositic to gabbroic rocks. Some samples show
evidence of crushing with little or no mixing, thus
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FIGURE 7-11.—Layered, foliated, light-gray breccia from a
boulder at station 2 (sample 72215). The darker areas
that appear in some instances to be clasts are very fine
grained, probably devitrified. The lighter areas that appear
to be veins are essentially crushed crystalline material
(AS17-73-16661).

allowing possible reconstruction of original textures.
For example, a coarse norite {(sample 78235) showsa
good cumulate texture on a macroscopic scale (fig.
7-13), but it has undergone some crushing on a
microscopic scale (fig. 7-14). Conversely, a gabbro
(sample 78155) has been highly crushed and may be
mixed as well (fig. 7-15). One rock (sample 76535) is
a coarse-grained norite and shows no signs of having
been sheared (fig. 7-16); although there are no thin
sections of this rock, it may well have maintained its
criginal texture. In another example (sample 77017),
the degree of crushing appears to vary from a margin
injected with glass veins to a less disturbed inner
region of cumulate plagioclase and olivine in clino-
pyroxene oikocrysts (fig. 7-17). Two crushed and
recrystallized anorthositic rocks were sampled from
large clasts in the blue-gray breccia portions of the
boulders at stations 6 and 7 and may present some
clues to the source region of this breccia. Some of the
less crushed and mixed samples of these originally
coarse-grained rocks may present the best opportuni-
ties from all of the Apollo missions for reconstructing
the textures and mineral compositions of rocks from
the early lunar crust.

Miscellaneous Rocks

The miscellaneous rocks include a dunite sample
from a large clast in one of the boulders at station 2

FIGURE 7-12.—Thin sections of light-gray breccias. (a)
Glassy to devitrified rounded clasts (black) in a matrix of
more crystalline debris. However, the matrix at top of
photograph is more glass-rich and similar to clasts (sample
72275,11, plane light view) (AS17-73-20085). (b) Crystal
clasts in a brown-glass matrix (black) that itself forms a
clast in a matrix of glass and crystalline debris (sample
72255,7). In some cases, these brown-glass matrix clasts
contain breccia clasts in addition to mineral fragments
(plane light view) (AS$17-73-20082).

and a fine-grained black dike with a very-fine-grained
igneous-looking matrix from the large boulder at
station 7. The dunite contains over 95 percent olivine
as millimeter-sized fragments in a crushed matrix of
the same material (fig. 7-18). Chemical analysis of
this rock indicates an olivine in the Fogs.qo range.
The black dike appears to originate within the
blue-gray breccia part of the station 7 boulder and
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FIGURE 7-13.—Coarse-grained norite (sample 78236) with
glassy-appearing plagioclase and crushed pyroxene. Note
the dark glassy coating on the lower right side of rock.
This glass occurs also as veins in the rock (AS17-73-
15393,

5

mm
FIGURE 7-14.—Thin section of coarse-grained norite (sample
78236), showing area of crushed plagioclase and pyroxene
(top half of figure), large plagioclase crystals that are
largely isotropic (white), and a brown-glass vein (lower
right) (plane light view) (AS17-73-19929).

crosscuts an anorthositic norite clast. Although the
dike contains approximately 15 percent mineral
clasts, the remainder of the dike consists of 5- by
10-um plagioclase laths in 30- by 50-um pyroxene
oikocrysts. Within 0.5 mm of the contact, the vein
material decreases in grain size, and the plagioclase
becomes more skeletal in form.

FIGURE 7-15.—Thin section of crushed and stimred anortho-
sitic rock (sample 78155,8). Texture ranges from a
very-fine-grained clastic mixture of plagioclase (white)
and pyroxene (gray) to lathy diabasic patches (plane light
view)} (AS17-73-19921).

SOILS

Soils were collected by the Apollo 17 crew to aid
in characterizing four major photogeologic units
determined by preflight studies: (1) the “dark man-
tle” that covers the plains surface and was interpreted
as a possible pyroclastic deposit overlying basalt
flows, (2) the South Massif and the light mantle that
was interpreted as an avalanche deposit from that
massif, (3) the North Massif that was interpreted as
highland breccias or possibly volcanic domes, and (4)
the Sculptured Hills that were interpreted as high-
lands terrain composed of breccias.

Five core tubes, one 2.92-m-long drill core, and 73
soils, including both surface samples and samples
from several trenches, were collected. All soils were
described surficially in the Lunar Receiving Labora-
tory; 64 were sieved into five size fractions, and 18
were studied further in thin section and by additional
sieving.

Grain-Size Analyses

The methods of grain-size analysis are outlined in
McKay et al. (ref. 7-12). The mean grain size of soils
from the black-mantled terrain ranges from near the
mean grain size for lunar soils (= 70 um) to 125 ym
(table 7-I). The soils from the North and South
Massifs are fine grained (coarse silt size}, with mean
grain sizes of 45 to 64 um. As in most lunar soils,
nearly all these soils are very poorly sorted. Soils
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FIGURE 7-16.—Coarse-grained norite (sample 76535) with
fresh-appearing plagioclase (white to light gray) that has
typical striations of albite twinning. Although pyroxenes
(medium gray) are fractured along cleavage planes, they
do not appear badly crushed (AS17-73-19458).

from station 4 composed predominantly of glass
spheres have median grain sizes of 40 to 43 um and
are poorly sorted.

Soils from the “Dark Mantle"”

Soils from stations 1 and 5 and the LM area are
mostly the comminuted products of basalt. The bulk
of these soils is composed of basalt fragments,
agglutinates, and grains of clinopyroxene, plagioclase,
and ilmenite (table 7-III). The basalt fragments have a
range of texture and composition, although two types
are most common.

1. Equigranular to subophitic, medium to coarse
crystalline basalt containing 50 percent clinopyrox-
ene (augite and pigeonite), 25 percent feldspar, and
25 percent ilmenite. Olivine, cristobalite, and opaque
phases are present in lesser amounts.

2. Finely crystalline, variolitic basalt with titan-
ium augite, ilmenite, and plagioclase.

Agglutinates, a ubiquitous component of lunar
soils (refs. 7-12 and 7-13), consist of mineral and
lithic detritus bonded by grape-like clusters of neatly
opaque, brown glass. In soils from the plains floor,
the agglutinates have a dull, nearly. metallic luster in
contrast to agglutinates in soils from the massifs.
Coarse-grained agglutinates (250 to 500 um) are very
vesicular and contain irregular, coalescing cavities 5 to
150 um long.

FIGURE 7-17.—In an anorthositic rock having a generally
crushed texture, this area shows several blocky to
lath-shaped plagioclase grains (white) in optically continu-
ous augite (gray) that extends over most of the photo-
graph, except the upper left corner. A few very thin glass
veins (black lines) occur (sample 77017,11, plane light
view) (AS17-73-20008).

FIGURE 7-18.—Thin section of dunite with large olivine
crystals set in a crushed matrix of the same material
comprise this entire clast (sample 72415,12, plane light
view) (AS17-73-19947).

In the < t-mm fraction, there is a considerable
difference between the surface and the trench-bottom
(=17 cm) samples at station 9. The surface sample
contains twice as much agglutinate as the trench-bot-
tom sample and very different breccia components
(table 7-HI). The finer fractions may be mostly
comminution products of the dark-gray vitric brec-
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cias that are the most common rock types at station
9.

Station 4 is on the rim of Shorty Crater, which
- appears to be a crater that penetrated the thin white
mantle and ejected mostly dark plains material. At
station 4, three of the most unique soils from the
Apollo 17 site were collected: orange, gray, and
black. The orange soil forms a band with sharp
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boundaries between the two gray soils. A core driven
through the band penetrated a black soil. Thus, the
three soil types are present within a few square
meters.

The orange soil (sample 74220) consists of cohe-
sive clods that withstood transport back to Earth. At
least one of these clods has color zoning, having a
pale orange-brown center and a moderate orange-

TABLE 7-11.—Grain-Size Parameters of Some Apollo 17 Soils

Median grain Inclusive Inclusive
Sample size graphic mean standa):d Inclusive Kurtosis
nurnber graphic skewness
[ um [o] i deviation
70161 395 64.0 3.88 680 2.08 —-0.12 1.08
70181 4.10 58.3 398 63.3 2.02 - .17 1.01
71061 320 108.2 2.62 163.0 3.30 — .24 a9
74240 3.22 108.0 2.64 1600 3.32 - .26 86
75061 3.16 1120 3.17 1120 2.62 — .25 1.19
75081 3.65 799 348 89.0 242 - .17 1.07
76501 4.22 534 392 66.0 2.58 ~ 28 1.09
78421 4.61 400 447 44 8 202 - .18 1.02
78501 4,76 37.5 397 64.0 294 - .33 115
79261 3.60 820 30 1250 294 - 29 84
2474001 4.60 400 | 4.52 430 1.70 - .06 99
274220 4.61 40.0 4.60 400 1.59 — —
274260 4.36 48.0 4.14 564 2.03 - -

3Without > 1-mm data.

TABLE 7-11.-Petrographic Grain-Type Analyses for Apollo 17 Soils

Sample
701861, 70181, 71061, 71501 73221, 73261, 73281, 74001,
fillet near reference for ar—Stwobem So1, skim sample medium gray whire bortom of
Components ALSEP core in depth rake soit at trench in trench in wench core
90 to 250 to 90 to 250 ro 920 to 250 10 90 10 250 10 90 10 250 10 90 to 250 vo 90 to 250 10 90 to 250 t0
150 pm | 500 wm | 150 pm | 500 um 150 prn | 560 pm | 150 um | 560 pm | 150 pm S00 pm {150 um | 500 pm § 150 um SO0 pm | 150 um | 500 ym
Agglutinates 340 365 560 45.8 2.3 100 35.0 238 263 97 343 34.1 24.6 11.1 -
Basalt 15.0 224 140 294 196 515 246 69.0 30 22 20 104 37 18 -
Breccia
Low grade (brown) 50 4.7 46 71 36 69 23 - 183 280 18.7 177 237 356 - -
Low grade (colorless) - T 3 — & 1.5 K] - 10.3 17.2 4.7 6.3 2.3 89 - -
Medium grade 20 24 26 35 16 - 23 - 180 16.1 157 177 20.6 23.3 - -
High grade - - - - - - - - - 232 - - - — - -
Anorthosite - - - - 3 - - - 3 1.1 3 - 3 - - -
Cataclastic anorthesite - - 3 L2 - - - - 3 22 16 2.1 L6 - - -
Plagioclase 90 59 43 47 17.3 85 50 - 13 i29 5.7 4.2 923 56 1.6 20
Clinopyroxene 216 153 10.3 35 210 10.7 17.3 - 80 22 7.0 10 7.3 2.2 3 -
Orthopyroxene - - 3 - - - L3 - Tt - — - Tt 1.2 - 10
Olivine 3 — - - - - - - 13 - - - 3 - -~ -
‘Opaques {mostly ilmenite) 50 24 23 47 4.6 23 %0 24 - 22 & - 1.3 - - -
Glass
Orange 20 12 3.0 - 6.3 8 16 24 Tr - 1.7 - 1.3 22 8.0 70
Colorless 3 12 3 - 1.3 15 £ - 3 22 £ 2.1 .6 - -
Brown £ 59 6 - 46 - 3 - 6 22 1.3 2.1 2.0 11 - 20
Ropy - - - - - - - - - - 1.0 - - - 16.6 -
Tachylyte 2.6 12 6 - 5.6 2.3 3 - - - - - - - - -
Gray - - - - - 24 - - - 1.0 3 1.1 - -
Green - - - - - — - — - — - — - — - -
Metal spheres 26 - Tr - 40 38 Lo - - - - - - - - -
Barred spheres - - - - - - - 2.6 - 6 10 3 - 733 880
Narite - 12 - - - - - - - - - - - - -
Number of grains 300 35 300 85 300 130 300 42 300 93 300 96 300 90 300 100
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brown rim. Contacts between the zones are sharp.
Surficially, the soil is composed of ruby-red to black
glass spheres and broken spheres that, in thin section,
are homogeneous, pale orange, and nonvesicular.
There is no evidence of included detritus in the
orange glass, but there is a trace of olivine pheno-
crysts. Nearly half the orange glass spheres are partly
or completely crystallized to small sheaf-like bundles
of very fine crystals to parallel bars of ilmenite and
olivine.

Black soil from the bottom of the core at station 4
(sample 74001) consists mostly of barred or broken
spheres. These spheres may be completely crystallized
equivalents of the orange glass droplets, consisting of
olivine and orthopyroxene (?) phenocrysts in a very
small amount of brown to orange glass. These spheres
are crossed by ragged, thin ilmenite plates that impart
the black color to this soil. Traces of spinel and metal
are present. The core soil also contains 10 to 20
percent completely devitrified brown-glass spheres
that are purple in thin section.

The gray soils (samples 74240 and 74260) that
flank the band of orange soil contain a variety of
components (table 7-II[), including a significant
amount of “ropy” glass that occurs as light-gray
spindle-shaped droplets with abundant, fine-grained,
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angular detritus welded to the grain surfaces. The
various orange and black soil components are present
in neatly ali of the “dark mantle” soils in portions of
5 to 20 percent of the total mass of the sample
(average is 10 percent). These components are also
present in low-grade breccias from the plains. A
surface sample at the LM area (sample 70180)
contains approximately 8.1 percent (by weight) of
these “‘exotic” components (table 7-IV). As illus-
trated in table 7-IV, most of the exotic components
are in the < 100-um fraction and are not adequately
represented in table 7-1I1. The wide distribution of
these glasses beyond the limits of Shorty Crater is a
possible indication that layers of this material are
present to depths of tens of meters below the present
valley floor and are penetrated by the deeper impact
craters. The uniformity of composition and morpho-
logy of the “exotic” components supports a theory
that these components are droplets formed during
lava fountaining, which would form lenses or layers
within the strata underlying the Apollo 17 landing
site. It is possible that the components were subse-
quently buried by lava flows; they have no aggluti-
nates and appear to have had no history of exposure
at the lunar surface before their exhuming as ejecta at
Shorty Crater.

TABLE 7-111.—Petrographic Grain-Type Analyses for Apollo 17 Soils—Concluded

number, type, and grain-size fraction

75061, 79261,
Zf:::gv 74240, 74260, skim from top 75081, 76501, . 78421, 78501, 79222’- Iaw:stémyzr
ot gray soil gray soit of flar interbouider rake soit 2 j_"c:r";"z:i n rake soit “”m:;:" of in 17.cm
boulder trench
9010 | 25040 | 9010 | 25010 | 9010 | 25010 | 9010 | 25010 | 9040 | 25010 | 9040 | 25010 | 9010 | 2500 | 9010 | 25000 | 9840 | 25010 | 9040 | 25020
150 wm | 560 wn | 150 wn | 500 yn | 156 jom | 500 m | 150 wn | 500 un | 150 o | 500 o | 150 o | 500 | 150 e | 500 wm | 50 om | 500 wm | 150 pm | 560 um | 250 pom | 500 ym
1.3 40 80 8.2 7 174 24.0 35.3 310 e 47.2 263 62.6 47.1 353 23.0 444 330 223 i8.0
16 40 300 342 23.7 26.1 266 412 120 30.2 17 39 5.7 88 11.0 46.2 144 136 133 236
3 - 16 | 164 74 - 16 | 118 63 | 66 18 | 105 70 39 2.3 - 85 | 148 13 | 152
- - 133 | 55 s4 | 261 20 - - - - i 13 | 137 3 - 10 12 3 45
— — 20 27 33 - 3 - 26 39 8.3 197 26 88 80 - 10 25 3.0 940
- 4.0 - - - - - - - - - - - - - - - - 3 22
- - - - - - - - - - -~ 3 - T - - - 3 14
— - 6 - - - - - - 1.3 14 26 6 20 20 - 3 - 6 22
— — 4.6 14 2.7 4.3 46 39 110 66 12 289 7.3 69 133 - 6.9 37 12.7 435
3 — 11.3 8.2 13.7 8.6 296 59 26.3 184 1.6 - 90 29 50 - 6.5 37 16.6 45
- - - - - - - - - - 19 - - - 73 - - - 16 22
- - 3 - 3 - - - a - 6 - - - - - - -
- - 13 23 - 5.3 - 15 13 17 - - - 37 - 13 - 10 1.1
956 | 880 40 14 17 - 10 - § - a - & 19 20 - 42 - 40 22
3 - 4.6 2.7 37 - 16 - K3 - 14 — 1.3 29 16 - 23 1.2 32 -
- - 36 - L7 - 16 - 1.6 - -- 4.3 & 10 23 — 23 - 36 33
- - 143 | 178 | 181 - - - - - - - - - 3 -~ 36 | 25 - -
- - - 14 17 | 130 - - - 3 26 - - - - - - I3 45
- - - - - - - - - - - - - - 173 - 25 13 -
- - - - 3 43 - - - - - - - 20 230 - - - -
- - - - 3 - - - - - — 3 10 3.0 - Tc - 20 -
— — — - — — — - - - - - - — — 33 1.2 - -
- - — - — — - - - - - - Tr — - —~ 3 -
300 25 300 13 300 23 300 17 300 16 o 76 300 103 360 13 300 81 300 89
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TABLE 7-1V.—Determination of the Approximate
Weight of Orange and Black Soil fexotic)
Components in Soil Sample 701812

Grain-size Mass Exotic glasses | Weight percent
fraction percent’ of in eacf‘t size of exotiF glass
wm ' total soil Jraction, fraction

percent (b)
20 to 45 19.6 10.0 1.96
45t0 75 16.8 20.0 3.3
75 to 50 12.8 15.0 1.92
90 to 150 4.5 9.0 4
150 to 250 12.6 3.6 45
250 to 500 2.0 0 0
> 500 9.0 0 0

4Station 10.
bTotal percent = 8.13.

South Massif and Light Mantle

The South Massif and the light mantle or avalanche
deposits were sampled at stations 2, 2A, and 3; these
appear to be the comminution products of a variety
of breccias with a trace of mare basalt (table 7-III).
Viewed superficially, the coarser fractions consist of
mostly medium-gray fine-grained breccia. Dark-gray
breccias with white clasts <1 mm in diameter were
evident in lesser amounts.

Vitric breccias of low metamorphic grade, 1 to 3
of Warner (ref. 7-14), contain 1- to 200-um-long
clasts of mineral and lithic detritus in matrices of
brown, colorless, and banded glass. Most of the clasts
consist of angular feldspar grains with lesser amounts
of clinopyroxene or orthopyroxene; however, some
grains contain a myriad of clast types.

Breccias of medium metamorphic grade, 4 to 6 of
Warner (ref. 7-14), have fine-grained to coarse-grained
equigranular textures; they are composed of mostly
feldspar and orthopyroxene, with traces of ilmenite
and olivine,

White and gray marbled units from the trench at
station 3 have nearly the same mineralogic composi-
tion, but the gray layer has a higher agglutinate
content. Similar white and gray units exist in a
mottled texture at station 2A. Assuming that the
gray, agglutinate-rich units represent surface layers, it
is possible that a layered regolith sequence was mixed
as it avalanched down the slopes of the South Massif.
Soils from the South Massif and the light mantle
contain the lowest content of mare basalt and the
largest variety of breccias of any Apollo 17 soil; this

APOLLO 17 PRELIMINARY SCIENCE REPORT

observation agrees well with the interpretation of the
light mantle as an avalanche deposit from the South
Massif.

North Massif

The coarse fraction of soils from stations 6 and 7
consists of mostly patchy, medium-gray to dark-gray
breccias, with Iesser amounts of white breccias and
agglutinates. The < l-mm fraction is characterized by
abundant plagioclase and pyroxene grains, low-grade
brown-glass breccias, and medium-grade breccias
(table 7-I11). Some of the medium-grade breccias have
a poorly defined poikilitic texture.

North Massif soils have more breccias of mediuvm
metamorphic grade and a higher plagioclase content
than South Massif soils. However, they are not greatly
different from South Massif soils.

Sculptured Hills

At station 8, a surface soil and a soil from the
bottom of a 25-cm-deep trench differ mainly in their
relative maturity; the trench soil contains twice the
amount of agglutinates. Breccia types in soils from
the Sculptured Hills are nearly the same as those in
soils from the South Massif (table 7-111); but there is a
greater amount of basalt in both the Sculptured Hills
soil samples as compared to those from the South
Massif.

At station 9, located between the Sculptured
Hills and the LM, the soil composition in the *“dark
mantle” appears to be transitional between the two
stratigraphic units. The coarse-grained fraction of
station 9 soils consists of dark-gray, fine-grained,
vitric breccia fragments and aphanitic basalt.

CHEMICAL CHARACTERISTICS

Rocks

Nearly all chemical characteristics of the Apollo
17 rocks can also be found in rocks from previous
missions. Mare basalts with high iron oxide (FeQ) and
titania (TiO,) contents, noritic breccias with a major
element composition broadly similar to KREEP
(potassium, rare-Earth elements, and phosphorus;
here called KREEP-like rocks) but with roughly
one-half the minor and trace element content, and
brecciated anorthositic gabbros with relatively high
lime (CaO) and alumina (Al,0Q3) contents have all
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been observed previously. However, unusually high
zinc (Zn) concentrations in the orange soil and the
exceptionally low Ni content of the basalts suggest
different source materials than those for previously
returned igneous rocks. The trace element contents of
the anorthositic rocks are significantly different from
nearly all those previously returned, again suggesting
variations in the source regions.

Basalts

Basalts exhibiting wide textural variation have
been extensively sampled in the vicinity of Steno and
Camelot Craters (stations 1 and 5), the LM and
Apollo lunar surface experiments package (ALSEP)
site, and also from Shorty Crater (station 4). Analyses
of three of these samples are given in table 7-V. The
basalts are characterized by high FeO contents and by
correspondingly high FeO/MgO (magnesia) ratios (fig.
7-19); hence, they are similar to other mare basalts
sampled at the Apollo 11, 12, and 15 and the Luna
16 landing sites. These characteristics and low soda
(Na,0) concentrations distinguish mare basalts from
all terrestrial basalts.

In detail, these basalts have high TiO, and
correspondingly low silica (SiO, ) concentrations and
are broadly comparable with basalts from Mare
Tranquillitatis {figs. 7-20, 7-21, and 7-22). The sulfur
(S) content of these rocks, about twice that found in
the Apollo 12 and 15 basalts, also compares closely
with the Apollo 11 basalts. The Ni content (approxi-
mately 2 ppm), exceptionally low even for lunar
rocks, is much lower than in previously sampled mare
basalts.

One sample (75055) is slightly quartz normative
and compares closely in both major and trace element
chemistry with typical low potassium (K) Apollo 11
basalts. The other two analyzed basalts (samples
70035 and 70215) differ from sample 75055 in that
they are olivine normative and higher in TiO, (fig.
7-20) and MgO than low-K Apollo 11 basalts, and are
correspondingly lower in SiO;, Al, O3, Ca0, and the
trace elements rubidium (Rb), zirconium (Zr), yttri-
um (Y), and strontium (Sr). Although chemically
comparable, these two basalts differ in texture.
Sample 70215 is very fine grained (probably a
devitrified vitrophyre), whereas sample 70035 is a
coarse-grained (1 to 2 mm) vesicular basalt. The
aphyric texture of sample 70215 indicates that
high-titanium magmas have been erupted onto the
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lunar surface and that rocks of this composition are
not necessarily of cumulate origin. The compositional
differences observed between sample 75055 and the
other two samples are too large to have been
produced by near-surface crystal fractionation, indi-
cating that at least two basalt types have been
sampled at the Apollo 17 site.

Massif Rocks

Rocks from the South and North Massifs have
been sampled at stations 2,3, 6,7, and 8. Analyses of
representative samples are given in table 7-V. In
contrast to the wide textural and petrographic varia-
tions observed in these rocks, two distinct, chemically
defined rock types can be recognized: noritic brec-
cias, corresponding to the petrographically defined
suites of green-gray, blue-gray, and light-gray breccias;
and anorthositic gabbros, corresponding to the petro-
graphically defined suite of brecciated gabbroic rocks.
The latter group was found as clasts in the noritic
breccias and as isolated samples at stations 6, 7, and
8. Figures 7-21 and 7-22 show that both rock types
plot close to the plagioclase-control trend that is
typical of highland rocks, particularly those from the
Apollo 16 site.

The Apollo 17 noritic breccias are characterized
by approximately 50 percent normative plagioclase
and are broadly comparable in bulk chemistry with
KREEP-like rocks sampled on previous missions (e.g.,
samples 15265, 62235, and 60315). The noritic
breccias have slightly higher Al, O3 concentrations
and MgO/FeO ratios than typical Apollo 14 breccias
(fig. 7-21); in this respect, they are more closely
comparable with the Apollo 16 KREEP-like rocks
(figs. 7-21 and 7-22). Although closely comparable in
major element chemistry, the noritic breccias are
lower in Na, O, potash (¥,0), and phosphorus pen-
toxide (P, Os) than the Apollo 14 breccias, but they
resemble the broadly defined composition of low- to
moderate-K Fra Mauro basalt composition proposed
by Reid et al. (ref. 7-15) on the basis of glass
compositions in the Apollo 15 soils. Elements that
are abundant in KREEP, such as Rb, Y, Zr, and
niobium (Nb), are also lower in these rocks than in
the Apollo 14 breccias. Figure 7-23 shows that, in
comparison with their abundances in Apollo 14
breccias, these elements are depleted in rocks with
the major element composition of KREEP from the
Apollo 17, 16, and 15 sites. In all cases, K and Rb are



TABLE 7-V.—X-Ray Fluorescence Analyses of Apollo 17 Rocks®

Component

Rock type and sample number

Basalts Novitic breccias Anorthositic rocks Dunite clast | Soil breccia
or element
75055,6 | 70035,1 | 70215,2 | 72435,1 | 72275,2 76315,2 1 77135,2 | 76055,5 | 78155,2 | 770172 76230,4 72415,2 79135,1
Abundance, percent

§i0, 41.27 37.84 37.19 45.76 47.54 45.82 46.13 44.65 45.57 44,09 44.52 39.93 42.29
TiO, 10.17 12.97 13.14 1.54 91 1.47 1.54 1.24 27 41 .20 .03 5.15
Al, O, 9.75 8.85 8.67 19.23 17.01 18.01 18.01 1647 25.94 26.59 27.01 1.53 15.08
FeO 18.24 18.46 19.62 8.70 11.58 8.94 9.11 9.11 5.82 6.19 5.14 11.34 14.01
MnOb .29 .28 .28 11 .18 11 13 A1 .10 .08 .06 13 .19
MgO 6.84 9.89 8.52 11.63 9.35 1241 12.63 16.33 6.33 6.06 7.63 43.61 1042
Ca0 12.30 10.07 10.43 11.72 11.71 11.06 11.03 9.93 15.18 15.43 15.17 1.14 11.44
Nz, O 44 35 .32 52 .38 57 .53 48 33 .30 .35 <.02 40
K,0 .09 06 04 23 .28 .27 .30 .20 .08 06 .06 00 .10
P,0, .07 .05 .09 27 35 29 .28 19 .04 .03 .05 .04 .07
S 19 .15 .18 .08 .08 .08 .08 .07 .04 15 .03 .01 .10
Cr,0,°¢ 27 .61 42 .20 .36 19 .20 19 .14 13 11 .34 .39

Total 99.92 99.58 98.90 99.99 99.73 99.22 99.97 98.97 99.84 99.52 100.33 98.12 99.64
Quartz 1.97 - — - - - - - - - - - —
Orthoclase .53 .35 24 1.36 1.65 1.60 1.77 1.18 417 35 .35 .00 .59
Albite 3.72 2.96 2.71 4.40 3.22 4.82 448 4.06 2.79 2.54 2.96 .00 3.38
Anorthite 24.36 2240 22.10 4946 43.88 45.79 45.88 42.20 69.07 71.03 71.95 4.17 39.06
Diopside 30.00 22.11 23.81 5.74 10.01 5.96 5.81 4.78 4.91 4.37 244 .99 14.12
Hypersthene 19:41 24.53 23.97 23.23 36.91 24.66 2549 19.21 16.52 10.09 8.74 1.53 19.76
Olivine - 1.72 .33 12.01 1.13 12.70 17.72 24.52 5.31 10.01 13.25 90.91 12.30
[menite 19.32 24.63 24 .96 292 1.73 2.79 2,92 2.36 51 .78 .38 06 9.78
Apatite 15 11 .20 .59 .76 .63 61 42 .09 07 A1 .09 15

Total 99.46 98.81 98.32 99.71 99.29 98.95 99.68 98.73 99.67 99.24 100.18 97.75 99.14

Abundance, ppm

Sr 209 176 12]1 165 121 175 172 155 145 141 145 11 166
Rb T g <.2 3.8 8.7 5.8 7.3 5.1 2.3 1.2 .3 <.2 2.1
Y 112 75 75 107 129 111 107 76 16 14 12 1.1 55
Zr 272 205 183 450 613 510 494 341 59 50 42 2.6 185
Nb 25 20 20 30 32 33 33 23 4.8 4.1 3.2 3 14
Ni 2 2 2 112 67 149 110 155 53 95 166 173 218
Zn 7 4 5 2 3 4 4 1 4 4 2 4 72

3 Analysis performed by J. M. Rhodes, K. V. Rodgers, and B. M. Bansal.
Manganese oxide.
®Chromium oxide.

8I-L

LAOdTYE GONHIDS AAVNINITTNEd L1 OTI0dY



PRELIMINARY EXAMINATION OF LUNAR SAMPLES

30 —
Apollo 17 samples Previous missions
© Basalts & Apollo 11 basalts
w2 Noritic breccias u Apollo 12 rocks
< Anorthositic gabbros % Apollo 14 breccias
A Dark matrix breccia 4 Apollo 15 rocks
b Soil's b Apollo 16 racks
24
A Qrange soil
A e
A gA a ‘A B- u
u L

E *, o
[=) | ]
g %
E 16}
2 N
- FaN
3 N
R " a0
12 2750,®
A% 5 ne
% o W D765
8_
LN
A
R
h N
4r A
i SN
A
7y ] | l ] ]
0 4 8 12 i6 20

MgO, weight percent

FIGURE 7-19.-The MgO and FeO content of Apollo 17
lunar rocks and soils compared with data for rocks from
previous missions.

more depleted than sodium (Na), phosphorus (P), Y,
Zr, and Nb, but Sr is only slightly depleted. The
Apollo 17 noritic breccias and the brown matrix
breccias from the Apollo 15 site are more depleted in
these elements than the KREEP-like rocks from the
Apollo 16 site.

Some internal variation within the Apollo 17
noritic breccias is illustrated in figure 7-23. Sample
72275, classified petrographically as a foliated, light-
gray breccia, is characierized by lower Sr and Na and
higher P, Y, and Zr concentrations than the other
breccias. These differences in minor and trace ele-
ment abundances accompany small but important
differences in major element chemistry. These differ-
ences include higher FeQ and CaQ in sample 72275
for a given A1, Q; content and distinctly lower
MgOQ/FeOQ ratios, reflected in a higher normative
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FIGURE 7-20.—The 8i0, and TiO, variation in Apollo 17
basalts and in other mare basalts from previous missions.
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FIGURE 7-21.-The FeO and Al, Q, variation in Apollo 17
rocks and soils compared with data from previous
missions.

orthopyroxene content relative to plagioclase and
olivine. These differences indicate that the foliated,
light-gray breccias are derived from a different lith-
ological unit than the other gray matrix breccias. This
distinction is emphasized by the much lower Ni
content of this rock compared with the other noritic
breccias (table 7-V). If the Ni content is largely of
meteoritic origin, then the possibility exists that the
foliated, light-gray breccias form a stratigraphic unit
the materials of which have undergone a much
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FIGURE 7-22.—The CaO and Al, O, variation in Apollo 17
rocks and soils compared with Apollo 16 and 11 rocks.
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FIGURE 7-23,—Concentrations of Sr, Na, K, Rb, P, Y, Zr,
and Nb in Apollo 17 noritic breccias, Apollo 16 KREEP-
like rocks (ref. 7-9), and Apollo 15 brown-glass matrix
breccia (ref. 7-10) relative to Apollo 14 breccias (ref.
7-17).

shorter period of surface exposure than other ana-
lyzed materials from the South and North Massifs.

In addition to the clasts of anorthositic gabbro,
clasts of dunite and olivine are also present in the
noritic breccias. An analysis of a large dunite clast
(72415) sampled at station 2 is given in table 7-V.
Abundant inclusions of olivine and dunite in sample
76055 are reflected in the high MgO content of this
sample and in the low trace element abundances
compared with the other breccias (fig. 7-23). Sample
76055 is slightly displaced in composition toward the
dunite clast (sample 72415) from the other noritic
breccias (figs. 7-21, 7-22, and 7-24).
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FIGURE 7-24.—The Al, O, and Zr variation in Apollo 17
rocks and soils. Data for previous missions were taken
from references 7-9 and 7-10.

Three sampies of anorthositic gabbro have been
analyzed (table 7-V). The samples are of restricted
composition, all containing just over 70 percent
normative plagioclase. They compare broadly in
major element chemistry with such samples as 15418
and 68415 and with the highland basalt composition
(ref. 7-16). Figure 7-21 shows that they are slightly
more mafic than comparable rocks from the Apolio
16 site. The trace element contents of these rocks,
particularly Zr, Y, and Sr, tend to be lower than
those in the Apollo 16 rocks, being slightly over half
their content in sample 68415 (ref. 7-9). In this
respect, the samples are more closely comparable
with sample 15418 (ref. 7-10 and fig. 7-24), provid-
ing evidence for a spectrum of trace element concen-
trations in rocks with the bulk composition of
anorthositic gabbro.

Soils

The compositional range of soils from the Apolio
17 landing site is greater than that found at any
previous landing site. There is a complete range of
soils—from those approaching the basalt in composi-
tion to the highly aluminous, light mantle soils
derived from the South Massif. Analyses of 17 soils
from most of the major sampling stations and an
analysis of Apollo 11 sample 10084 are given in table
7-V1. The latter sample is included for comparative
purposes and as an indication of the accuracy of the
results.

The major element chemistry of these soils appears
relatively straightforward, suggesting a simple two-
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component mixing trend involving basalt and an
aluminous end-member intermediate in composi-
tion between the noritic breccias and the anorthositic
gabbros (figs. 7-19, 7-21, and 7-22). In detail,
however, the mixing is more complex because three
compositional groups can be recognized, largely on
the basis of trace and minor elements (fig. 7-24). In
addition to compositional distinctions, selenographic
distinctions can be made among these three groups.

“Dark Mantle” Material. —Soil samples taken at
stations 1 and 5 are considered to be the best
candidates for “dark mantle” material, particularly
sample 75061, a soil sampled from the top of a
boulder. The samples are of uniform chemistry and
are compositionally very close to the subfloor basalts
(figs. 7-19, 7-21, 7-22, and 7-24), which, together
with orange-glass fragments, constitute approximately
80 percent of these soils. The remainder is accounted
for by aluminous material from the adjacent massifs.
Secils from station 4 and the LM-ALSEP site are
slightly more aluminous and less mafic than the
station 1 and 5 soils, containing slightly more of the
massif component.

The Ni content of these soils is fairly constant,
averaging approximately 120 ppm in the station 1
and 5 soils, but it increases with the increasing
aluminous component in the other soils. Because the
basalts, which account for the bulk of these soils, are
very low in Ni (table 7-V), most of the Niin the soil
is probably of meteoritic derivation, corresponding
roughly with a 1-percent chondrite component.

Light Mantle Material, —Light mantle, derived from
the South Massif, has been sampled at stations 2, 2A,
and 3. These soils are the most aluminous sampled at
this landing site, and, apart from a small (5 percent)
basaltic component, they are intermediate in both
major and trace element chemistry between the
noritic breccias and anorthositic gabbros (figs. 7-19,
7-21, 7-22, and 7-24). If the light mantle is represent-
ative of the South Massif, it implies that the massif is
composed predominantly of noritic breccias and
anorthositic gabbros in roughly equal proportions.
The average Ni content of these soils is approximately
220 ppm. If one allows for the high Ni in the source
rocks (approximately 100 to 120 ppm), which may
also be of meteoritic origin (during an earlier phase of
lunar history), then the meteoritic component infer-
red for these soils is approximately 1 percent, similar
to that previously inferred for “dark mantle” soils.

North Massif and Sculptured Hills Material. —Soils

7-21

collected near the North Massif and the Sculptured
Hills from stations 6, 8, and 9 are more aluminous
and less mafic than the “dark mantle™ and related
soils from the valley floor, and they are intermediate
in major element chemistry between the basalts and
the light mantle soils (figs. 7-19, 7-21, and 7-22).
However, these soils are depleted in K, Zr, and Y with
respect to a simple mixiure of these two end
components. This fact is illustrated in the case of Zr
in figure 7-24. Thus, in these soils, anorthositic
gabbro is more abundant relative to noritic breccias
than it is in the light mantle soils, suggesting that
anorthositic gabbro may be more abundant in the
North Massif or the Sculptured Hills (or both) than it
is in the South Massif.

Orange Soil

The orange soil (sample 74220) sampled at Shorty
Crater is composed almost entirely of glass and
devitrified glass spherules. It differs markedly in
composition from all other soils, including adjacent
soils from station 4 (table 7-VI), and is broadly
comparable with the basalts, having high FeO and
TiO, concentrations. In contrast to these rocks, the
orange soil contains 14.4 percent MgO and could be
derived from the basalt composition by the addition
of approximately 24 percent olivine (Fogg ). However,
both the Sr and Rb abundances (table 7-VI) are too
high in the orange soil with respect to the basalts,
thus precluding a direct relationship between the two.
The Zn content of 292 ppm is exceptionally high for
lunar materials (table 7-VI); the only other material
approaching this composition is the Apollo 15 green
2lass (60 to 100 ppm) (ref. 7-18). The high volatile
clement content of the orange soil (in addition to Zn
and abundant chlorine (C1), found semiquantitatively
during preliminary examination and confirmed by G.
W. Reed (personal communication)) implies a source
different from that of the basalts, irrespective of
whether the glass in the soil is of volcanic or impact
origin. Furthermore, the high Zn content cannot be
attributed to any reasonable level of meteoritic
contamination during impact.

Because Zn concentrations in both the basaltic and
massif rocks are low, approximately 2 to 5 ppm, the
higher concentrations observed in the soils (table
7-VI) must reflect the orange-glass (or its devitrified
derivatives) content of these soils. On this basis, the
orange-glass content is highest in the other soils from
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TABLE 7-VI.—X-Ray Fluorescence Analyses of Apollo 17 Soils®

Sample
Component
or element 74(2{?)0'3 75061,4 71041,3 | 715013 75081,3 | 71061,3 70161,3 | 74240,3
Abundance,
5i0, 38.57 39.32 39.74 39.82 40.27 40.09 40.34 40.78
TiO, 8.81 10.31 9.57 9.52 941 9.32 8.99 861
Al O, 6.32 10.42 10.80 11.13 11.31 10.70 11.60 12.54
FeO 22.04 18.19 17.73 1741 17.20 17.85 17.01 15.84
MnO .30 25 .24 .25 25 24 .23 24
MgO 14.44 9.53 9.72 9.51 9.59 9.92 9.79 9.15
CaO 7.68 10.72 10.72 10.85 10.97 10.59 10.98 11.36
Na, O .36 33 35 32 .33 .36 32 .38
K,0 .09 .08 .08 .07 08 .08 .08 A2
P,O, .04 .06 07 06 07 .07 .08 .09
S .07 A3 13 A2 12 13 12 .14
Cr,0, 5 48 47 46 46 49 46 41
Total 99.47 99.82 99,62 99.52 100.06 99.84 100.00 99.66
Quartz — — - - - — - -
Orthoclase .53 47 47 41 47 47 47 71
Albite 3.05 2.79 2.96 2.71 2.719 3.05 2.1 3.22
Anorthite 15.36 26.72 27.66 28.73 20.14 27.35 29.98 32.16
Diopside 18.43 21.37 20.54 20.25 20.33 20.29 19.64 19.33
Hypersthene 20.13 22.84 22.83 23.63 24.05 23.76 23.38 23.09
Olivine 24.32 5.31 6.22 5.01 4.67 6.46 5.99 4.06
Imenite 16.73 19.58 18.18 18.08 17.87 17.70 17.07 16.35
Apatite .09 13 .15 .13 15 15 17 .20
Totat 98.65 99.21 99.01 98.95 99.47 99.23 99.41 99.12
Abundance,
Sr 205 166 165 157 165 174 168 163
Rb 12 1.6 1.1 1.2 1.1 1.1 14 2.3
Y 49 83 73 74 77 75 77 80
Zr 182 237 217 214 229 215 218 235
Nb 15 21 i9 19 20 19 19 19
Ni 83 115 117 131 140 100 161 80
Zn 292 25 51 33 35 88 41 83

2Analysis performed by J. M. Rhodes, K. V. Rodgers, and B. M. Bansal.

bOrange soil.
€Control soil (Apollo 11).

Shorty Crater, ranging from 27 to 36 percent, and
lowest in the light mantle soils, averaging approxi-
mately 5 percent. The Zn content of “dark mantle”
soils indicates variable amounts of orange glass,
ranging from 7 to 29 percent (averaging approxi-
mately 14 percent). The soils from stations 9, 8, and
6 contain progressively less Zn away from the valley
floor. The correlation between modal orange-glass

content (this does not include devitrified glass) and
glass content calculated from the Zn concentrations is
positive for the cases where comparison is possible.

Total Carbon Analysis

The total carbon (C) contents for the Apollo 17
soils range from 4 to 170 ppm C and are similar to
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TABLE 7-V1.—X-Ray Fluorescence Analyses of Apollo 17 Soils®—Concluded
number
70181,3 | 742602 | 79221,2 | 79261,2 | 78501,2 | 765012 | 725012 | 72701,2 | 731411 z 00&4):,42
percent
40.87 41.22 41.67 42.26 42.67 43.41 45.12 44.87 45.06 41.78
8.11 7.68 6.52 6.09 547 3.15 1.56 1.52 1.29 7.41
12.30 13.25 13.57 14.43 15.73 18.63 20.64 20.60 21.52 13.47
16.37 15.31 15.37 14.60 13.15 10.32 8.77 8.65 8.10 15.65
.24 .23 .21 .20 .18 .14 A1 12 11 22
9.82 9.47 10.22 .82 9.91 11.08 10.08 9.97 10.04 8.07
11.05 11.37 11.18 11.48 11.77 12.28 12.86 12.80 13.04 12.13
.35 .38 .34 35 35 .35 40 40 .38 37
.08 12 .09 .11 .09 .10 .16 .16 .15 .15
.06 .09 .06 .07 .05 .08 .13 .15 12 12
A1 12 A2 12 .10 .07 .09 .07 .06 .14
44 41 42 40 .37 .26 .23 .23 21 -
99.80 99.65 99.77 99.93 99.84 99.87 100.15 99.54 100.08 99.51
47 71 53 .65 .53 .59 95 95 .89 .89
2.96 3.22 2.88 2.96 2.96 2.96 3.38 3.38 3.22 3.13
31.76 34.10 35.24 37.48 41.09 48.97 54.05 53.94 56.57 34.65
18.57 17.78 16.26 15.59 13.87 930 1.29 7.04 6.01 2042
23.12 22.60 22.27 23.06 22.55 1698 19.29 19.32 18.22 23.18
6.83 5.96 9.54 7.95 7.88 14.58 11.62 11.39 12.20 2.76
15.40 14.59 12.38 11.57 10.39 5.98 2.96 2.89 2.45 14.07
13 .20 13 .15 11 .17 .28 33 .26 .26
99.24 96.13 99.23 99.41 99.38 99.53 99.82 99.24 99.82 99.36
ppm
169 167 156 153 155 147 153 155 148 -
1.9 2.0 1.7 1.9 2.1 25 4.2 39 3.5 —
70 75 61 59 58 46 64 54 54 -
216 239 193 183 189 158 271 275 236 —
18 19 16 16 15 13 18 18 15 —
190 99 236 177 194 206 241 227 195 -
47 109 51 48 40 29 21 22 18 -

those found during earlier missions. The majority of
the samples depicted in figure 7-25 have values
ranging from 110 to 170 ppm C, which is typical of
mature dark-colored soils. Exceptions include the
orange soil (sample 74220), its adjacent soils (samples
74240 and 74260), and samples 71041, 71501, and
71061 from station 1. The analyzed split of sample
71061 has a noticeably larger grain size than normal
fines.

Because C abundance has been shown to be
correlated with surface exposure and the proportion
of finer material, it is not unexpected that the coarser
fines would be lower in C. The results verify previous
proposals that the major portion of C found in lunar
fines is from solar wind. Although the value recorded
for the orange soil (sample 74220) is 4 ppm C, an
carlier split was analyzed and had 100 ppm C. The 4
ppm C from a carefully selected and handled sample
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FIGURE 7-25,—A comparison of the total carbon abun-
dances for the Apollo 17 samples with those of samples
from previous missions. The latter data are from reference
7-9. Apollo 17 samples are shown by the last four digits
of the inventory number.

is considered valid for sample 74220, the earlier high
value is attributed to contamination in some form,
although real variations in the sample cannot be
completely ruled out. The soil breccia {sample
79135) has a normal total C content of 150 ppm, and
the anorthositic gabbro (sample 78155) has a value of
21 ppm C, which is similar to anorthositic rocks from
Apollo 15 and 16.

The gas-release profile (fig. 7-26) for the orange
soil (sample 74220,5) is distinct for any lunar sample.
The sample shows evidence of water (H,0), carbon
dioxide (€0O,), and sulfur dioxide (SO,) loss below
350° to 400° C. The abundances, temperature release
ranges, and sequence of release are different from
lunar soils that have been derived through normal
lunar regolith processes. The release profile for H,O
is similar to the release of absorbed water (released
below 150° C) and a more tightly bound H,O
component, which might be associated with the large
abundance of glass in the sample. The low-tempera-
ture release of CO, (from 10 to 15 ppm CO,) and of
SO, (from 10 to 15 ppm SQ,) is especially unusual.
Mature lunar soils do not evolve SO, until tempera-
tures approach 800° to 900° C, The high-temperature
SO, results from the reaction of sulfides, such as

troilite, with the silicates in the matrix (ref. 7-19).
The SO, resulting from the reaction products is seen
in figure 7-26 in the temperature interval from 1000°
to 1200° C. Mature lunar soils evolve trace amounts
(less than 8 ppm) of CQ, (ref. 7-20) over a wide
temperature interval from 200° to 500° C, and it has
been proposed by Hayes (ref. 7-21) to represent CO,
that has been reimplanted from the lunar atmosphere.
The low abundance of solar wind hydrogen (released
from 200° to 700° C) for sample 74220,5 lends
support to the observation of an almost total lack of
agglutinates and a low exposure age (ref. 7-22) for the
sample. Additional gases released above 700° C are
reaction products of components found in the soil.

Cosmic-Ray-Induced Radionuclides

The amounts of radioisotopes produced on rock
surfaces and on the top few millimeters of soils from
the Apollo 17 site (table 7-VII) are much larger than
amounts observed in samples from previous Apoilo
missions. These high activities resulted from a series
of solar flares that occurred from August 2 to 12,
1972, the largest solar cosmic ray event that has ever
been observed on Earth (ref. 7-23).

Sodium-22 (**Na) activities doubled when com-
pared to the values seen for Apollo 11, whereas
cobalt-56 (*$Co) and manganese-54 (**Mn) activities
increased an order of magnitude in some cases. The
isotopes beryllium-7 (" Be), chromium-51 (*!Cr), and
*Co were observed for the first time in lunar
samples, and more definitive numbers for *'Co
content were obtained. The measurements of these
additional isotopes and the increased activity of the
other isotopes should serve as a better baseline for
processes involving interaction of solar protons with
the target elements involved.

Several rock samples appear to be unsaturated in
aluminum-26 (**Al) (samples 70255, 78135, and
78235), but, because these samples are chips from
large rocks, chemical analysis will be necessary for
confirmation.

DRIVE TUBES AND DRILL CORE

Three double drive tubes, two single drive tubes,
and a deep drill core were collected to sample the
stratigraphy of stations 3, 4, 6, and 9, and the ALSEP
and LM sites. On return, these samples were assigned
an inventory number, unpacked, externally cleaned,
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FIGURE 7-26.—Gasrelease profile of soil sample 74220,5 (orange soil). Note the low-temperature
release of CO, and SO, . The gas-release patterns as compared to temperature have been plotted so
that each of the gases have been normalized to 100-percent amplitude in their region of greatest
abundance. The arrow on the weight-loss curve represents the initial melting of the sample. (a)

Gas-release profile. (b) Weight-loss curve.

weighed, and then transferred to the Core Studies
Laboratory.

The drill stems and drive tubes were X-rayed with
Fe radiation for 5 sec at 90 kV and 50 mA.
Descriptions and illustrations in the following section
are derived from the study of X-radiographs and the
examination of samples taken from the upper ends of
some deep drill sections. The samples were described
under the binocular microscope and split into coarse
and fine fractions. The fine fractions were allocated
to Principal Investigators; the coarse fractions were
photographed and stored. The drill bit (70001) and
the second section from the top of the deep drill
string (70008) were dissected, and the material was
described under the binocular microscope. Samples
were also removed from two drive tubes: from 70012
because of a spillage problem and from 74001 for
scientific purposes.

The stereopair X-radiographs provide a preliminary

guide to stratification and dissection as well as a
permanent, three-dimensional record of the location
and attitude of many rock fragments. Changes in size,
shape, sorting, packing, and composition affect the
cpacity of X-radiographs; also, primary depositional
structures and sampling artifacis are readily visible.
Because particles with a low X-ray absorption, such as
feldspars, tend to be invisible, data on grain size,
sorting, and density may be ambiguous. The exact
location of components may be uncertain because of
parallax distortion.

Deep Drill Core

The deep drill core was taken at the ALSEP site,
approximately one crater diameter east of the
400-m-diameter Camelot Crater. Following extrac-
tion, the drill string was broken down into three
segments for return: 70001 to 70004, 70005 and
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TABLE 7-VI1.—Gamma Ray Analyses of Apollo 17 Lunar Samples

Semple Weight, Laboratory TP U K, 241, 22 Na, 5 Mn,
no. g fa) ppm pom percent dpm kg dpm/kg dpm kg
71041 4 111.1 BNW 0.86 = 0.03 0.22 £ 0.01 0.063 +0.004 126+4 126 + 4 198 £ 10
71041,4 111.1 JISC 90+ .02 .20 + .06 .06 .02 115+ 20 135+ 20 220 £ 30
71061,5 100.0 ISC 1.15+ .15 .30 +.03 07=+.02 45+ 10 65 £ 10 114 = 10
73131,1 100.18 ORNL 224 + .11 63 + .03 116 +.006 54+3 126 + 5 75+ 10
73221,0 46.0 ORNL 213+ .11 63 +£.03 118 +.006 197 + 10 310+ 15 230 = 30
73241,1 100.06 ORNL 225+ .11 .64 £ .03 122 + .006 935 110+ 5 808
732614 100.52 ORNL 240+ .12 .67 = .04 109 + .006 57+4 42+ 4 5212
74220,92 100.,0 RCL .65+ .09 .164 + 010 .068 = .002 45+ 4 51+3 503
74220,92 100.0 JSC 65+ .07 16 + .02 .065 = .015 43+ 7 58+8 8615
75061,5 100.0 BNW .87+ .03 22+ .01 .060 = .003 174+ 6 171+ 6 286+ 12
75061,5 100.0 RCL 91+ .13 248 + .015 .066 + .002 180 + 16 187+10 20010
76240,2 104.98 RCL 25+.3 61+ .03 119 £.004 154 + 14 42+ 3 29+ 6
76240,2 104.98 BNW 2.30 £ .06 60 .02 110 +£.005 151 6 422 31+8
76261,1 100.7 RCL 213 49 £ .02 102 +.003 182 + 17 148 + B 93+ 7
76261,1 100.7 BNW 1.92 .04 S51+.02 097 + .004 171+ 5 142 + 4 106 + 8
76501,4 97.89 ORNL 139+ .14 .38+ .04 090 + .005 909 909 60+ 10
78421,1 94.51 BNW 1.58 +.07 41 £ .02 084 = .003 S§+2 392 12+ 8
78481,1 101.27 BNW 149 + .05 39+ .02 .095 £ .003 257+ 12 244 £ 12 264+ 10
784814 101.27 ISC 14+.2 4 x.1 .07 = .02 230 = 30 290 +40 310 £ 40
785014 113.24 ORNL 1.11=.11 28 + .03 077 + .004 90«9 105 £ 10 96 = 10
79221 .4 100.2 ORNL 1.12 £ .06 .36 +.03 .070 = .004 130+ 7 165+ 10 215+ 20
792614 100.2 ORNL 1.08 +.05 31 +.02 .070 = .004 45 +4 43 + 4 44 £ 6
70135,0 446 ORNL 32 +.06 A1 +.02 .046 + .010 37+ 8 45+ 9 42 + 10
70175,0 338.8 RCL 40 .04 105 = .007 .055 + .002 42+ 5 76 £ 18 156 + 9
70185,0 449 ORNL .30+.03 10 +.02 042 + 004 70+ 4 504 95+ 10
70255,0 224.9 RCL .31 +.03 107 =+ .008 048 + .008 49+ 6 727 137 £ 15
70275,0 171.4 RCL 42+ .04 107 +£.008 .0421 = 0018 92+9 90+ 16 190 = 50
71035,0 144.1 BNW 44 + 03 J1+.01 027 £ .003 908 97+ 8 157+ 15
71155,0 258 BNW .29+ .05 A3 .02 < .030 105+ 4 112+ 4 227+ 40
71155,0 25.8 RCL .31+ .08 109 + 018 .039 £ .003 93+ 17 112+ 24 160 £ 80
72255,0 402.57 RCL 4.4+ 4 1.20 £ .15 .184 + .008 78+ 6 615 416
723550 3674 RCL 5.3+.3 1.39 £+ .04 253 +.005 84+6 876 66 +7
72415,0 29.47 RCL < .15 < .06 012 +.007 776 290 + 30 77+ 16
75055,2 405.9 BNW 40 £ .02 .10 £ .01 065 + .005 69 +7 85+5 139 + 15
76015,0 2819.0 JSC 83 2+.3 .30 £.06 Detected Detected Detected
76215,0 642.8 RCL 4.6 +.2 1.27 + .06 215 £.014 56+3 604 22+ 17
76255,0 393.2 BNW 233+ .05 .58 +.02 291 = .006 79 + 4 71+4 38+9
76275,0 55.93 BNW 54+.4 1.39 + .10 .222 £ .009 111+ 9 95+ 6 103 = 20
76295,0 260.7 ORNL 5.30+.27 1.50+ .08 .227 +.011 675 54+ 4 38+ 15
76295.,0 260.7 BNW 576 = .17 1.55 £.05 .230 £ .009 71+4 64 +3 70+ 30
77135,0 316.7 BNW 55+.5 142+ .14 185 + 018 110 + 11 100+ 10 2115
78135,0 133.9 RCL .26 +.05 107 = .012 .0525 +.0018 42 + 4 74+ 5 180 + 20
78235,0 128.8 RCL 59 .08 196 + 016 .0490 = .0015 777 111+ 8 55+ 8
791585,0 316 ORNL 31+ .06 12 .03 .041 + .004 7010 77 + 10 110 20

ABNW = Battelle Pacific Northwest Laboratory (L. A. Rancitelli, R. W. Perkins, W. D. Felix, and N. A. Wogman); J§C =
NASA Lyndon B. Johnson Space Center (Ernest Schonfeld); ORNL = Qak Ridge National Laboratory (G. D. OKelley, J_ 8.
Eldridge, and K. J. Northcutt); and RCL = Radiation Counting Laboratory at JSC (J. E. Keith and R. §. Clark {JSC) and W. R.
Portenier and M. K. Robbins (Northrop Services, Inc.)).
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TABLE 7-VIL—Gamma Ray Analyses of Apollo 17 Lunar Samples—Concluded
56 Co, 46Sc'd 43 V’e 60 Co, 7Be, 1oy, 1¢0, 5807
’ ThiU Ky
dpm/jkg dpm kg dpm kg dpmjkg dpm kg dom kg dpm kg dpm kg
364 £ 10 723 27 £ 15 <22 — - - — 3902 2900200
480 + 50 85 + 30 — - - - 14+5 - 45+14 3000+ 1300
130+ 30 3415 - - 106 + 120 - - — 38+.6 2300 = 700
119+£12 1523 — — — - — - 36+.2 8401130
810 + 40 336 — - 450 = 350 — - - 341+.2 1870+ 130
95 +10 103 - — - — - - 35+.2 1900 + 130
5+10 8+5 — — - - — — 3.6+.3 1630z 130
31+6 19.1:1.6 13+ 14 <35 - — — - 40+ .6 4100 = 280
48 + 16 40 ¢ 15 - - <110 - 32 40+ .7 4100 = 1100
548 +30 112x7 27+ 15 <28 350+ 120 — 187 214 4.0+ .2 2700 + 180
490 £ 30 86 x5 4712 57213 — - - - 37+ .6 2700 + 180
254 7.5+ 9 7.0x14 4016 - - - 41+ .5 2600 + 120
27 +3 8+4 26+1.4 8+ .4 - — - 3.8+.2 1800 + 100
240 + 20 23+2 18+12 125 — - - - 4.3+ .6 2100 + 100
245 + 8 27+3 1910 < 1.5 - - - — 3.8+.2 1900 + 110
120 = 12 18+ 4 15+ 10 - — - - - 3.7x.5 2400 = 300
< 20 9.2:+25 - 1.6 .8 - - — 39+.3 2000+ 120
606 + 30 59+3 34+15 16+.8 370 90 < 340 18+8 18+12 38:.2 2400 150
70050 10020 - - 250 = 80 10060 14 4 33£16 35:1.0 1800z 660
150z 10 306 10+ 8 — - - 4.0+ .6 2800 + 300
470 £ 25 65+ 7 30+ 20 - — - — - 31+.3 1900 =+ 200
26 £ 10 15+4 - - - - - - 35+ .3 2260 £ 190
59:20 3010 — - - - - - 29+.8 4200+ 1200
300 + 70 39+ 3 17+5 .29 + .08 - - - - 38+.5 5200+ 400
105 + 10 475 - - — - - - 3.0+.7 4200 + 900
21119 6316 < 30 < .25 - - - — 29+ 4 4500 + 800
200 + 20 35+4 32+15 .17+.08 - — — - 39+ .5 3900 = 300
328 + 30 846 - - — — - - 4.0z .5 2500 + 400
310+ 20 80 +4 - <4 — - - — 22+.5 -
280 =70 817 - - - - — — 28+.9 3600 + 700
35+15 66 - — — - — - 37+.6 1500 + 200
5813 12+3 <9 < .4 — - - - 3.8: 2 1820 + 60
150+ 30 8+3 — — - — — — — —
210+ 15 627 <22 4+2 140 + 2§ 75+40 74+17 7.0+£35 4.0 .4 6500 = 800
Detected  Detected - - Detected  Detected - Detected 4x1.6 1500 =400
45+ 6 53 < 24 < 4 - — - - 36=.2 1690 + 140
374 3913 57+26 - - - - — 4.0z .2 5000 + 200
64 +6 T+2 - < 1.1 - - - - 39+ 4 1600 = 130
417 5+2 — — - - - - 35+.3 1510 = 110
355 6.4+2.6 - <1.2 — - - — 3.7+.2 1500 = 80
66 =7 7222 33 413 - — - - 39+ .5 1300 + 200
240 + 20 76 £ 5 18+ 35 < 3.5 — - - - 24 +.5 4900 + 600
529 1.4+.9 <12 34112 - - — — 30z:.5 2500 = 200
155 + 30 62+10 - - - — — - 26+.8 3400 + 900
bThorium,
SUranium.
d5candium,

Vanadium.
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70006, and 70007 to 70009. Each section has a
potential collecting length of 39.9 e¢m, except for the
basal section (70002), which is 37.0 e¢m long attached
to the 6.5-cm-long bit (70001). From X-radiographs,
the estimated length of returned sample was 294.5
cm (9.66 ft) out of a potential return of 322.5 cm
(10.6 ft). Because drilling became difficult and was
stopped with 30 £ 2 cm of the drill stem still above
the lunar surface, a void of similar length at the top
of the core was expected. Actual empty space
occupied approximately 27 cm, but it was distributed
unevenly. There was a 15-cm void at the top of
70009, a 2-cm void at the top of 70008, and an
estimated 10-cm void in the top haif of 70007 (the
top 2 cm of 70007 were empty, and the next 16 cm
were approximately half full of loose material,
sloping from empty to completely full). Hence,
recovery of actual materia] sampled is close to 100
percent. Stratal separation took place at the top of
70007; apparently, the soil of the upper two sections
moved as a plug, possibly aided by air of pressuriza-
tion entering through the connection between 70007
and 70008,

In gross aspect, the deep drill core contains three
major stratigraphic intervals: an upper, massive,
coarse-grained interval dominated by basaltic and
crystalline rock fragments; a middle, very-fine-grained
interval dominated by anorthositic fragments; and a
lower distinctly stratified interval containing a variety
of breccias and crystalline fragments (fig. 7-27).

The upper interval, which includes units 52
through 64, is 107 c¢m thick (from the lunar surface),
characteristically massive and coarse grained, and
more poorly stratified than the rest of the drill string.
Principal layering occurs near the top and bottom of
this interval. The uppermost 17.5 cm contain five
layers (units 60 through 64), including a basal,
fine-grained, thin bed that is overlain by 14.5 cm of
fining-upward sequence. Conversely, unit 59, the
major massive bed, is 61.5 cm thick and occupies the
lower 7.5 cm of 70009, all of 70008, and the upper
16 cm of 70007. This massive unit is packed with
poorly sorted rock fragments; in 70008, which has
been dissected, these fragments show an upward
succession from soil breccias, through massive to
flaky, black, devitrified glass, to fresh-appearing
vesicular basalts and gabbroic anorthosites. Very little
glass was found in this part of the core. Units 52
through 58 are fairly distinct and extend the coarse-
grained interval to a depth of 107 cm. Basaltic and
crystalline rocks are dominant at the top of 70006.
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The fine-grained middle interval, which is 56 cm
thick, includes units 36 through 51 and contains a
few widely scattered coarse rock fragments. The
sample removed from the top of 70005 contains
small, anorthositic rock fragments and a few breccias;
X-ray characteristics indicate similar texture and
composition throughout the interval.

The 131.5-cm-thick basal interval, which is hetero-
geneous and well stratified, includes units 1 through
35. Although there are some units over 10 cm thick
and others less than 0.5 ¢m thick, most range from 2
to 5 cm. Similarly, although sorting ranges from very
poor to good and grain size ranges from medium
coarse to very fine, most soils of this interval are well
sorted and fine grained. Samples removed from the
top of sections 70004, 70003, and 70002, and from
the dissected bit, 70001, tend to be fine grained and
moderately well sorted, with a small percentage of
coarse fraction dominated by soil and glassy matrix
breccias. Although vesicular basalts and gabbros are
present, they are subordinate to glasses and breccias.

Field and stratigraphic data suggest the following
tentative subfloor regolith stratigraphy and history.
The lower interval, with its many thin layers, rela-
tively fine grain size, good sorting, and abundance of
breccia and glass, was deposited either slowly by
accretion over a long period of time or rapidly with
extensive reworking over a long period of time. The
middle interval, which is fine grained, relatively well
sorted, and rich in powdery anorthosite, could signify
either the culmination of the working and slow
accretion of beds of the lower interval or the distal
end of a landslide from one of the massifs.

The upper interval appears to be associated with
events that produced nearby craters. The lower strata
(fig. 7-28) may be ejecta from subdued older craters,
such as Poppy and San Luis Rey. In 70008, the
reverse stratigraphic sequence of soil breccia through
glassy breccia to crystalline rocks, the abundance of
fresh-appearing plagioclase, and the scarcity of brec-
cia and spatter glass are taken as evidence to indicate
that the main unit accumulated by rapid deposition,
probably from the Camelot cratering event. The thin,
fine-grained bed above unit 59 may represent an
eroded and pulverized horizon. The uppermost, fin-
ing-upward, thin-bedded sequence (units 61 through
64) is tentatively interpreted to be base surge ejecta
from nearby Rudolph Crater, which does not contain
coarse, blocky, subfloor ejecta. This sequence was not
found in drive tube 70012, where a hard layer
probably represents the packed fragmental unit.
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Unit
— UNIT 9 Depth: TDS, 286.5 to 289 cm; lunar surfacs, 259.5 to 262 cm  Thickness: 2.5 ¢m
Thin interval with scattered mottles.
9 Matrix: 95 percent; moderately transparent, indistinctly granular, with a trace of pinpoint opaques.
Coarse fraction: 5 percent; semicpaque, indistinct outline, 2- to 5-mm crenulate mottles scattered randomly throughout
the interval,

E UNIT 8 Depth: TDS, 289 to 290 ¢cm; funar surface, 262 to 263 cm  Thickness: 1 ¢cm

7 Thin bed with small, sorted rock fragments.

— Matrix: 80 percent; high transparency with pinpoint opaques, as in unit 7.

6 Coarse fraction: 20 percent; semiopaque with moderately distinct outline, 110 3 mm in diameter, well sorted, chip-shaped
fragments with relatively straight margins and anqular corners. A few fragments show an indistinct out!ine on one

—  side.

UNIT? Depth: TDS, 290 to 291 cm; lunar surface, 263 to 264 cm  Thickness: 1 ¢cm
Fine-grained thin bed with transparent matrix.
Matrix: 100 percent; as in unit 4, uniformly finely granular, high transparency, and a trace of pinpoint opagues.

UNIT 6 Depth: TDS, 291 to 293 ¢m; lunar surface, 264 to 266 cm  Thickness: 2 ¢m

Thin bed with large rock fragments,

Matrix: 60 percent; high transparency, as in unit 5, but with no pinpoint opaques.

Framework: 40 percent; 30 percent is semiopague rock fragments with distinct outline, bimodal sorting, and large fraq-
ments, 0.8 10 1.2 cm, are equant and lumpy as in unit 2, and 2- to 4-mm chip-like fragments as in unit 5; 10 percent
is semiopague mottles, 1 to 3 mm in diameter, with indistinct but smooth, not crenulate, sutlines.

UNIT 5 Depth: TDS, 293 1o 301 cm; lunar surface, 266 to 274 cm  Thickness: 8 cm

Thick interval with transparent matrix and small, sorted rock fragments,

Matrix: 90 percent; high transparency with traces of pinpoint opaques as in unit 4.

Coarse fraction: 10 percent; semiopaque rock fragments with distinct outline, slightly elongate to chip shaped, 2 to 4 mm
in diameter, sorted, with straight edges and anqular corners,

UNIT 4 Depth: TDS, 301 to 305 cm; lunar surface, 274 to 278 cm  Thickness: 4 cm

Fine-grained unit with transparent matrix,

Matrix: 100 percent; distinctly less dense and opaque than underlying unit, featureless except for a trace of pinpoint
spherical opaques.

UNIT 3 Depth: TDS, 305 to 310 cm; lunar surface, 278to 283 cm Thickness: 5 cm

Medium-thin bed with dense matrix and indistinct mottles.

Matrix: 85 percent; relatively high opacity, sémewhat granular in appearance, with a distinct fairly planar upper bound-
ary and a tendency to an indistinctty mottled appearance, but with no opague particles.

Coarse fraction: 15 percent; traces of opaque, 1-mm fragment, subrounded blocky fragment; 15 percent is semiopaque,
indistinct cutline with highly crenulate widely sized mottles scattered throughout the entire 1ength of the intervai,
no distinct layering.

UNIT 2 Depth: TDS, 310 to 316 cm; lunar surface, 283 to 289 cm  Thickness: 6 cm

Medium-thick interval with poorly sorted rock fragments.

Matrix: 70 percent intermediate transparency with trace of shard-like opaques.

Framework: 30 percent; traces of 1-mm-diameter, equant, globular opaques; 20 percent is semiopaque rock fragments
with distinct outline, 2 to 9 mm in diameter, average =3 mm, poorly sorted, equant to slightly elongate, mostly with
irreqular lumpy appearance, subordinate number with smooth straight outline; 10 percent is semiopaque, indistinct

70001

outlined equant mottles with vaguety crenulate outlines as much as 8 mm in diameter, but averaging 2 to 3 mm.

UNIT 1 Depth: TDS, 316 to 322,5 cm; lunar surface, 289 to 294.5 cm  Thickness: 5.5 cm

Fine-grained unit with sparse rock fragments. Comprises all of 70001, the drill bit. Because of the thick walls, it is net
possible to distinguish many soil characteristics.

Matrix: =90 percent; reveals no texture except that it appears fine grained.

Coarse fraction: ~10 percent; appears to contain scattered, 1- to 3-mm, well-sorted rock fragments (equant, semiopaque
to X-rays, but with distinct subrounded outline),

p—

X-radiograph symbols

Indistinct fragments

. B .
Granular matrix [g?!,_’;’(;. Opague particles

Light matrix Eg v i Distinct rock fragments % Void space

FIGURE 7-27.-Interpretation of X-radiographs of Apollo 17 deep drill string. The top of the drill
string is represented by the abbreviation TDS. Depth values are direct from X-radiographs and
therefore are somewhat expanded.
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Depth,
cm Unit

UNIT 38  Depth: TDS, 174.5 to 178.5 cm; lunar surface, 147.5to 151.5 cm  Thickness: 4¢m

Medium-thin interval with abundani, small, well-sorted rock fragments.

Matrix: 70 percent; moderate to high transparency, with less than 10 percent fine mottles and only a trace of pinpoint
opaques, near limit of resolution.

Framework: 30 percent; 20 percent is semiopaque rock fragments with distinct outline, 2 to 4 mm in diameter, well
sorted, btocky to wedge shaped with nearly straight sides and angular to subangular corners; 10 percent is semiopaque
density concentrations with indistinct outline, 2 to 4 mm diameter, fading out over relatively straight and even edge,
suggesting breccia fragments.

- UNIT 37  Depth: TDS, 178.5 to 183 ¢m; lunar surface, 151.5 to 156 cm  Thickness: 4.5 ¢cm
180 T Densely granular interval with sparse rock fragments.
¢ | 37 Matrix: 95 percent; more opaque than unit 36, densely and finely granuiar with traces of minute spherical opagues.
Coarse fraction: 5 percent; semiopaque with indistinct outline, appearing as equant density concentrations 1 10 3 mm
in diameter, with regular and even fadeout, sorting and type of semitransparency suggest breccia fragments rather
than clods,

| 38

UNIT36  Depth: TDS, 183 to 190 cm; lunar surface, 156 to 163 cm  Thickness: 7 cm

Massive interval with sparse rock fragments and abundant opague fragments.

Matrix: 90 percent; uniformly fine grained and noticeably transparent with =1 percent spherical opaques, 0.5 mm to limit
of resolution,

Coarse fraction: 10 percent (decreasing upward); 5 percent is semiopague rock fragments having distinct cutline, moder-
ately well sorted, 2 to 3 mm in diameter, hest sorting at top of bed, continuous gradation upward; 4 percent is semiopaque
mottles, 1104 mm in diameter with crenulate fadeout; 1 percent is opaque fragments, averaging 1 mm in diameter, biocky
equant to comma shaped.

UNIT 35 Depth: TDS, 190 to 194.5 cm; lunar surface, 163 to 167.5cm  Thickness: 4.5 cm

Rock fragmental zone with relatively transparent matrix.

Matrix: 60 percent; decidedly less dense in appearance than underlying unit with =1 percent spherical opaques, 0.5 mm
in diameter to fimit of resolution; matrix becomes progressively more transparent upward.

Framework: 40 percent; rock fragments, similar in appearance to unit 34, =30 percent is semiopague rock fragments with
distinct outline; 10 percent is crenulate mottles with indistinct outline.

UNIT34  Depth: TDS, 194.5 to 200 cm; lunar surface, 167.5 to 173 cm  Thickness: 5.5 cm

Rock fragmental zone with relatively opaque matrix.

Matrix: 65 percent; relatively opaque to X-rays, compared to unit 35, but appears to be uniformly dense throughout with
no distinct mottles or opaque fragments.

Framework: 35 percent; 25 percent is semiopague rock fragments with distinct outline, 2 to 11 mm in diameter, poorly
sorted, equant to slightly elongate, polygonal, relatively straight sided, subangular corners; 10 percent is semigpaque
with indistinct outline, appears as indistinct mottles, 1 to 4 mm in diameter with finely crenulate fadeout.

UNIT 33  Depth: TDS, 200 to 202.5 cm; lunar surface, 173 to 175.5 cm  Thickness: 2.5 cm

Moderately thin bed with abundant rock fragments.

Matrix: 80 percent; intermediate transparency with some granules as unit 32,

Coarse fraction: 20 percent; 10 percent is semiopaque rock fragments with distinct outline, 2 to 5 mm in diameter,

70005

200 [ moderately well sorted, elongate-equant polygonal with straight edges, subangular corners; 10 percent is semiopaque
= with indistinct outline, 2- to 5--mm-diameter clods or mottles, fading out irregularly, but not on a crenulated margin.
8 iy UNIT 32 Depth: TDS, 202.5 to 205 cm; lunar surface, 175.5t0 177 cm  Thickness: 1.5 cm

M~ < |

"o | 3, Thin bed with scattered rock fragments.

Lo Matrix: 90 percent; intermediate transparency with =5 percent granules, 0.5 mm to fimit of resoiution.

Coarse fraction; 10 percent; semiopague rock fragments with distinct outline, 2 to 3 mm, well sorted, ovoid and sub-
rounded.

e UNIT31  Depth: TDS, 204 fo 207 cm; lunar surface, 177 fo 180 cm  Thickness: 3 cm

Transparent matrix interval with scattered rock fragments.

Matrix: 95 percent; nearly uniformly transparent with only a trace of granularity or pinpoint opaques,

Coarse fraction: 5 percent; semiopaque, indistinct outline, 0.5- to 2-mm elongate mottles, resembling shard-like
rock fragments, but indistinct.

UNIT 3¢  Depth: TDS, 207 to 209.5 cm; lunar surface, 180 to 182.5 cm  Thickness: 2.5 cm

Finely mottled zone with sorted rock fragments.

Matrix: 70 percent; similar to unit 29 in being moderately opague and finely mottled throughout,

29 Coarse fraction: 30 percent; 10 percent is semiopaque rock fragments, well sorted, 2.5 to 5 mm in diameter, elliptical,
subangular to subrounded with even surfaces; 20 percent is semiopague, indistinct to partiatly distinct outline,

1 to 6 mm in diameter, fading out over irreqular but not highly crenulate edges.

FIGURE 7-27.—Continued.
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UNIT 48  Depth: TDS, 146.5 to 148 ¢m; lunar surface, 119.5t0 121 cm  Thickness: 1.5 ¢m

Fine-grained thin bed with transparent matrix.

Matrix: 100 percent; uniformly fine grained with a trace of widely scattered and evenly distributed pinpoint mottles, near
limit of resclution, no opaques.

UNIT 47  Depth: TDS, 148 o 151 cm; lunar surface, 121 to 124 cm  Thickness: 3 ¢m

Medium-thin bed with moderately opaque matrix and scattered rock fragments.

Matrix: 85 percent; intermediate transparency because of 10 percent granularity and pinpoint density concentrations,
but with a noticeable absence of opaques in contrast to unit 46.

Coarse fraction: 15 percent; semiopague rock fragments with distinct to semidistinct outline, wel! sorted, 2to 4 mm in
diameter, equant to polygonal with relatively straight edges and subangular corners, slightly lumpy and irregular
(not crenutate) fadeout on semidistinct edges.

UNIT 46  Depth: TDS, 151 to 154 ¢m; funar surface, 124 fo 127 cm  Thickness: 3 cm

Transparent matrix and fine-grained interval with abundant opaque fragments,

49 Matrix: 100 percent; noticeably more transparent than in unit 45 with less than 5 percent pinpoint semiopaque density
concentrations {in contrast to 20 percent of unit 45, 2 percent opaque parficles, equant, subrounded polygons with

a suggestion of straight edges or spheroids, less than 1 mm in diameter to limit of resolution.

UNIT 45  Depth: TDS, 154 to 156 cm; lunar surface, 127 10 129 cm  Thickness: 2 cm

Moderately opaque interval, as in unit 44, but with ro rock fragments.

Matrix. 100 percent; moderately opaque with ~20 percent indistinct pinpoint mottles, near limit of resolution to 0.5 mm,
but with no apaque spherules; contact with overlying bed appears very distinctly as an irreqularly planar surface, with
striking decrease in density in overlying unit 46,

| & |

47 UNIT 44  Depth: TDS, 156 to 160 cm; lunar surface, 12910 133 ¢cm  Thickness: 4 ¢cm
Moderately opaque interval with small, scattered, sorted rock fragments,
__ Matrix: 85 percent; moderately opague with ~20 percent indistinct equant mottles, near limit of resolution to 0.5 mm, 1
percent opaque spherules fess than 0.5 mm in diameter,
Coarse fraction: 15 percent; semiopaque with partially distinct outline (probabty partially concealed by density of matrix),
310 5 mm, well sorted, equant to ovoid, subrounded particles, long axes tend to be alined horizontally.

T UNIT43  Depth: TDS, 160 to 164 cm; lunar surface, 1330 137 cm  Thickness: 4 cm

Rock fragmental unit fractured at top of core.

Matrix: 70 percent; appears similar to that of unit 42, but is strongly permeated by cracks and fractures, contains
=20 percent finely granular mottles, traces of opaque spherules, near limit of resolution.

Coarse fraction: 30 percent; clumps or rock fragments with distinct outline, 2 to 11 mm in diameter, subowoid to
polygonal with irregular angularly wavy edges most commonly defined by cracks in matrix.

44 UNIT42  Depth: TDS, 164 to 166 cm; lunar surface, 137 fo 139 cm  Thickness: 2 cm
Thin bed with moderately opaque matrix and small sorted rock fragments.
Matrix: 80 percent; intermediate opacity, finely mottled with 20 percent pinpoint motties, less than 1 mm in diameter,

i no opaques.

Coarse fraction: 20 percent; semiopague rock fragments with moderately distinct outline, 1o 4 mm in diameter,
average 2.5 mm with few fragments being much smaller or larger, fragments with one or two relatively straight

.| 43 margins, but fading out along crenulate margins on other side of fragment,

UNIT41  Depth: TDS, 166 to 170 cm; lunar surface, 139 to 143 ¢m  Thickness: 4 cm

i - Fine-grained interval with scattered fine mottles and sparse rock fragments,

Matrix: 95 percent of intermediate to low opacity, with 5 to 15 percent mottles under 1 mm in diameter and =1 percent
spherical opaques, limit of resolution to 0.8 mm.

Coarse fraction: 5 percent; semiopaque rack fragments with distinct outline, blocky slightly elongate with refatively
straight edges and angular corners.

UNIT 40  Depth: TDS, 170 to 170.5 cm; lunar surface, 143 to 143.5 ¢cm  Thickness: 0.5 cm

Thin rock layer.

Matrix: 60 percent; moderately transparent and uniformly fine grained,

Framework: 40 percent; semiopague rock fragments with distinct outline, 1 to 4 mm in diameter, moderately well sorted,
equant to stightly elongate, with smoothly faceted to blocky outline, subangular to angular corners.

T UNIT39  Depth: TDS, 170.5 to 174.5 cm; lunar surface, 143.5 t0 147.5 cm  Thickness: 4 cm
Fine-grained interval with indistinct granules,
0 Matrix: 95 percent; moderatety high transparency, but with 2 percent opaques, ranging from spheroids at limit of
resolution fo shards 1 mm tong; elongate opagues tend to have long axes alined horizontally.
Coarse fraction: 5 percent; semiopaque density conceritrations with indistinct outline, 1 to 3 mm in diameter with
regular and even fadeout as in unit 37,

FIGURE 7-27.—Continued.
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UNIT 57 Depth; TDS, 110.5 to 115 cm; lunar surface, 83.5t0 88 cm  Thickness: 4.5 cm

Medium-thin bed with sparse small rock fragments and abundant opaques.

Matrix: 90 percent; intermediate to high transparency and with 10 to 15 percent semiopaque granules, 1 mm in diameter
to {imit of resolution, =1 percent blocky to spherical opague fragments as much as 1 mm in diameter.,

Coarse fraction: 10 percent; 5 percent is semiopague rock fragments with distinct outline, well sorted, 1to 2 mm in
diameter, equant and blocky with angular corners; 5 percent is semiopague mottles, 2 to 3 mm in diameter with
crenulate fadeout as in unit 56.

UNIT56  Depth: TDS, 115 to 119 cm; funar surface, 88t0 92 cm  Thickness: 4 cm

Medium-thin bed with small well-sorted rock fragments.

Matrix: 80 percent; intermediate to high transparency with less than 10 percent fine granularity, only trace amounts
of spherical opaques, near limit of resolution.

Coarse fraction: 20 percent; 15 percent is semiopagque rock fragments with distinct outline, well sorted, mostly 2 to 4 mm
in diameter, blocky and equant to bladed and elongate with relatively straight sides and angular corners; 5 percent is
semiopaque density concentrations with indistinct crenulate fadeout. These fragments range from 1t 5 mm in
diameter and are randomly distributed throughout the unit.

UNIT55  Depth: TDS, 119 10 122,5 cm; lunar surface, 92 t0 95.5 cm  Thickness: 3.5 ¢cm

Thin bed packed with basalt fragments. (2.5 cm of this unit are in core 70007, and 1 c¢m is in the base of core 70007.)

~ Matrix: 30 percent; relatively transparent, very finely granutar with ne opaques.

Framework: 70 percent {examined during end sampling for early allocation); packed with semiopaque rock fragments with
distinct outline, equant, poorly sorted, blocky fragments with nearly straight edges; on examination of actual speci-
mens, they turned out to be coarsely crystalline basalt fragments with 15 to 20 percent vesicles as much as 5 mm in
diameter. No other rock types were present.

UNLT54  Depth: TDS 122.5 to 127 ¢m; lunar surface, 95.5t0 100 cm  Thickness: 4.5 ¢cm
— Massive unit with mixed rock fragments and relatively transparent matrix. in X-radiograph, this unit appears to be
very similar in composition to unit 52,

UNITS53  Depth; TDS, 127 fo 129 cm; lunar surface, 10010 102 cm  Thickness: 2 cm

| 57 Thin bed, packed with rock fragments,

Matrix: 50 percent; relatively transparent, sparingly mottled, apparently as in unit 52, but mostly concealed by abundant
rock fragments.

— Framework: 50 percent; 45 percent is semiopaque rock fragments with distinct outline, moderately well sorted, 2 to 9 mm
in diameter, but mostly 5 + 1 mm, blocky, smooth-edged and subangular fragments, similar to those of unit 52, but
much more abundant; 5 percent is semiopague mottles, averaging 2 to 3 mm in diameter with irrequtar lumpy to
indistinct outline,

UNIT52  Depth: TDS, 129 to 134 cm; tunar surface, 102 to 107 cm  Thickness: 5 cm
Massive unit with mixed rock fragments and transparent matrix.

- Matrix; 70 percent; relatively transparent with =5 percent fine semiopaque mottles less than 1 mm in diameter, a trace

of spherical opagues, near limit of resolution.
Coarse fraction: 30 percent; 20 percent is semiopaque rock fragments with distinct outline, poorly sorted, ranging from
1to 8 mm in diameter, tending to be blocky to wedge-shaped equant fragments; 10 percent is semiopague density con-
55 centrations with indistinct outline, 2 to 5 mm.in diameter, fading out over an irregular to lumpy outline as in unit 51.

UNIT51  Depth: TDS, 134 o 138.5 cm: lunar surface, 107 to 113.5¢cm  Thickness: 4.5 cm
~ Massive interval with granular matrix and abundant clods and rock fragments.

Matrix: 70 percent; moderately opaque with =20 percent pinpoint to 0.5-mm semiopague granules scattered throughout,
traces of opague spherules less than 0.5 mm in diameter,

Coarse fraction: 30 percent; 5 percent is semiopaque rock fragments with distinct outline, 2 to 5 mm in diameter,
moderately poorty sorted, blocky outline with straight to nearly straight edges; 25 percent is semiopague mottles
or clods with indistinct outline, ranging up to 8 mm in diameter, but very poorty sorted. Fragments, possibly
breccias, tend to have a lumpily irreqular appearance and are not crenulate. Entire interval appears to be reverse

Al graded and is roughly coarser at the top.

51 53 UNIT50  Depth: TDS, 138.5 to 140 cm; lunar surface, 111.5to 113¢cm  Thickness: 1.5 ¢cm

Fine-grained thin bed with high transparency matrix.

A T Matrix: 100 percent: as in unit 48, uniform with trace of pinpoint motties and opaques.

UNIT 49 Depth: TDS, 140 to 146.5 ¢m; funar surface, 113 to 119.5cm  Thickness: 6.5 ¢m
Medium-thin bed with moderately opague matrix and scattered rock fragments.
52 Matrix: 85 percent; inter mediate transparency with L0 percent granularity, but with noticeable absence of opague frag-
ments or density concentrations.
Coarse fraction: 15 percent; semiopaque rock fragments with distinct to semidistinct outline, moderately well sorted,
2 to 5 mm in diameter, equant to polygonal with generaliy straight edges and subangular corners, even fadeout areas
where edges are indistinct.

FIGURE 7-27.—Continued.
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UNIT 64  Depth: TDS, 15 to 18 cm; Junar surface, Oto3 ¢cm  Thickness: 3 cm

Fine-grained unit with transparent matrix and scattered opaque spheroids.

Matrix: 100 percent; high transparency with = 10 percent density concentrations and semiopaque granules less than 1 mm
in diameter; 1 percent opaque shards and spheroids ranging from 1 mm in diameter to limit of resolution. On the
X-radiograph, the unit appears to fade out over a 2-cm distance along the upper margin because of s| umping.

UNIT 63  Depth: TDS, 18 to 23 cm; lunar surface, 3to 8 cm  Thickness: 5 cm

Massive fine-grained unit with coarse but indistinct motiles.

Matrix: 100 percent; intermediate to high background transparency, but with 50 to 60 percent indistinct motiles as much
as 2 mm in diameter, granular density concentrations generally less than 1 mm in diameter.

UNIT 62  Depth: TDS, 23 to 26 cm; lunar surface, 8to 11 cm  Thickness: 3 cm

Fine-grained interval with sorted small rock fragmants and clod-like particles.

Matrix: 75 percent; relatively opaque because of granularity, represented by 30 percent semiopaque density concentra-
tions less than 1 mm in diameter, but with no opaques,

Coarse fraction: 25 percent; 15 percent is semiopaque rock fragments with distinct outiine. Rock fragments are well
sorted, 1.5 to 4 mm in diameter, equant to subequant with irregular lumpy outlines; 10 percent is semicpaque cren-
ulate mottles fess than 5 mm in diameter.

UNLT 61  Depth: TDS, 26 to 29.5 cm; iunar surface, 11 t0 14.5cm  Thickness: 3.5 ¢cm

Medium-thin bed with abundant, mixed rock fragments.

Matrix: 55 percent; moderately opaque (but noticeably {ess opague than unit 60} with 20 percent semiopaque granular
density concentrations, less than 0.5 mm in diameter, no opaques.

Framework: 45 percent; 35 percent is semiopaque rock fragments with distinct outline, (Of the semiopaque rock frag-
ments, 25 percent is represented in equant rock fragments with irregutar, lumpy, subangular to subrounded outline.
These fragments are poorly sorted, ranging from 1 to 9 mm in diameter. The other 10 percent of distinct-outlined
rock fragments is elongate chips, sptinters, and blocky rock fragments with straight edges and angular to subangular
corners, but these fragments are as poorly sorted as the equant fragments), Remaining 10 percent of framework
consists of semiopaque crenulate mottles 2 to 6 mm in diameter.

UNIT 60  Depth: TDS, 29.5 to 32,5 cm; lunar surface, 14.5to 17.5 cm  Thickness: 3 ¢m

Fine-grained interval with clod-like coarse fractior.

Matrix: 80 percent relatively opaque, distinctly granular with 30 percent semiopaque granular density concentrations,
less than 1 mm in diameter, a trace of pinpoint spherical opaques.

Coarse fraction: 20 percent; semiopaque crenulate motttes and density concentrations, 2 to 5 mm in diameter, with
fairly even size distribution, indicating good sorting if these particles represent rock fragments and not soil clods,

UNIT 59  Depth: TDS, 32.5 to 106 cm; lunar surface, 17.5t0 79 cm  Thickness: 61.5 cm

Note: Soil in unit 59 consists of 38 cm in 70008, 16 cm in 70007, and 7.5 ¢m in 70009. The 16 cm of soil in 70007 com-
prised 6 cm of drili stem packed with sample and 28 cm of drill stem averaging 50 percent full; thus, a total of 16 cm.

Massive unit packed with poorly sorted, large rock fragments.

Matrix: 50 percent; moderate to low transparency with 30 to 50 percent fine semiopaque granules less than 1 mm in
diameter, a trace of opaque spherules, 0.5 mm in diameter to {imit of resolution.

Framework: 50 percent; 45 percent is semiopague rock fragments with distinct outling, 1 mm to 2.5 cm in diameter.
Fragments are very poorly sorted, mostly equant fo oveid-elongate with blocky or irregular polygonal outline, angular
to subangular corners; 5 percent is semiopaque density concentrations with indistinct outline, but fading out smoothly
to stight unevenly, not fading out over crenulate margins.

In 70008, there are especially large rock fragments at approximately 16 and 30 ¢m from the top; otherwise, character-
istics of the unit seem to apply throughout.

UNIT 58  Depth: TDS, 106 to 110.5 cm; lunar surface, 79 to 83.5cm  Thickness: 4.5 ¢cm

Medium-thin bed with abundant, small, well-sorted rock fragments.

Matrix: 70 percent; moderate transparency with approximately 25 percent finely granular texture, granules semiopague,
less than 1 mm in diameter, atrace of spherical cpaques, near limit of resolution.

Coarse fraction: 30 percent; 25 percent is semiopague rock fragments with distinct outline, well sorted, all fragments
being 2.5 +1 mm in diameter; most fragments are slightly elongate rectanguiar polygons to chips with sharply curved
edges and angular corners. The other 5 percent is semiopague crenulate mottles 1 to 3 mm in diameter, possibly
breccia fragments,

FIGURE 7-27.—Continued.
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FIGURE 7-27.—Concluded.

Drive Tube 70012 (L52)

This core was hand driven to a hard layer at 28 cm
depth 0.5 m inside the plus-Y footpad of the LM. The
site lies on regolith developed on basaltic subfloor,
near the center of the valley, approximately 750 m
equidistant between the large (300 to 400 m) craters
Camelot and Sherlock. The sample was collected in a
relatively flat area with common, but subdued, 10- to
30-cm-diameter craters (ref. 7-42). Most of the
surface appeared fine grained with particles near the
limit of resolution of the surface photographs, but 1
to 2 percent of the surface was covered with particles
as much as 3 or 4 cm in diameter. Similar material is
in the core. Although this core was not disturbed by
footprints (AS17-147-22517), the top 1 or 2 cm were
probably depleted in fine soil by the LM descent
propulsion engine. When the buddy secondary life-
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wHET Explanation
Rudolph ejecta

. Surficial fines {includes mapping
unit termed "'dark mantle'')

Camelot ejecta
2 Ejecta from craters north of
4 diagram

E5 San Luis Rey ejecta

[ Poepy ejecta

D Anorthositic fines of middle
interval

Mixed basalt and breccia fragmental
tayers and fine layers of lower
drill-stem interval

Fractured and glassy subfioor
ubfloor basait flows

FIGURE 7-28.-Block diagram depicting the reconstruction
of regolith history in the vicinity of deep drill string (LM
area). The front face is a radial section through Camelot
Crater, the drill-stem site, and the LM site; the other faces
parallel the standard lunar surface grid. (Vertical exaggera-
tion is 200X )

support system (BSLSS) bag was opened in the Lunar
Receiving Laboratory, the bottom cap of the core
was off and lying nearby, and soil was spilling from
the bottom. Forty-seven grams of slumped material
were excavated from the base of the core to provide a
fresh vertical face, which was then supported by a
plug of aluminum foil. The upper follower was in
place, and the X-radiograph indicated no serious
cracking or slumping in the remainder of the core
(fig. 7-29).

The excavated material was mostly fines, with 5 to
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Depth, Unit

limit of resolution.

UNIT 4

Matrix; 85 to 90 percent.

m In all four units, the matrix appears to be similar, being moderately apaque and relatively granular with
‘ 40 10 50 percent fine mottles, less than 0.5 mm in diameter, and a trace of opaque particles near the

Depth: 0 to 10 cm  Thickness: 10 cm
Massive interval with scattered targe rock fragments. This unit may be distorted by footprints and exhaust
gases, hut evidence for such disturbance is not visible in the X-radiograph.

Coarse fractior: 10 to 15 percent; semiopaque with distinct outline, poorly sorted fragments, 0.2 to 1.5 cm
in diameter, blocky, angular to subrounded with most fragments being equant to subequant.

Matrix: 100 percent; ~1 percent mottles and granules, less than 5 mm in diameter,

Coarse fraction: 35 percent; semiopague rock fragments with distinct outline, well sorted, 3to6 mmin
diameter, fragments predominantly wedge shaped, elongate, and straight sided.

Massive unit with large rock fragments and small wedge-shaped fragments.

Matrix: 85 to 90 percent; moderately transparent with 40 to 50 percent fine mottles and granules.

Coarse fraction; 10 to 15 percent; semiopaque with distinct outtine, poorly sorted fragments ranging from
0.2t0 1.4 cm in diameter. Two populations seem to be present: one set is equant and subrounded with
relatively large size; the other setis small (0.2 to 0.6 cm in diameter), refatively straight sided, and
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10 UNIT3  Depth: 10t0 12.5cm  Thickness: 2.5 cm
Moderately thin rock-free bed.
UNIT2  Depth: 12.5t0 13 cm  Thickness: 0.5 cm
Rock fayer with small wedge-shaped fragments.
Matrix: 65 percent.
UNIT1  Depth: 13to 19cm  Thickness: 6 cm

20

Foil plug

wedge shaped, resembling wedge-shaped particles of unit 2.

FIGURE 7-29.—Interpretation of X-radiograph of 70012 drive tube. The X-radiograph symbols are the

same as in figure 7-27.

10 percent being fragments of mediurmn- to coarse-
grained vesicular basalt as much as 11 mm in
diameter. Although this sample is petrographically
similar to the upper beds of 70008, it is finer grained.
None of the breccia fragments or coarse-grained
framework-textured soil of the deep drill string
appear in this core; however, the hard layer, which
prevented further penetration, could be the coarse-
grained deposit. If so, there is a deeper layer of fines
on top of the coarse ejecta at this location. Neverthe-
less, the basaltic coarse fraction of 70012 parallels
that of 70008, indicating a subfloor source for the
upper soil layers.

Drive Tubes 73002 and 73001 {U31 and LL45)

A double drive tube was taken at station 3 to
collect an undisturbed sample of the regolith devel-
oped on the light mantle. Although the lower drive

tube was sealed in the core sample vacuum container,
the 23-cm-long upper drive tube should provide
significant data.

The sampling site lies near the base of a major
scarp that crosses the Taurus-Littrow valley. This site
is approximately 50 m east of the 700-m Lara Crater
and is surrounded by small, local craters. The largest
of these craters, a moderately fresh 10-m-diameter
pit, lies approximately 18 m northwest of the coring
site, and several other craters over 5 m in diameter lie
within 20 m. Small (as much as 1 m in diameter)
craters are abundant, and the soil surface is fairly
rough, with approximately 20-percent cover by - to
2-cm fragments {AS17-137-20981). A trench 20 cm
deep near the 10-m-diameter crater revealed a
medium-gray 0.5-cm surface layer over a light-gray
3-cm layer, which in turn overlies a medium-gray
marbled or mottled zone that seems to be representa-
tive of subsurface soils in the light mantle.
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Much of 73002 is permeated by cracks (fig.
7-30), possibly caused by the wedging of large
fragments into the drive tube or the spillage of 4 cm
of soil onto the lunar surface. Whether or not these
cracks have disrupted the stratigraphy is uncertain; at
least two major stratigraphic intervals seem to be
present on the X-radiograph, but there is no indica-
tion of the soil profile seen in the nearby trench. The
material is coarse grained and massive with distinct
rock fragments (probably subfloor basalt), refiecting
expected surface conditions near local craters and
within the Lara Crater ejecta blanket.

Drive Tube 76001 (148}

This single drive tube from station 6 is the only
certain stratigraphic sample of massif regolith and is

Depth, Unit
cm

UNIT 2

the only core that can be oriented with certainty. It
was driven into firm soil on an 11° slope to the south.
The surface shows a 20-percent cover of moderately
well sorted and rounded fragments as much as 4 cm
in diameter (ref. 7-25) on fine-grained soils that are
cohesive enough to retain the hole after the drive
tube was extracted {AS17-146-22295). Subdued cra-
ters as much as 30 cm across are rare; one such crater,
located approximately 1 m north of the sampling site,
has abundant 3- to 4-cm blocks on the rim.

Core 76001 is subdivided into four units on the
basis of matrix content and the size and type of
included rock fragments (fig. 7-31). Most rock frag-
ments are indistinct, only slightly more opaque than
the matrix, and probably represent anorthosites or
breccias of massif origin; however, two large frag-
ments in unit 2 are noticeably different. These

Depth: 0 to 12.5cm  Thickness: 12,5 cm

Massive unit with scattered rock fragments and abundant mottles.

Matrix. 70 percent; relatively transparent, coarsety granular throughout with 50 to 60 percent semidistinct
equant mottles and granules as much as 3 mm in diameter, but most are [ess than 1 mm in diameter.
These mottles may represent rock chips or similar indistinct density concentrations. There are also 2

2 to 3 percent opaques, mostly pinpoint size, near limit of resolution, ranging from eguant to slightly
elongate blocky fragments.

Coarse fraction: 30 percent; 5 percent is semiopaque rock fragments with distinct outline, moderately to
well sorted, ranging from 0.2 to 0.5 cm in diameter with equant polygonal outlines, refatively straight
sides, subangular to subrounded corners; 25 percent is semiopaque crenulate mottles with indistinct
outline, generally averaging 0.3 to 0.5 cm ini diameter with even size distribution and no extremely
large motties.

73002

P
]

UNIT1  Depth: 12.5t0 22 cm  Thickness: 10.5 cm

Massive unit with large rock fragments.

Matrix: 50 percent; relatively transparent, moderately to densely granutar with an abundance of coarse
granules, similar to unit 2, 2 percent opaques, ranging from pinpoint spherules to 1.5-mm lumpy to
blocky fragments.

Framework: 50 percent; 40 percent is semiopaque rock fragments with distinct outline, fragments are
poorly sorted, ranging from 0.3 to 4.1 ¢m in diameter with all sizes in evidence. Fragments tend to be
equant, polygonal to blocky sided with relatively straight or smoothly curved margins {not ragged or
lumpy), subangular to subrounded corners; 10 percent is semiopague crenulate mottles with indistinct
outline as in unit 2.

20

FIGURE 7-30.—Interpretation of X-radiograph of 73002 drive tube. The X-radiograph symbols are the
same as in figure 7-27.
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Depth, Unit

— UNIT4  Depth: 0to 6 ¢ Thickness: 6 cm

Fracture-permeated interval with distirctive dendritic opaques.

Matrix: 90 percent; high transparency, noticeably less than that of unit 3, greater tendency to crack, Frac-
turing seems ta be most prevalent in this zone with fractures disappearing relatively abruptly at the base
of the zone. There are =35 percent indistinct granules and mottles 1 mm or less in diameter, 4103
percent opaque fragments, |limit of resolution to 1.2 mm with 2 full suite of shapes, ranging from
spherical to highly dendritic. The farge 0.5- to 1,2-mm dendritic opaques appear to be unique to this bed.

Coarse fraction: 10 percent; semiopague with distinct outline, poorly sorted rock fragments as much as 1.2
cm in diameter, polygonal, equant to subequant with few straight edges, mostly rounded corners.

F3

76001

UNIT3  Depth: 610 13cm  Thickness: 7 cm

Moderately transparent interval with scattered small rock fragments.

Matrix: 90 percent; semitransparent, decidedly more opaque than unit 4 (possibly because of fewer fractures),
with 10 to 15 percent indistinct mottles as much as 1 mm in diameter, 2 percent opaques, limit of resolu-
tion to 0.5 ¢m in diameter, appearing mostly as flakes rather than spherules, dendrites, or shards.

Coarse fraction: 10 percent; 4 percent is semicpague rock fragments with distinct outline, 0.2t 1.1 cm in
diameter, averaging =0.4 cm, Fragments are equant and blocky with straight sides and subanqular cor-
ners; 6 percent is semiopaque with irdistinct outline, appearing as equant crenulate mottles, mostly 0.2
to 0.5 cm in diameter.

UNITZ  Depth: 13t024.5cm  Thickness: 11.5 ¢m
Thick unit with scattered large rock fragments,
Matrix: 75 percent; as in unit 3.

o Coarse fraction: 25 percent; 15 percent is 3- to 4-cm rock fragments that are semiopaque with distinct out-
line, appearing as irreguiar-sided chunks that are permeated with 0.2- to 1-mm opague dets and abun-
dant 1- to 3-mm transparent patches. Apparently, these fragments are vesicular basalts with trans-
parent areas being vesicles; with high-iron minerals, the areas are infested with opaque dots. The
remaining 10 percent of the coarse fraction appears as in unit 3,

UNIT1  Depth: 24.51036.5cm  Thickness: 12 cm

Massive unit packed with small well-sorted rock fragments.

Matrix: 40 percent; distinctly more dense and opaque appearing than unit 2, with top contact sharp, slight-
ly bowed upward on edges of core. | aternally, the sample appears to be mostly finely granular with

1 less than 10 percent indistinct mottles and 1 to 2 percent pinpoint shard-iike opagues.

Framework: 60 percent; 10 percent is semiopague rock fragments with distinct outline, 0.2 to 0.6 cm in
diameter, averaging 0.5 cm with blocky-appearing relatively straight margins and angular corners;
50 percent is semiopaque with indistinct outline, well sorted, 0.2 to 0.5 cm, averaging 0.3 cm, appear-
ing as equant density concentrations with fairly regular fadeout, not crenulate.

FIGURE 7-31.—Interpretation of X-radiograph of 76001 drive tube. The X-radiograph symbols are the
same as in figure 7-27.
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fragments are distinct in outline, are relatively
opaque, contain abundant minute opaque particles
less than 1 mm in diameter, and have 5- to 10-percent
transparent circular areas as much as 2 mm in
diameter; these features are typical of vesicular
subfloor basalts.

Except for the large vesicular rock fragments, this
core is fairly fine grained and moderately well sorted.
The relatively small surface craters at station 6 have
contributed little to the massive, indistinctly strati-
fied upper 25 cm of the core. Rock types in the core,
plus field evidence, indicate subfloor as well as massif
contributjons to this site, with massif source predomi-
nating. Possibly, the large, vesicular, presumably
basaltic rock fragments in unit 2 were associated with
a major cratering event large enough to propel basalt
fragments from the valley to this point on the massif.

The X-radiograph of this massif-derived soil is
similar to those of the Apollo 16 drive tubes,
probably because the anorthositic terrain of the
massifs and the Descartes highlands produce similar
soil-forming components. Both soils are (1) relatively
transparent to X-rays, with a very sparsely granular
matrix, (2) relatively low in distinct rock fragments,
possibly because of the abundance of semitransparent
anorthosites, and (3) extremely high in tiny opaque
fragments of diverse shapes ranging from dendritic to
spheroidal.

Drive Tubes 74002 and 74001 (U35 and L44)

The double drive tube that sampled the contact
between the orange and black soil on the southern
rm of Shorty Crater was completely filled with
vnusually dense soil (74001 was 2.35 g/cm® and
74002 was 2.00 g/cm?) and was nearly impervious to
X-rays. Consequently, rather mediocre X-radiographs
were obtained even after near-maximum-intensity
radjation. The clod-like layering encountered is
shown in figure 7-32.

It is hoped that these cores will preserve the spatial
distribution of soils in the adjacent trench, where a
surficial 0.5 cm of gray soil overlies an interval of
orange soil, which, in turn, overlies black ilmenite-
bearing glass droplets seen in the top and bottom
ends of the lower tube (ref. 7-26).

Stratification in the upper tube consists of alter-
nating layers of massive soil, impenetrable to X-rays,
and very distinctly mottled soil that appears as poorly
defined clods 0.3 to 3.5 c¢cm in diameter. Presumably,
the cloddy intervals contain orange soil, and the
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obscured intervals contain black soil. Cloddy intervals
occur in 74002 from 0 to 8, 14 to 20, 22 to 25.5, and
32 to 37 cm, including the upper 2 cm of 74001, The
next 14 c¢m contain massive, nearly opaque (to
X-rays) beds with slightly lower opacity at the base.
The lowest 22 cm are massive, with subparallel
lengthwise lineations of lower opacity, which may be
fractures or steeply inclined bedding as observed in
the trench.

Approximately 2 g of material were excavated
from the bottom of 74001 and examined under the
binocular microscope. The material is unusually
cohesive and consists of very dark to black opaque
spheres and conchoidally fractured fragments.

Drive Tubes 79002 and 79001 {U37 and L50)

A double core was taken at station 9, which is
approximately 70 m southeast and downslope from
the rim of Van Serg Crater. Two fresh, sharp 1-m
craters lie within 10 m of the coring site, and a
subdued 60-m crater occupies the area 15 m west of
the sampling area. Although lunar surface photo-
graphs indicate massive boulders on or near the rim of
Van Serg Crater, the largest surficial fragments in the
core area tange from 20 to 2 cm (ref. 7-27), are
poorly sorted, angular, and unfilleted, and cover less
than 3 percent of the surface. A 12-cm trench
approximately 1 m southwest of the coring site has
medium-gray soil in the upper 7 cm but has light-gray
to whitish soil in the lower part. The upper portion
might represent “dark mantle” over the e¢jecta
blanket from Van Serg Crater. However, this color
change is not reflected in the X-radiograph of the
drive tube, possibly because the core is permeated by
fractures, which are undoubtedly a result of rocks
being jammed into the coring device during sampling
(fig. 7-33).

DISCUSSION AND CONCLUSIONS

The unit that partly filled and leveled the Taurus-
Littrow valley is mare basalt similar to that returned
from Mare Tranquillitatis. Early studies of the ages of
both the basalts and the orange glass (ref. 7-5)
indicate that they are similar but slightly older than
the Mare Tranquillitatis samples. Whether these sam-
ples represent one or several flows is not clear
{chemical data suggest at least two); but it is evident
that widespread volcanism involving very-titanium-
rich melts occurred over much of the eastern limb of
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Unit

UNITS 2and 3 Depth: 36 to S0cm  Thickness: 7.5 and 6.5 cm
Massive fine-grained graded beds with more opaque above.
— These two separate, but similar, units are described together, Strata appear uniformly fine grained,
relatively transparent (to X-rays) below, gradationally becoming opaque above in I to 2 cm. Contacts
appear to be sharp, slightly undulating, and gently inclined.

UNIT1 Depth: 50to 71.5 ¢cm  Thickness: 21.5 ¢cm

Massive interval with oblique laminations or fractures.

Interval is 95 percent matrix, which is uniformly dense and impervious to X-rays, with a density equal
to the maximum density of the core section as a whole. Within the uniform matrix are indistinct,
elongate areas of lesser density; these areas tend to be straight to stightly curved, as much as 11 cm
long with scalloped to nearly straight edges. The areas run lengthwise to a slightly oblique and
could represent either fractures or nearly vertical layering reported in the trench,

1

FIGURE 7-32.—Interpretation of X-radiographs of 74002 and 74001 drive tubes. The X-radiograph
symbols are the same as in figure 7-27.
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Cepth, Unit
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UNIT11 Depth: 0o 2 cm  Thickness: 2.0 ¢m

Thin finely mottled zone.

Interval contains ~60 percent fine-appearing mottles, 1o 3 mm in diameter, in a slightly more trans-
parent matrix. The mottles have indistinct crenulate outlines but are relatively even and uniform in
size,

UNIT10 Depth: 2to 9cm  Thickness: 7.0 ¢m

Massive, variably mottled zone.

Interval contains ~70 percent irregular mottles in a slightly less dense matrix. The mottles appear to
consist of uniformly fine-grained opaque material and are variably sized from 0.1 fo 2.3 cm in diameter
with irreguiar, crenulate, indistinct outlines.

UNIT 9 Depth: 910 14 cm  Thickness: 5.0 ¢cm

Massive, uniformly fine-grained, dense, opaque interval,

Interval consists entirely of extremely dense, opague, fine-grained-appearing material that almost com-
pietely blocks X-rays. Consequently, internal details are obscured, but boundaries are highly crenu-
late and fairty horizontal.

UNIT8  Depth: 14to 20 cm  Thickness: 6.0 cm

Massive, variably mottled zone that is coarser appearing above.

Interval contains =80 percent irregular mottles in a slightly fess dense matrix. The mottles, appearing
uniformly fine grained within, range from 0.2 t0 3.6 ¢m in diameter and are much coarser above; no
clear-cut boundary can be drawn within the interval to separate different crenulate mottie sizes.

UNIT? Depth: 20t0 22 cm  Thickness: 2.0 cm

Thin, uniformly fine-grained, dense, opaque intervai.

This thin zone is similar to other opaque intervals because it is dense, apparently fine grained internally,
and has flat horizontal boundaries.

UNIT 6 Depth: 22t0 26 cm  Thickness: 4.0 cm

Massive, variably mottled zone that is coarser mottled above.

This zone contains =60 percent opaque fine-grained mottles in a matrix of slightly less density or opacity.
The mottles, ranging in size from 0.2 to 3.6 cm, are highly crenulate and irregular and are gradation-
ally coarser above.

UNIT S Depth: 26 to 31 or 32 cm  Thickness: 5.5 = 0.5 cm

Massive, uniformly fine-grained, dense, opaque interval.

As in unit 6, this zone consists entirely of fine-grained opague material, possibly black soif, with no
internal features and crenulate somewhat inclined boundaries.

UNIT4  Depth:31or32to36 cm  Thickness: 4.5« 0.5 cm
Massive, mottled interval that is coarser above.
Except for the location, this bed is a repeat of unit 6.

FIGURE 7-32.--Concluded.

the Moon approximately 3.7 X 10 yr ago. Thus, the Breccias in various stages of crystallization appear
known timespan of mare volcanism, approximately to have been derived from several stratigraphic units
600 million years, remains essentiially the same as present in the massifs. To date, the one reported
before the Apollo 17 mission. breccia age from Apollo 17 of approximately 4.0 X
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Unit

UNIT4  Depth: 31 to 40.5 cm  Thickness: 9.5 ¢m

Massive unit with abundant smal! rock fragments.

Matrix: 80 percent; of inter mediate opacity with =25 percent mottles and density concentrations less than
1 mm in diameter, =0.5 percent spherical fo lumpy opaques, limit of resolution to 1.2 mm.

Coarse fraction: 20 percent; 10 percent is semiopaque rock fragments with distinct outline, moderately
sorted, 0.1 10 1.1 cm in diameter, averaging 0.4 cm. These fragments tend to be distinctly different
in composition from those of surrounding beds in being relatively homogeneous internally and straight
sided with subrounded corners. Inclined alinement of some rocks, especially from 34.0 to 35.0 cm and
39.0 to 40,5 cm, with a planar alinement at the base of the unit suggests cross stratification. The re-
maining 10 percent is semiopaque density concentrations with indistinct smooth outline, rangingin
size from 0.1 to 0.5 cm and appearing to be moderately sorted.

UNIT 3 Depth: 40.5to 45 cm  Thickness: 4.5 cm

Graded bed that is sparse in rock fragments.

Matrix: 90 percent; relatively transparent with 20 percent granules finer than 1 mm in diameter, atrace
of irregular opaques less than 0.5 mm in diameter,

Coarse fraction: 10 percent; there is one 0.6-cm semiopaque fragment with distinct lumpy outiine, and
the remainder are semiopague density concentrations with indistinct outline, 0.5 10 0.1 cm in diameter
with the coarsest particles at the hottom, decreasing in size and abundance upward.

UNIT2  Depth: 451049,5cm  Thickness: 4.5 cm

Concentration of large rock fragments.

Matrix: 25 percent; relatively transparent, fractured, obscured by large rock fragments, but apparently
low in granules and opaques.

Framework: 75 percent; semiopaque rock fragments with distinct outline, very coarse, ranging from 1 to
A cm in diameter with average diameter =2 cm. These fragments have a distinctly lumpy, ragged ir-
regular appearance with jagged margins and angular corners.

UNIT1 Depth 49.5 to 54.5 cm  Thickness: 5 cm

Massive unit with obscure rock fragments.

Matrix: 50 percent; similar to that-of unit 2 in being relatively fransparent, seemingly low in granutes
{less than 20 percent density concentrations under 1 mm in diameter), having only a trace of opaques,
near limit of resolution,

Framework: 50 percent; similar to unit 2, but of finer grain size. Rock fragments are semiopaque with
distinct, but ragged outline and range in size from 0.2 to 1.3 cm, averaging 0.5 cm and having the
lumpy to ragged anguiar appearance of fragments in units 2 and 4, in contrast to other units.

FIGURE 7-33.-Interpretation of X-radiographs of 79002 and 79001 drive tubes. The X-radiograph
symbols are the same as in figure 7-27.

10° yr (ref. 7-28) does not extend the rather
restricted limits mentioned previously. Breccias range
from those containing a high percentage of mineral
and lithic debris with a small amount of interstitial

glass to those containing a small percentage of
mineral and lithic debris in well-crystallized poikilitic
textures. Problems still exist as to the extent of
partial melting and the origin of the oikocrysts in the



7-44 APOLLO 17 PRELIMINARY SCIENCE REPORT

Unit

6 UNITG

in diameter.

UNIT S

in diameter.

Depth: 0t0 3.5 cm  Thickness: 3.5 ¢cm

Extensively fractured relativety fine-grained interval ,

Matrix: 80 percent; at least 50 percent is permeated by fractures, relatively transparent with 30 percent
— 1-mm density concentrations and fine mottles, =1 percent spherical to ovoid opagues, less than 1 mm

Coarse fraction: 20 percent; 5 percent is semiopague rock fragments with distinct outline. These fragments
range from 0.2 to 0.7 ¢m in diameter, are moderatety well sorted, rectangular to equant, blocky outlined,
and relatively straight sided with subangular to angular corners; 15 percent is semiopague density con-
centrations and indistinct but relatively smooth-edged mottles, 0.210 0.9 cm in diameter, but mostly
tess than 0.5 cm and subequant,

Depth: 3.5to 31 cm  Thickness: 27.5 cm

Massive unit with very large rock fragments.

Matrix: 79 percent; somewhat fractured, of intermediate transparency with 30 to 40 percent granularity,
granules less than 1 mm in diameter, a trace of spherical to ovoid opagues, limit of resolution to 1.3 mm

5 Coarse fraction: 30 percent; 15 percent is semiopague rock fragments with distinct outiine, 0.1103.5cm
in diameter, poorly sorted with all sizes being present. Most fragments tend to be equant to slightly
elongate, relatively straight sided; 15 percent has a ragged indistinct outline with subanguiar to weli-
rounded corners and a distinctive ragged appearance,

FIGURE 7-33.—Concluded.

latter breccias (refs. 7-29, 7-30, and 7-31). Detailed
studies of the boulders that contain vesicles and vugs
several centiments across, inclusions of one breccia in
another, contact relationships between two breccia
units, and the black dike that displays evidence of a
chilled margin may help to answer these problems.
The variety of breccia textures resulted from differ-
ent extends of melting and different rates of heating
and cooling associated with large masses of gjecta
from major cratering events.

The similarity of both major and trace component
concentrations of the brown-glass matrix breccias
from the Apennine Front, the recrystallized breccias
from Apollo 16, and the various crystalline breccias
from Apollo 17 suggests that a genetic relationship
may exist between these widespread breccias and
KREEP-like chemistry. The occurrence in these brec-
cias of clasts of plagioclase, olivine, and pyroxene
similar to those of coarse-grained anorthositic and
gabbroic rocks suggests that the latter formed the

source of the breccias and provides the interesting
possibility that partial melting similar to that postu-
lated for the production of KREEP-like melts (tefs.
7-17 and 7-32) may be associated with large impact-
ing events that can produce large volumes of melt
(ref. 7-33). Grieve and Plant (tef. 7-34) have reported
an example of a breccia having gabbroic composition
and containing interstitial melt and glass veins of
KREEP-like composition.

As was the case in past missions, the anorthositic
rocks are generally crushed and recrystallized, thus
obscuring the original textures. However, two coarse-
grained norites and at least one gabbroic rock with
some areas of original texture should offer some
insight into the chemistry and perhaps ages of the
early crustal rocks.

The occurrence of a large dunite clast in a boulder
at station 2 suggests that the source material of the
breccias must include coarse-grained segregations of
magnesian olivine, thus providing further evidence for
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an early crust composed of a coarse-grained igneous
complex of anorthositic, gabbroic, and ultramafic
rocks.

The “dark mantle” consists largely of the products
produced by micrometeorite erosion of basalts, 5 to
20 percent of the orange and black glass found at
station 4, and some lithic fragments derived from the
massifs. The rather pure orange and black soils at
station 4 suggest that there may be layers of these
materials in the upper few tens of meters below the
surface. If such layers are widespread throughout the
valley, cratering events would be expected to exca-
vate this material along with the basalts, producing
the 5 to 20 percent of orange and black glasses found
in the “dark mantle” soils. Anomalously high values
of Zn and CI for lunar soils and the relatively high St
and Rb contents indicate that the orange glass is not
directly related to the mare basalt melts, unless by
some undefined complex fractionation scheme.

Although the soils from the North Massif, the
South Massif, and the light mantle are similar
petrographically and appear in binary plots of major
clements to be simple mixtures of basalts and
anorthositic rocks, the trace elements indicate a more
complex pattern. The South Massif and light mantle
materials are considerably enriched in Zr and other
trace elements relative to the North Massif or to any
mixture of basalts and anorthositic rocks. Thus, a
KREEP component must be utilized to explain
mixing models for the soils and the metamorphosed
and partially melted breccias.
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8. Soil Mechanics

James K. Mitchell,®T W, David Carrier, HI,P Nicholas C. Costes,©
William N. Houston,* Ronald F. Scott,® and H. John Hoviand®

The objectives of the soil mechanics experiment
were to determine the physical characteristics and
mechanical properties of the lunar soil at the surface
and subsurface and the variations in lateral directions
and to relate this knowledge to the interpretation of
lunar history and processes. Data obtained on the
lunar surface in conjunction with observations of
returned samples of lunar soil are used to determine
in-place density and porosity profiles and to determine
strength characteristics on local and regional scales.

The soil mechanics experiment on the Apollo 17
mission to the Taurus-Littrow area of the Moon was
passive and involved no apparatus or crew time
unique to the experiment. The preliminary analyses
and interpretations presented in this report have been
deduced from studies of extravehicular activity
(EVA) transcripts and kinescopes, mission photo-
graphs, data on the lunar roving vehicle (LRV)
performance, debriefings, and limited examination of
returned lunar samples by the Lunar Sample Prelimi-
nary Examination Team (LSPET).

SUMMARY OF PREVIOUS RESULTS

The mechanical properties of lunar soil as deduced
through the Apollo 15 mission were summarized by
Mitchell et al. (ref. 8-1). The Apollo 16 results agreed
generally with those of earlier missions and also
provided more specific quantitative information on
density and strength and their variability than was
available previously. Even though lunar and terrestrial
soils differ greatly in mineralogical composition, lunar

AJniversity of California at Berkeley.
PNASA Lyndon B. Johnson Space Center.
NASA Marshall Space Flight Center.
dCalifornia Institute of Technology.
“Pacific Gas and Electric Company.
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soil behavior is similar to that of terrestrial soils of
comparable gradation (silty fine sand). Particle-size
distribution, particle shape, and relative density (ref.
8-2) control behavior.

Soil porosity, density, and strength vary locally
and with depth. Absolute densities may range from
approximately 1.0 to 2.0 g/em3, and values > 1.5
g/cm® are probable at depths > 10 to 20 em. The
relative density of the soil near the surface is
extremely variable but is generally quite high (> 80
percent) below a depth of 10 to 20 cm. Although
local (meter scale) variations in density and porosity
exist, Houston et al. (ref. 8-3) and Mitchell et al. (ref.
&-4) have shown that the mean porosity at each of
the Apollo sites from footprint analysis is approxi-
mately the same for the upper few centimeters of
soil. Analysis by Costes (ref. 8-5) of vehicle tracks at
the same Apollo sites and at the Mare Imbrium site of
the Soviet Luna 17 yields higher average porosity
values at crater rims and other soft spots than for
firm soil located in intercrater areas. The soil on
crater rims and on slopes appears to be more variable
and, on the average, less dense and weaker than does
soil in intercrater plains areas.

Relative density (or porosity) is probably the most
important single variable controlling strength, with
most prebable values of cohesion in the range of 0.1
to 1.0 kN/m? and friction angle in the range of 30°
to 50°. The higher values are associated with higher
relative densities.

DATA SOURCES

Soil mechanics data were derived from crew
commentary and debriefings, television, lunar surface
photographs, performance data and observations of
interactions between soil and the LRV, drive-tube
and deep drill samples, and sample characteristics as
determined by the LSPET.
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Information from these data sources has been used
in a manner similar to that from previous Apollo
missions to deduce qualitative and semiquantitative
information about soil properties. A statistical study
of footprint and LRV track depths has been used as a
basis for quantitative analysis of near-surface soil
porosity. Premission orbital photographs and surface
photographs have indicated a number of boulder
tracks on the steep slopes of the North Massif and
South Massif. These tracks have been analyzed by
using the method of Hovland and Mitchell (ref. 8-6).
Additional guantitative estimates have been based on
LRV track depths and other specific observations as
noted later in this section.

RESULTS AND INTERPRETATIONS

General Soil Characteristics at the
Taurus-Littrow Site

Soil cover is present at all points visited in the
Taurus-Littrow landing area. The suiface is a similar
color (gray and gray-brown) to that at the other
Apollo sites, although lighter soil layers were encoun-
tered at shallow depths in some areas and orange-
colored soil was exposed in a limited zone on the rim
of Shorty Crater (station 4). Surface textures range
from smooth areas almost free of rock fragments
through patterned ground to areas heavily concen-
trated with larger rocks and fragments. Variability in
soil properties is evident locally. Qualitative indica-
tions of this variability on a meter scale are provided
in figures 8-1 to &.3.

Soil behavior during landing, walking, driving, and
sampling was comparable to that observed during
previous missions. Dust was readily kicked up under
foot and by the LRV, tended to adhere to any
surface with which it came in contact, and inhibited
normal operations on several occasions.

As readily apparent from the study of lunar
surface photographs and from crew commentary,
disturbed areas on the lunar surface appear darker
than undisturbed areas, as has been the case at the
previous landing sites. Subsequent crew observations
of the landing sites from lunar orbit indicated that
the disturbed areas were lighter than the undisturbed
areas. This difference in appearance could indicate
that the apparent changes in surface color caused by
disturbance result from texture-related changes in
albedo that influence the appearance when viewed

FIGURE 8-1.—Variable soil conditions in the vicinity of the
surface electrical properties (SEP) experiment as evi-
denced by variable depths of LRV tracks and footprints
(AS17-141-21517).

FIGURE 8-2.—Variable soil conditions in the light mantle at
station 3 as evidenced by color differences (AS17-138-
21148).

from different positions and at different Sun angles
rather than from real color changes as a result of the
exposure of new material. Alternatively, the different
appearance might result from differences in scale
between viewing from the surface and from orbit.
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FIGURE B8-3.—Variable soil conditions inside Shorty Crater
(station 4) as evidenced by different surface textures and
slopes (AS17-137-21001).

Soil Observations During Lunar Module
Descent and Landing

Both the postmission descent trajectory data and
the crew comments indicate that the Apollo 17
descent was fairly rapid with vertical velocities of
approximately 1 to 1.5 m/sec at altitudes of 60 to 70
m above the lunar surface, slowing to somewhat less
than 1 m/sec at an altitude of approximately 15 to 20
m. The descent was accompanied by a fairly constant
forward velocity of approximately 0.7 m/sec in the
final 20 m of descent. Thus, the lunar module (LM)
came in on an oblique trajectory similar to that of
Apollo 14 (fig. 8-4). Previous analyses and mission
results have shown that this kind of trajectory causes
least disturbance of the lunar surface material during
landing. In contrast, vertical descents, such as that of
the Apollo 15 LM, generate substantial amounts of
erosion. Blowing dust was first observed at a height of
approximately 20 m above the lunar surface but
caused no visibility difficulties during the final
descent; in fact, the surface remained clearly visible
all the way to contact.

The descent engine was shut down approximately
I sec after contact was indicated, and the LM
dropped to the lunar surface while maintaining some
forward velocity. The crew noted that the rear (-Z)

A Apolio 17 time before touchdown, sec
O Apollo 15 time before touchdown, sec
O Apollo 14 time before touchdown, sec

el BT
5ol 88 a _-First dust (Apolio 15)
| ol
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Horizontal distance with respect to touchdown, m

FIGURE B8-4.-Descent trajectories for the Apollo 14, 15,
and 17 missions,

footpad probably hit the lunar surface first and that
the primary shock absorber may have stroked
slightly. Photographs (e.g., AS17-134-20388) show
some crumpling of the Mylar insulation on the lower
portion of the leg, indicating a possible stroking of 1
or 2 cm. This crumpling did not happen on any of the
previous missions. From the photographs, no crushing
of or damage to the footpad can be observed.

As in the other landings, the descent engine
exhaust swept the lunar surface in the vicinity of the
landing site. Compared to adjacent areas, there were
relatively fewer small rock fragments and soil clumps
beneath the LM, although rocks 10 ¢m in diameter
and larger remained. The crew observed that there
vere clear indications of the interaction of the
descent propulsion system exhaust gas with the lunar
surface to a distance of approximately 50 m from the
LM.

From the crew’s comments during sampling, the
lack of blowing dust during the final stages of the
descent does not appear to be caused by soil
properties different from those experienced in prior
landings. As noted in the subsequent sections, the
grain-size distribution, cohesion, and density of the
soil around the LM are similar to those previously
established for lunar soil. This similarity tends to
confirm previous conclusions that the amount of
blowing dust during a landing is directly related to
the descent trajectory and descent rate.
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Grain-Size Distribution and
Soil Composition

At the time this report was prepared, the LSPET
had determined the complete grain-size distribution
of 15 samples and the distribution of a small aliquot
of the black soil taken from the bottom of the double
core-tube sample taken at station 4. The results are
shown in figure 8-5. These gradations are generally
similar to those observed at previous landing sites.
The band of 11 samples in figure 85 is slightly
coarser in the coarse fractions than the composite
distribution band for Apollo 11, 12, 14, and 15 (ref.
8-7), primarily because of the excess particles in the
fraction that is > 10 mm. This observation was also
noted for some of the Apollo 16 soils (ref. 8-4) and
was attributed to the recent addition of coarse
fragments that had not yet been worked into the soil
matrix from the South Ray Crater event. Sample
71060 was taken at station 1 from beneath a slight
overhang of a rock, and the crew observed that there
were chips in the soil. The distribution for sample
74240, the gray soil found next to the orange soil,
was changed considerably when the total sample was
included.

Despite the similarity of the grain-size distribu-
tions of the samples from various stations, the LSPET
has found that the composition of the soil is highly
variable in terms of proportions of basalt, breccia,
mineral fragments, glass, and agglutinates. The soils
from the massif stations appear to be derived from
breccias, whereas much of the dark mantie on the
plains was probably derived from basalts. The orange
soil at station 4 is unique and is composed almost
entirely of orange glass.

A knowledge of particle composition is important
for the interpretation of data from many lunar
experiments because, at the same relative density,
soils consisting of coherent particles are stronger and
conduct heat and seismic signals better than soils
composed of friable particles.

Core Samples

Drive Tubes.—Data on the drive-tube samples are
summarized in table 8-1, and the sampling at station
6 is shown in figure 8-6. The bulk densities of the
samples in the drive tubes as a function of depth in
the lunar surface are presented in figure 8-7. In all
instances, the density of the soil in the lower tube is
greater than that in the upper tube; that is, density

Sample numbers

700160 76500
l 70180 78420
| 71500 78500
| 13260 19220
| 75060 79260
l 75080
100 " _~14220 (orange soil)

" --74001 (black soil from

bottom of
L 80 double core at
= station 4)
g
> 60
0
&
£
= 40
o
3
o
R 20+
0 1 { _J
10 1 1 .0

Particle size, mm

FIGURE 8-5.—Grainsize distribution curves for several
Apollo 17 samples.

increases with depth, an observation consistent with
findings at the Apollo 15 and 16 sites (fig. 8-7).
However, the Apollo 17 core-tube densities (with the
exception of the double core at station 4) are much
more uniform with depth than were the Apollo 15
and 16 core-tube samples. The Apollo 17 core-tube
densities tend to be higher near the surface and
slightly lower below a depth of 20 to 30 cm than do
the average densities for the Apollo 15 and 16
drive-tube samples.

The high core recovery percentages at stations 4
and 6 and at the LM are comparable to those of the
Apollo 15 and 16 samples for which the same type of
core tube was used. The lower core recovery percent-
ages at stations 3 and 9 indicate that the returned
bulk densities will have to be corrected for sample
compression.

Densities in the double core from the rim of
Shorty Crater at station 4 (2.03 to 2.29 g/cm?®) are
distinctly higher than heretofore observed for any
lunar samples. The upper tube contains orange-red
soil with fine-grained black soil in the lower pari.
Black soil is exposed at the top and bottom ends of
the lower tube. The orange soil, which is composed
almost entirely of glass particles, is unusually com-
pact and exhibits a high cohesion. A trench excavated
into the material illustrates the high cohesion in the
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TABLE 8-L.—Preliminary Data on Apollo 17 Drive-Tube Samples
Sample | Sample Bulk Tube depth | Total depth No. of Core
Station | Serial no. | Sample no. | weight, | length,? density, (pushed), (pushed and | hammer | recovery,
g om glem® em driven), em blows percent
2031 73002 bg29 21.8 €1.60 £ 0.10
A’)
3 ; d046 73001 | bgos | e349 173 : 7065 > 9 | 82e2
2035 74002 bg10 33.3 2.04 i ; )
b & >
4 % 2044 74001 | 10714 | 349 229 % ' 7122 >28 | 96«3
6 2048 76001 711.6 345 €1.57 16.2 £ 0.5 37.1:05 hsore 932
2037 79002 4094 194 €1.67 .
. R 2 £
? i 2050 79001 | 7433 | 1319 i1.74 : 1oe2 <19} 762
LM 2052 70012 1434 .8 J18.4 .77 hag +3 hag + 3 0 97 + 10

3Determined from X-radiographs, except as noted.

bsample weights are + 4 g; better accuracy will be possible when tubes are removed from stretch cans.

¢Corrected for voids.

dcore sampie vacuum container.
“Assumed length.

fCamera failure; photographs were blank.
ZEstimated from kinescopes.

bCrew estimate.

iEither 41 em?® of sample fell out of the top of the tube or the keeper compressed the top of the sample. The former is con-
sidered the more likely explanatlon thus, density has been calculated accordingly.
JA];)prox1me1t:.=,l),' 114 em?® fell out of the bottom of the tube after it was placed in the sample collection bag because of a

loose cap.

form of a tendency of the material to break into
chunks (fig. 8-8).

The number of hammer blows (table 8-I), as
indicated by the kinescopes, required to drive the
core tube at station 4 was not exceptionally high
compared to the driving resistance encountered on
earlier missions, indicating that the porosity was not
significantly less (or the relative density higher) at
this location than had been previously encountered.
Thus, the much higher bulk density is most likely
caused by a higher specific gravity of the individual
particles. Whereas the maximum reported value of
specific gravity is 3.2 for an Apollo 15 sample (ref.
8-2), the soil in the lower half of the double core may
have a value as high as 4. The black soil in the double
core is composed primarily of crystalline droplets,
olivine phenocrysts, a trace of glass, and 25-percent
ilmenite that has a specific gravity of 4.7. The LSPET
has found that the black material is the first lunar soil
studied thus far that contains no agglutinates.

Drill Stems.—The deep core was drilled to a depth
of 3.05+£0.01 m at a point approximately 40 m
north of the Apollo lunar surface experiment package
(ALSEP) central station. Core recovery was 95 to 97
percent, and preliminary data on the eight drill-stem
sections are given in table 8-I1.

Unfortunately, the top of the soil column in the
top three drill-stem sections, which were returned as a
unit, moved approximately 15 cm, causing some
loosening and disturbance. However, because the
initial sample length is known, it is possible to
estimate the initial average density for the top three
drill-stem sections to be 1.99 + 0.05 g/fcm?®, as shown
in table 8-I1.

The bulk density as a function of depth in the
lunar surface for the drill-stem samples is shown in
figure 8-9. Values for the Apollo 15 and 16 deep
drill-stem samples are shown for comparison. Because
the core recovery was nearly 100 percent, the
measured bulk densities should be quite close to the
in situ values,

All the bulk densities are high; that of the second
diill stem (2.11 gfem®) is remarkably so. The
X-radiographs indicated this section to be quite
gravelly, and dissection by the LSPET has confirmed
this. This zone may be related to the hard layer
ercountered in the LM area at the end of EVA-3
where a single core-tube sample was obtained. The
fourth through the seventh drill stems all have
essentially the same density; the X-radiographs show
untiformity as well,

The absolute densities at the Apollo 17 driil site
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FIGURE 8-6.—Single drive tube at station 6. The drive tube
has just been pushed to a depth of approximately 16 cm.
A special orientation mark is visible above and to the right
of the numeral 8 on the tube. This is the only drive tube
from Apolio 17 that has been positively oriented in the
lunar surface. After this photograph was taken, the drive
tube was hammered to a final depth of 37 cm (AS17-
146-22291).

are generally higher than those measured at the
Apollo 15 and 16 drill sites, and the distribution of
densities as a function of depth suggests a deposi-
tional history entirely different from either of the
previous two sites. The average drill rate of the first
Apollo 17 heat flow borestem was approximately 70
cm/min, indicating that the relative density at the
the Apollo 17 site is considerably higher than that at
Apollo 16 site. If the later borestem design of Apollo

! '
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i v T sasStation 9 (2)
£ 20 i AL
S |station3 (71 | Station 4
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Bulk density, gfem?

FIGURE 8-7.—Bulk density as a function of depth in the
lunar surface for drive-tube samples.

FIGURE 8-8.—Trench excavated into orange soil on rim of
Shorty Crater at station 4. The chunky texture reflects
the high cohesion of this soil (AS17-137-20989).

16 and 17 had been available, the predicted drill rate
at the Apollo 15 site would have been the same or
slightly less than that measured at the Apollo 17 site,
indicating that although the absolute densities in the
Apollo 15 drill stem were less than those of Apollo
17, the relative densities were generally the same or
higher. This indication implies a significantly dif-
ferent soil composition. Even though the relative
densities at the Apollo 17 drill sites were indicated to
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TABLE 8-II.—Preliminary Data on Apolio 17 Drill-Stem Sections

Returned Returned Returned Original Original Drill- Core
Drill-stem Sample sample sample bulk sample bulk stem recover
serial no. no. weight,® lengeh,P density,” tength, 4 density,© depth, e(rcen};’

g cm glem? em glem? em e

061 70009 143.3 25+2 1.76 £0.14 €102
067 70008 260.9 fag 2.11 399 1.99 + G.05
063 70007 1794 834 12 1.62 £0.10 399
065 70006 234.2 399 1.80 39.9 1.80
069 70005 240.6 399 1.85 399 1.85 305 +1 95 to 97
066 70004 238.8 399 1.84 399 1.84
062 70003 237.8 399 1.83 399 1.83
070 70002 2077 h
179 (bit) 70001 29.8 g 42.0 1.74 42.5 1.74

3Total weight is 1772.5.

bDetermined by X-radiography.

CBased on a sample diameter of 2.04 cm.
QTotal length is 292 + 2.

®Core-tube rammer-jammer was inserted to a depth of 30 + 2 c¢m before drill stem was withdrawn from soil.

prproximater 2-cm void at top of stem.
BApproximately 6-cm void at top of stem.

hNominal length is 42.5 cm; 0.5 cm fell out of bottom of drill stem on lunar surface.

0 —
E 100
> -
g |
= I
= ,L-'J Apolio 17
e |
= Apollo 15[ I
20 -—— -l
|
300 | 1 _
1.0 1.5 2.0 2.5

Bulk density, glcm3

FIGURE 8-9.—Bulk density as a function of depth in the
lunar surface for drill-stem samples.

be generally quite high, the observed drill rates were
quite variable and reflected hard and soft layers at
depth.

After the easy drilling experiences of Apollo 16, it
was assumed that the hard drilling encountered at
Apollo 15 was exceptional. On the basis of three data
points, it must now be concluded that hard drilling is

not uncommon for the lunar surface and that the soil
at the Apollo 16 site may have been anomalously
soft. Softer soil conditions near the surface are alse
indicated for the Apollo 16 site by the porosity as
determined by analysis of footprint depths and LRV
tracks (ref. 8-1).

After extraction of the drill stem, the neutron flux
probe was inserted to a depth of 2.1 m (length of
probe) in the vacated hole. Before insertion of the
probe, it was noted that the hole was intact and
flared at the top. No resistance to insertion of the
probe was encountered, except at approximately
one-third the depth where a slight obstruction was
noted. This resistance may have coincided with the
location of the gravel layer. There was no noticeable
resistance to withdrawal of the neutron flux probe at
the end of EVA-3, at which time it had been in the
ground for 49 hr. This suggests that there was no
caving or squeezing of the soil under the increased
shear stresses caused by the presence of the hole, in
agreement with premission predictions.

A stability analysis of the open drill hole provides
lower bound estimates of the soil strength parameters
as shown by Mitchell et al. (ref. 8-8). In that report,
the horizontal scale in figure 7-24 is in error. A
corrected plot of the relationship between soil co-
kesion and friction angle and the depth to the bottom
of the elastic zone in an open borehole is given in
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figure 8-10. Below the depth corresponding to any
given combination of friction angle and cohesion, a
plastic zone should develop, and there should be soil
yielding that would lead to closure of the hole by
inward squeezing of the soil.

If no vielding of the soil developed to a depth
corresponding to the length of the neutron flux probe
{and little could have occurred because the probe
diameter is onlty slightly less than the hole diameter),
then the required strength parameters are as indicated
by the vertical line in figure 8-10 at a depth of 2.1 m.
Even for high friction angles (> 50°), a soil cohesion
exceeding 1.0 kN/m? is required. Strength parameters
of this magnitude are likely only for conditions of
high relative density and would be consistent with the
hard drilling discussed previously. High strength is not
required for the full depth of the hole. Stability can
be maintained for conditions of strength increasing
with depth to satisfy figure 8-10 at any depth.

2.5~
Friction angle = 30°
20k | 35°
40°
~ 45°
E o
S 1.5+ | 50
s
=]
v
210
s I
|Length of neutron
51 : flux probe
I
1 | i | I | J
0 .5 1.0 1.5 2.0 2.5 3.0

Depth of borehole, m

FIGURE 8-10.—Depth to bottom of the elastic zone in an
open borehole as a function of soil strength parameters.

Although the open holes remaining after extrac-
tion of the drill stem suggest quite high strengths for
depths of approximately 2 m at both the Apollo 16
and 17 sites, strengths of this magnitude are not
commonly encountered at shallow depths as indi-
cated by the values determined by penetrometer
testing at the Apollo 16 site {ref. 8-1).

Boulder Tracks

More than 300 tracks made by boulders rolling,
bouncing, and skidding down lunar slopes were
identified by Grolier et al. (ref. 8-9) in the Lunar
Orbiter photographs. The Apollo 17 mission provided
the first opportunity for a close study of these
interesting features because many tracks can be seen
on the Taurus-Littrow hills. Unfortunately, prints of
the 500-mm lunar surface photographs, which permit
the most detailed study of the tracks, were not
available to the soil mechanics team during the
preparation of this report. Hence, the analyses, based
mainly on 60-mm and premission orbital photo-
graphs, are tentative, and the results are subject to
subsequent refinement. In a qualitative sense, boulder
tracks serve as exploratory trenches and can provide
information about regolith thickness and history, and
the relative sharpness of track features provides some
indication of soil movement after track formation.

Quantitative analysis of boulder tracks, from
which information can be derived relating to soil
strength and density, is possible. Studies of this type
have been reported by Filice (ref. 8-10), Eggleston et
al. (ref. 8-11), Moore (ref. 8-12), Moore et al. (ref.
8-13), and Hovland and Mitchell (ref. 8-6) for boulder
tracks found in Lunar Orbiter photographs. The
method in reference 8-6 is used here. An oblique
closeup view of a larger boulder and its associated
track visited at station 6 on the south slope of the

’Approximate oulline of boulder frack

i = =

FIGURE 8-11.—Partial panorama at station 6 showing a large boulder and the tra

e
Boulder

e e

ck down which it

rolled (AS17-141-21582, 21584, 21586, 21590, and 21594).
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North Massif during EVA-3 is shown in figure 811. Sculptured Hills; their locations are indicated in
Several tracks were located on the premission  figure 8-12. Several tracks on the South Massif are
orbital photographs of the East Massif and the identified in figure 8-13. Additional tracks on the

1
=530m @ ————— Boulder tracks

FIGURE 8-12.—Locations of boulder tracks on the East Massif and on the Sculptured Hills. For tracks
identified by a letter, a definite causative boulder could be located; for tracks identified by a
number, only the most probable causative boulder could be located.
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—--——-- Boulder tracks

FIGURE 8-15.—Boulder tracks on the North Massif as seen from the LM (track identifications are the

same as for fig. 8-12) (AS17-147-22502).

and is used with a bearing capacity equation adapted
to the case of a rolling sphere. The resulting relation-
ships between soil friction angle, slope angle, and
track-width-to-boulder-diameter ratio are shown in
figure 8-16. A soil density of 1.6 g/om® and a
cohesion of 1 kN/m? were assumed. This value of
cohesion is near the upper end of the range of
cohesion values determined for the lunar soil thus far
(refs. 8-1 and 8-4). The effect of an overestimation in
cohesion by as much as a factor of 10 will lead to an
underestimation of friction angle of only 1° to 2°,
however. An estimate of the variations in friction
angle that are likely to result from errors in a
measurement of track depth and width and in
boulder size has been made (ref. 8-6). The analysis
indicated that friction could differ by as much as + 2°
because of measurement errors.

The frequency distribution of the soil friction
angles derived from the boulder track data is shown
in figure 8-17 and is generally compatible with the
soil gradations, densities, and porosities found at
other locations on the Moon. Although the range is
similar to that determined by other means (refs. 8-1
and 8-4), the most frequent values are somewhat less
than would be expected because tracks of the size
analyzed must involve considerably greater soil
depths than for the other determinations. This
difference may reflect limitations in the analysis.

Thus, the variability indicated by figure 8-17 is
considered more reliable than the absolute values of
friction angle.

Surface Soil Porosity Deduced from
Footprint Analysis

Previously developed methods (refs. 8-3 and 8-4)
have been used to extend the statistical analysis of
lunar soil porosity as deduced from footprint depths
to include the Apollo 17 site. The curve correlating
footprint depth with average porosity and relative
density of the upper few centimeters of the lunar
surface, based on results of model test and theoretical
analyses (ref. 8-14), is shown in figure 8-18.

A total of 144 different footprints from the
Apollo 17 photographs were analyzed, and the results
are summarized in table 8-IV. A histogram showing
all data for Apollo 17 is presented in figure 8-19. Also
summarized in table 81V are results for previous
Apclio missions. For the Apollo 17 site, only three
footprints on crater rims were analyzed. This sample
size is too small to characterize crater rims statis-
tically; thus, the values shown in table 8-IV are
essentially applicable only to intercrater areas.

The data in table 8-IV show that neither the
intercrater average porosity (43.4 percent) nor the
standard deviation (2.4) differ significantly from the
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TABLE 8-111.—Apollc 17 Boulder Tracks
Track Slope Track Track Boulder w Track Friction
Location Reference Ho. * angle, length, width, diameter, D depth, angle,

deg km W, 1 D, m m deg

East Massif Fig. 8-12 1 23 1.3 13 17 0.76 3.0 40
2 26 .6 10 10 1.00 5.0 30

3 26 .6 8 15 53 1.1 49

4 26 S 5 6 83 1.3 35

5 26 .9 12 12 1.00 6.0 30

6 26 7 10 16 62 1.7 46

a 26 1.3 9 11 82 2.4 37

b 26 1.7 8 10 80 2.0 37

Sculptured Fig. 8-12 77 25 1.3 26? - — - -
Hills 8? 25 14 267 — — - -
South Massif Fig. 8-13 9 27 0.9 10 13 0.77 2.4 39
10 27 9 11 16 .69 2.2 43

11 27 25 10 13 a7 2.2 39

12 27 S5 8 11 73 1.8 41

13 25 4 11 i5 73 24 42

14 25 .6 14 14 1.00 7.0 30

15 25 14 12 12 1.00 6.0 30

¢ 25 .8 16 20 .80 4.0 39

Fig. 8-14 16 25 = 1 1.5 - — - —

17 25 =~ 2 3.0? 3.0 1.00 1.5 -

18 25 =~ (05 1.8 2.1 .86 0.5 27

19 25 = .3 5.0 - — — -

20 25 ~ .1 3.0? 3.0 1.00 1.5 —

21 25 ~ 3 4.5 — - - -

22 25 ~ .3 6.0 - - - -

23 25 ~ .2 3.0 2.0? - - -

North Massif Fig. 8-15 24 26 = .5 7 - - - -
25 26 = .5 8 8 1.00 40 29

26 26 ~ 1.8 10 187 - - -

27 24 ] 3.6 4.5 .80 0.9 35

28 24 ~ 7 6 8 S 1.4 39

d 24 = 9 8 10 .80 2.0 38

<] 24 =~ 4 7 9 .18 1.7 38

f 26 ~ 4 6 6 1.00 30 28

g 24 ~ 1.0 7 8 .88 2.1 33

h 23 = 2.0 8.5 12 71 1.7 41

*For tracks identified by a letter, a definite causative boulder could be located; for tracks identified by a number, only the

most probable causative boulder could be located.

average values for previous Apollo sites. The Apollo
16 average (45.0 percent) is slightly higher. The
statistical parameters for Apollo 17 also compare
closely with both the weighted average values for all
Apollo sites (44.0 percent and 2.75) and the un-
weighted values (43.5 percent and 2.55). The un-
weighted values were obtained by computing a simple
arithmetic average of the averages for each site
without regard to the number of observations at any

one site. Conversely, the weighted average porosity
{(44.0 percent) is weighted heavily in favor of Apollo
16 where an unusually large number of footprint
observations was possible. Thus, the unweighted
values (43.5 percent and 2.55) probably represent a
better estimate for a randomly selected location on
the lunar surface,

No distinguishable difference in porosity was
found between the Apollo 17 traverse stations and
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FIGURE 8-16.—The relationship between friction angle ¢ and track width to boulder diameter ratio
wiD for lunar soil, where soil density pg is 1.6 gfcm®; cohesion ¢ is 1 kN/m?; and rock density/soil

density p,/pgis 2.
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IGURE 8-18.—Predicted variation of footprint depth with
average porosity and relative density in the top 10 cm of
the lunar surface.

is based on a

58.3-percent maximum and a 31-percent minimum. Foot-
print depth assumes a contact stress of 7 kN/m?.

TABLE 8-1V.—Resulrs of Statistical Analysis of Porosities

Deduced from Footprint Depths

Mean Mea‘n
Location No, of porosi £,2 Stﬂi:ldtfrd rela tfve
observations deviation density,
percent
percent
Apollo 17 site
All data 144 434 24 67
LM and ALSEP area 80 432 2.65 67
All traverse stations 64 43.65 195 66
Intercrater areas
Apollo 11 30 43.3 1.8 67
Apollo 12 88 42.8 3.1 68
Apolio 14 38 43.3 2.2 67
Apollo 15 117 434 29 67
Apollo 16 273 450 2.8 615
Apollo 17 141 434 24 67
Apollo 11,12, 14, and 15 273 b432 by8 61
All Apollo sites
Crater rims 89 b16.5 b4.3 55.5
Intercrater areas 687 bs4 0 b2 75 65
Intercrater areas 687 €435 ©2.55 66

a .
Based on assumption that n, . = 58.3 percent and n,;, = 31 percent.

bWeighted average.

CEach Apollo site given equal weight regardless of number of observations,
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LRV A-hr integrator read-outs:  Scil model B
A Batteryl ¢ =35°
O Battery? ¢ =0.17 kN/m2
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FIGURE 8-21.-Measured energy consumption of the LRV in
relation to the predicted values based on the soil
propertics indicated.

core-tube samples. As shown in figure 8-21, the same
soil model, which had been based on Surveyor data

for seil near the surface (ref. 8-20), yields results that
closely agree with the measured LRV energy con-
sumption at both the Apollo 16 and 17 sites.

In figure 8-21, the symbols ¢ and ¢ designate,
respectively, the soil friction angle and cohesion; K is
a normalizing constant conditioning the amount of
shear strength and the thrust mobilized by the soil at
a given wheel slip; and kg4, k., and n describe the
pressure-sinkage characteristics of the soil under
wheel loads (ref. 8-21).

k
2k o (8-2)

in which p is the wheel contact pressure in Nfcm?, b
is the wheel footprint width in centimeters, and z is
wheel sinkage in centimeters. If for a given wheel the
pressure-sinkage relationship is linear (n = 1), the
coefficients k. and k, are analogous to the penetra-
tion resistance gradient of the soil G.

From these parameters, pull as a function of slip
and torque as a function of slip relationships were
calculated using analytical expressions developed by
Bekker (ref. 8-21). These expressions were then used
as computer input data, together with other informa-
tion relating to the mission, terrain, and vehicle
characteristics, to calculate the LRV energy consump-
tion at each site (ref. 8-19).

Because of the small amount of wheel sinkage, the
LRV wheel/soil interaction with the lunar surface
involved predominantly surface shear. Accordingly, a
value of ¢ = 35° is consistent with average friction
angle values deduced from the analysis of LRV tracks
(table 8-V) on the basis of in-place plate shear tests
performed on a lunar soil simulant (refs. 8-15 and
8-16). The values of coefficients k., and k, are
consistent with the average G values deduced from
LRV tracks (table 8-V). Finally, based on other lunar
soil mechanics observations and measurements (e.g.,
soi} erosion during LM descent), an average cohesion
value of 0.17 kN/m? for the top surficial material was
adopted.

In general, the soil/LRV interaction data support
the conclusion that the surficial tunar soil is less
compact, more deformable and compressible, and has
lower strength than does the subsurface material.

Downslope Movements Caused by
Meteoroid Impacts

Houston et al. (ref. 8-22) have assessed the relative
importance of vibrations induced by metecroid im-
pact as a mechanism for mass movement of lunar soil
downslope. The seismic energy generated by impacts
of various-size meteoroids was estimated, and the
associated incremental movement was computed for
each impact. Movements were summed over the range
in meteoroid sizes producing significant movement,
hoth with respect to distance from point of impact
and with respect to time, using meteor flux rates
derived by Gault {ref. 8-23) with an adjustment based
on more recent estimates of the age of the Moon.

The results indicated that the flattest slope on
which significant cumulative downslope soil move-
ment of approximately 1 m is likely to have occurred
because of impact-produced ground accelerations is
approximately 25°. The flattest slope on which
cumulative downslope movement of several hundred
to a few thousand meters is likely to have occurred is
approximately 48°. Because of the great length of
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most of the highland lunar slopes, it is estimated that
downslope movements of a few thousand meters
would be required to cause flattening of the slopes by
as much as 1° or 2°. Thus, it appears that only on
very steep lunar slopes could there have been signifi-
cant downslope soil movements caused by shaking
from meteoroid impacts alone, and that large-scale
slope degradation must have developed primarily by
other mechanisms. However, this conclusion does not
mean that soil movement, once triggered by meteor-
oid impact, could not continue as a resuit of changes
in strength properties of the soil mass or fluidization.

Origin of the Light Mantle

It has been hypothesized (ref. 8-24) that the light
mantle that extends outward over the plains area
north of the base of the South Massif' (fig. 8-22)
originated as an avalanche from the slopes of the

South Massif. A study of stereographic photographs
obtained from orbit during the Apollo 17 mission
using the panoramic camera gives some indication of
a scarp on the South Massif that could define the
boundary of a slide mass. Furthermore, according to
the LSPET, the light mantle material on the plains
appears to be compositionally similar to that from
the South Massif. Thus, reasonable evidence exists
that a slide or avalanche did occur. If a slide did
occur, then an important question to be resolved is
the mechanism by which the material spread out onto
the valley floor and came to rest with a nearly level
surface.

As the slope of the South Massif is only approxi-
mately 25° to 30°, meteoroid impact is unlikely to
have been able to do much more than just initiate
movement. Incremental movements accumulating
from impacts alone could not account for the
magnitude of movements indicated. However, once a

FIGURE 8-22.-Orbital view of the Apollo 17 landing area. The light mantle to the north of the South
Massif may have been an avalanche produced by the mechanisms proposed in text. A possible slide
scarp can be seen located as indicated on high-resolution panoramic camera photographs (Apolio
17 panoramic camera frame AS17-2314).
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slide was triggered, if the soil strength were to
decrease significantly or if the mass became fluidized
because of the generation or liberation of significant
quantities of gas, then continued movement might be
possible.

In the analysis of downslope movements referred
to previously, no change in soil strength was assumed
once failure occurred. The nature of lunar soil
particles, particularly the agglutinates and breccias, is
such that particle breakdown during shear is likely.
The results of strength and compression tests on lunar
soil samples by Carrier et al. {ref. 8-25) suggest that
particle breakdown does indeed occur. Mitchell and
Houston (ref. 8-26) found that decreasing the particle
size of a basalt lunar soil simulant resulted in a
significant decrease in the angle of internal friction. It
is not likely, however, that particle comminution
could lead to a decrease in friction angle to a value
less than 25°, which would be required to result in
any slope flattening on the South Massif. A loss in
strength caused by a friction-angle decrease sufficient
to allow spreading of the material over the level plains
does not seem possible.

The plausibility of fluidization as a mechanism
hinges on the generation or liberation of sufficient gas
during the initial stages of movement to provide a
sufficient uplift pressure on the overlying soil to
reduce or eliminate frictional resistance to downslope
movement. Gas of solar wind origin was liberated in
the compression and strength tests described in
reference 8-24; however, the amount was too small
by orders of magnitude to cause fluidization. Con-
versely, other investigators have generated gas by a
combination of grinding and heating.

Clanton et al. (ref. 8-27) and Bogard et al. (ref.
8-28) have confirmed that agglutinates are enriched in
solar wind and thus could serve as a source of gas
when broken down. The Apollo 17 soil composition
analyses indicate that the samples from the massifs
contain greater proportions of breccias, approxi-
mately the same proportion of agglutinates, and less
basalt than does the dark mantle material on the
plains. Thus, a fluidization mechanism may be ten-
able to account for the origin of the light mantle,
whereas fluidization would be very unlikely if the
massifs were composed only of ground-up basalt.

CONCLUSIONS

The physical and mechanical properties of the soil
at the Apollo 17 landing site are generally similar to

those of the soils at the previous Apollo sites.
Although no crew tasks or lunar surface measure-
ments were done specifically for the purpose of
obtaining quantitative soil mechanics data, a number
of preliminary analyses and interpretations have been
made using EVA transcripts and kinescopes, photo-
graphs, data on soil/LRV interactions, debriefings,
and limited examination of returned lunar samples.
The following specific conclusions have been de-
veloped.

1. Soil cover is present at all points visited in the
Taurus-Littrow landing area. Surface textures and
colors are similar to those at the other Apollo sites.

2. There is considerable local (meter scale) vari-
ability in soil properties.

3. Particle-size distributions of samples from dif-
ferent traverse stations are generally similar to each
other and to those observed at previous landing sites,
even though soil compositions are highly variable
among the stations in terms of proportions of basalt,
breccia, mineral fragments, glass, and agglutinates.

4. The drive-tube samples indicate some increase
in density with depth but more uniformity with
depth than the Apollo 15 and 16 samples. Soil
density in the double drive tube taken on the rim of
Shorty Crater (station 4) is higher than heretofore
observed for any lunar sample. The presence of high
specific gravity particles, such as ilmenite, is 2 more
probable cause than is very low porosity.

5. Absolute densities at the Apollo 17 drill site are
generally higher than those measured at the Apollo
15 and 16 drill sites, and the distribution of densities
with depth suggests a different depositional history
from that at the previous two sites.

6. Stability analysis of the open drill-stem hole,
into which the neutron flux probe was placed and
removed without soil resistance, indicates that there
was little or no squeezing or caving of the soil during
a 49-hr period and that soil strength at a depth of 2 m
must have been considerably greater than the average
strength near the surface.

7. Tracks caused by the rolling and bouncing of
boulders are common on the stopes of the massifs and
the Sculptured Hills. A frequency distribution of soil
friction angles was deduced from rolling boulder
track data that is consistent with the soil gradations,
densities, and porosities found at other locations on
the Moon, although the absolute values of friction
angle were computed to be somewhat lower than was
anticipated.

8. Near-surface soil porosities deduced from foot-
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print depths indicate that neither the intercrater
average porosity nor the standard deviation differ
significantly from the average values for previous
Apollo sites. The average relative density for all
Apollo landing sites, as deduced from 687 observa-
tions of footprint depth, is approximately 66 percent.
Large local (meter scale) variations exist in porosity
and relative density.

9. The LRV performance, including slope-
climbing capability and power consumption, was
within the predicted limits. Analysis of track depth,
shape, and texture indicated no discernible variations
in the average consistency of the surface soil through-
out the Taurus-Littrow region or relative to the
Apollo 14 through 17 and Luna 17 landing sites,
although variations about the average existed on a
small scale at all sites.

10. Only on very steep lunar slopes (> 25%) could
there have been significant downslope soil movements
caused by shaking from meteoroid impacts alone, and
large-scale slope degradation must have developed
primarily by other mechanisms.

11. There is evidence to support an avalanche as
the origin of the light mantle covering the plains
north of the South Massif. Fluidization of the soil
mass by gas pressures generated during the initial
phases of soil movement would be required to
account for the large-scale movements observed.

Finally, soil mechanics data from all the Apollo
missions support the general conclusion that proc-
esses affecting the entire lunar surface, such as
meteoroid impact and the solar wind, control the
average properties such as grain-size distribution and
relative density, which are nearly the same at all sites.
On the average, the soil on slopes is less dense than
the soil on level areas because of the effects of
downslope movement. Local geology and topography
on a small scale and specific cratering events appear
to control the variations about the average to the
extent that the standard deviation can be relatively
large.
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O. Heat Flow Experiment

Marcus G. Langseth, Jr..*T Stephen J. Keihm,® John L. Chute, Jr.b

The objectives of the heat flow experiment (HFE)
were to make a direct measurement of the vertical
component of heat flow from the lunar interior
through the surface and to determine the thermal
properties of the upper 3 m of the lunar regolith.

The age of the Moon is placed at 4.6 X 10* yr. For
a planetary body as smali as the Moon, much of the
initial heat energy has been lost to space since
formation. Even if the Moon were initially at molten
temperatures, the present flux at the surface would
be small. The major contribution to the surface heat
flow comes from heat generated by the disintegration
of longlived radioisotopes of uranium (*°U and
#BU), potassium (*°K), and thorium (***Th). Thus,
the present surface heat flux reflects the abundance
of these isotopes to a depth of approximately 300
km, or 43 percent of the volume of the Moon. It is
now certain that extensive differentiation occurred
during the early history of the Moon that would
concentrate these isotopes in the outer shells. In this
case, the present surface heat flow would very nearly
indicate the total abundance of these isotopes.

More than 5000 heat flow determinations made on
Earth show the average global flux to be 6.3 X 107%
W/em? (ref. 9-1). (Throughout this report, W-sec will
be used as the unit of heat energy. Other commonly
used units are the calorie, which equals 4.18 W-sec,
and the erg, which equals 10”7 W-sec. The average
Earth heat flow is 1.5 X 1078 cal/em?-sec and 63
ergs/fem®-sec.) Urey (ref. 9-2) pointed out that the
total rate of heat flow from the Earth is essentially
equal to the total rate of heat production in the Earth
if it were constituted of materials with chondritic
abundances of uranium, potassium, and thorium.
However, Gast (ref. 9-3) showed that Earth rocks
were strongly depleted in potassium relative to solar

4Lamont-Doherty Geological Observatory.
bH. H. Lehman College, City University of New York,
TPrincipal Investigator.

and chondritic abundances, which led Wasserburg et
al. (ref. 9-4) to propose that, to explain the heat flow
from Earth, a higher abundance of uranium (nearly 3
times that of chondrites) is needed. They estimated a
uranium abundance of approximately 30 ppb for the
Earth.

The large variations of heat flow observed over the
surface of the Earth are principally related to the
present tectonism of the Earth lithosphere (ref. 9-5).
The largest variations are observed at extensional and
compressional boundaries of vast lithospheric plates
that are moving relative to each other. Seismic
observations (ref. 9-6) and the preservation of ancient
surface features on the Moon demonstrate that no
comparable tectonic movements have occurred on the
Moon for the past 3 X 10° yr. The Moon is
tectonically dead compared to the Earth; therefore,
any variations in surface heat flow over the surface
should reflect either deep-seated changes in abun-
dances of radioisotopes or in convective patterns in
the Moon. Because of the static nature of the outer
crust of the Moon, heat flow determinations at a
single location might be quite representative of a very
large region of the Moon if local surficial effects such
as refraction by conductive inhomogeneities and
topography are properly accounted for.

Numerous attempts have been made to determine
the surface heat flow from the Moon by detecting
thermal radiation from the Moon in the microwave
band. Because of the partial transparency of lunar
surface material, energy with wavelengths greater
than 1 mm received at Earth-based antennas origi-
nates in the subsurface and contains information on
subsurface temperatures. By making estimates of
thermal and electrical properties, the heat flow can be
determined from the change of brightness tempera-
ture with wavelength. The earliest heat flow determi-
nation was that of Baldwin {ref. 9-7), who estimated
an upper limit of 1 X 107% Wjem?. Russian
investigators estimated the heat flow to be very
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nearly equal to that of the Earth, based on a very
careful set of radio-telescope observations in the
wavelength band 3 to 50 cm (ref. 9-8). These same
measurements were later revised by using different
thermal properties and a layered model to give heat
flows in the range 3 X 1075 to 4 X 107% W/cm?
(ref. 9-9).

During the Apollo 15 mission, the first direct
measurement of heat flow through the lunar surface
was made at Rima Hadley (lat. 26°06" N and long.
3°39' E). A second measurement was made during
the Apollo 17 mission at the Taurus-Littrow site {lat.
20°10° N and long. 30°46' E). At Taurus-Littrow,
two probes to determine heat flow were emplanted
approximately 11 m apart. Analysis of data taken
during the first 45 days after emplacement indicates
that the heat flow is 2.8 X 107% W/jem*® (0.67
ucalfem?-sec) at one probe location and 2.5 X 1078
W/ecm? (0.60 ucal/cm?-sec) at the second probe
location. For comparison, the value measured at
Rima Hadley is 3.1 X 107¢ W/ecm? (0.74 ucal/cm?-
sec). The Rima Hadley measurement and Taurus-
Litirow prabe 1 measurement have an estimated error
of 20 percent. The probe 2 measurement at
Taurus-Littrow has a slightly larger uncertainty be-
cause the heat flow appears to be locally disturbed.
These measurements have not been corrected for
local topography.

EXPERIMENT DESCRIPTION

Experiment Concept and Design

The concept on which the HFE is based is the
direct measurement of the vertical flow of heat
through the regolith. The measurement should be
made far enough below the surface so that the
time-varying heat flow resulting from the very large
diurnal variations of surface temperature is small
compared with the flow from the interior. At
Taurus-Littrow, this depth is approximately 100 cm.
Below this depth, the increase in temperature with
depth results principally from the hotter lunar in-
terior. The outward flow of heat is directly propor-
tional to the rate of temperature increase with depth.
These quantities are related by the equation

(9-1)

Fo= —km(dT/dz)

where F, is the vertical component of the heat flow,

T is the temperature, z is the depth, and the constant
k,, is the thermal conductivity. The negative sign
indicates that the heat flows in a direction opposite
to the increase of temperature.

The experiment is designed to measure accurately
the vertical temperature gradient in the lunar soil to a
depth of 2.3 m. Surface temperature measurements
are also made that can be used to deduce the thermal
properties of the upper 10 to 15 cm of regolith. In
situ measurements of thermal conductivity of the
regolith at depths where the gradient is measured are
also performed. Two measurements of heat flow at
locations separated by approximately 10 m are made
to detect possible lateral variations.

The essential parts of the heat flow instrument are
two identical temperature-sensing probes. Each probe
consists of two 50-cm-long sections (fig. 9-1(a)). In
each probe section are two platinum resistance
bridges; each bridge consists of four 500-ohm fila-
mentary platinum elements interconnected by Evan-
ohm wire (fig. 9-1(b)). Opposing arms of a bridge are
wound together in a single senser housing; two sensor
housings, comprising a complete bridge, are mounted
at opposite ends of a probe section.

Voltage measurements on a bridge can be inter-
preted by accurate calibrations in terms of average
bridge temperature 7, and temperature difference AT
between sensors. The temperature at each sensor is
simply determined from 7, + 1/2 AT The accuracies
of the HFE temperature measurements are given in
table 9-I.

The cable thermocouples consist of a string of four
Chromel/constantan junctions embedded in each
probe cable. The lowermost junction is positioned
inside the gradient sensor housing at the top of the
probe. The reference junction for each cable is inside
the electronics housing and is mounted in an iso-
thermal block with a platinum resistance thermom-
eter (the reference thermometer). The thermocouple
(TC) circuit is shown in figure 9-1(c).

The accuracy of the thermocouple measurements
has special significance for interpreting the subsurface
temperature profiles at the Apollo 17 site. Therefore,
certain features of the thermocouple measurement,
which affect the accuracy, should be described. First,
only the Chromel/constantan junction (TC1) inside
the topmost gradient is coupled with the reference
junction during a measurement sequence. Junctions
TC2, TC3, and TC4 are coupled with TC! so that, in
effect, TC1 becomes the reference junction and the
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top gradient sensor becomes the reference ther-
mometer. Because the temperatures of TC3 and TC4
are much closer to that of TCI than to that of the
thermometer in the ¢lectronics box, the calibration
errors are reduced by this technique. Second, the
placement of junction TC1 inside the gradient sensor
permits a direct comparison between the two sensors
on the Moon. Thus, an in situ calibration of the
thermocouple circuit against the much more accurate
gradient sensor is performed.

Conductivity experiments are made using 1000-
ohm heaters that surround each of the gradient sensor
housings. The experiments can be operated in either
of two modes by energizing the heaters at 0.002 or
0.5 W, depending on the conductivity of the sur-
rounding regolith. Because of the low conductivity of
lunar material at Taurus-Littrow, only the lower
power was used for the Apollo 17 conductivity
experiment. After initiation, power is left on for 36
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TABLE 9-1.—Heat Flow Experiment Temperature Measurements

Temperature difference, K

Absolute temperature, K

Thermometer
Range Accuracy Range Accuracy
Gradient bridge
(platinum resistance)d + 2+ 20 +0.001/+ 0.01 190 to 270 + 0.05
Ring bridge
(platinum resistance) 2 +.002 190 to 270 + .05

Cable thermocouples®
Reference thermometer
(platinum resistance) —

e 70 to 400 * .5

- 253 to 363 + .01

34Gradient-bridge temperature-difference measurements are made at two sensitivities

with a ratio of 10 to 1.

bThe stated accuracy applies when the top gradient sensor of each probe is used as
the reference thermometer and when temperature differences between the junction and
the top gradient sensor are less than 10 K. Approximately one-half of the stated error is
due to uncertainties in determining the correction for the copper/Kovar junctions,

which are in the thermocouple circuit.

hr or more, and the temperature rise of the sensor
beneath the heater is precisely measured by the
appropriate bridge. A more detailed description of
the operation of the HFE can be found in reference
9-10.

Experiment Deployment at
- Taurus-Littrow

The HFE, deployed as part of the Apollo lunar
surface experiments package (ALSEP), is located
approximately 200 m west of the landing site. The
electronics housing is located approximately 9 m
north of ALSEP central station, and the two probes
are emplanted approximately 5.5 m on either side of
the electronics housing on approximately an east-west
line. The ALSEP site is on a local topographic high,
perhaps an intercrater ridge between two wide but
shallow depressions north and southeast of the site.
The two probes are emplanted near the rim of the
shallow northern depression.

The borehole for probe 1 was drilled east of the
electronics housing to a depth of 2.54 m, and the
probe was inserted to 2.36 m, the maximum possible
depth. The rim of a small, relatively recent crater,
approximately 2 m in diameter and 0.3 m deep, lies
approximately 1 m northwest of this borehole.
Thermocouple TC12 is in a portion of the cable
exposed above the surface. This portion of the cable,
which is covered by a black sleeve, is oriented nearly
north-south and is tipped up toward the south
approximately 15° relative to the surface.

Probe 2 is buried in a borehole drilled west of the
electronics housing to a depth of 2.55 m. The rim of
a 3-m crater is approximately 2 m northwest of this
probe site. Thermocouple TC22 is exposed above the
surface, alined nearly north-south, and is almost level
relative to the surface.

SUMMARY OF THE THEORY RELEVANT
TO THE LUNAR HEAT FLOW
MEASUREMENT

The important aspects of heat transfer that are
essential to interpretation of the temperature and
conductivity measurements are reviewed herein. For
the reader primarily interested in the experiment
results, this section may be used for reference only.
The discussion is summary in nature; a more detailed
description is available in references 9-11 and 9-12.

The Initial Cooldown of the Probe;
Estimates of Thermal Conductivity of
the Regolith and Equilibrium Temperatures

When the borestem is drilled into the soil and the
probe is inserted, both are at temperatures consider-
ably higher than their subsurface surroundings. The
higher temperatures result from the temperature of
these components above the surface before emplace-
ment and from heat generated during drilling. Be-
cause of the complexity of the drilling process, it is
difficult to estimate the amount of heat dissipated



HEAT FLOW EXPERIMENT 9-5

and the distribution of heat along the borestem.
Measurements made within minutes after the probes
were inserted showed that the probes were approxi-
mately 40 to 50 K warmer than the surrounding
undisturbed lunar soil. Because of the very low
thermal conductivity of the lunar soil, this heat is
dissipated very slowly. Even after 45 days, some of
the thermometers indicated continued cooling.

In general, the rate of equilibration of each probe
sensor to the surrounding lunar medium depends on
several different parameters, including thermal and
geometrical properties of the probe/borestem system,
thermal properties of the adjacent lunar medium, the
thermal contact between the borestem and the
adjacent zone of disrupted lunar material, and the
total heat energy excess of the system upon comple-
tion of drilling. For long times (¢ > 20 hr) after the
probes are inserted, however, the probe sensor tem-
peratures above equilibrium depend essentially on
two quantities, the total initial energy excess per unit
length of the system AFE and the thermal conductivity
of the adjacent regolith k.

Tp(t) - T, = OE/Umk t (9-2)
where Tp(f) is a probe sensor temperature at time 7
since emplacement and 7_ is the equilibrium sensor
temperature.

The form of equation (9-2) has been verified by
finite difference models and by analytical solution
appropriate to simplified distribution of AFE between
the probe and borestem. The analytical solution,
which takes the form of equation (9-2) for long
times, is described in detail in the appendix of section
11 of reference 9-11.

Estimates of the regolith conductivity k,, can be
made from the long-time cooldown data using equa-
tion (9-2) once a value for AE is assumed. Because of
the uncertainties of the contribution of the drilling
process to the total excess heat energy, two different
assumptions have been made in regard to the AFE
term. First, it was assumed that drill-heating effects
are negligible and that all excess heat energy initially
resides in the probe and borestem. The probe and
borestem were assumed to be at the same initial
temperature T, after drilling, as measured by the
probe sensors. For this assumption, the initial energy
excess can then be expressed simply as

AE = (sp + sb) (TO - Tﬁ) (9-3)

where S, and Sp are the heat capacities per unit
length of the probe and borestem, respectively. The
resultant problem has an analytical solution that is
used to determine regolith conductivity estimates
from the cooldown data. These assumptions consti-
tute the minimum initial energy case.

For a maximum initial energy estimate, it was
assumed that a 2.2-mm thickness of disrupted lunar
material had received enough heat during the drilling
process to attain an initial temperature equal to that
of the probe and borestem. The 2.2-mm contact zone
thickness was chosen to correlate with the difference
in drill bit radius and borestem radius. The subse-
quent cooldown problem was then solved, assuming
radial heat dissipation, by using a finite difference
model. The curve-matching procedure was performed
for times > 20 hr when all parameter effects, with the
expection of k,,, were negligible; that is, when
equation (9-2) was valid.

Because of the form of equation (9-2), the probe
equilibrium temperatures can be estimated quite
accurately independent of initial conditions and of
km - By considering sensor temperatures 75, and Tp,
for times ¢, and 7, > 50 hr, the unknown factor
AE[4nk,, can be estimated from equation (9-2) to
obtain

T i e T x t
pa 2 Pl 1
oJh ke

(9-4)
& &, =t

Equilibrium temperature differences, measured by
the platinum resistance bridges, can be calculated in a
similar manner.

HEATER-ACTIVATED CONDUCTIVITY
MEASUREMENTS

Because all eight conductivity measurements were
made with a heater power of 0.002 W, the discussion
is confined to this experiment mode. After the heat is
energized, the temperature rise at the gradient sensor
enclosed by the heater depends in a complex way on
the thermal properties of nearby probe components,
borestem, and lunar material, as well as the contact
zones between these elements. A detailed finite
difference model of the conductivity experiment at
each heater location is used to interpret the tempera-
ture history of the gradient sensor in terms of the
conductivity of material external to the borestem.
Numerical model computations, laboratory experi-
ments, and lunar experiments indicate that, for times
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> 20 hr, the temperature rise AT{f) is well defined by
the simple relationship
ar(t) = e)ln(t) + ¢, (9-5)
where ¢, and ¢, are constants. The form of equation
(9-5) is the same as that for a heated infinite cylinder
in an infinite homogeneous medium at long times
(i.e., > 20 hr for a cylindrical source with a radius
and heat capacity per unit length of the HFE
probe/borestem system) (ref. 9-13).
For an infinite cylindrical source
e, = Q/hnkm (9-6)
where Q is the power per unit length in W/cm. Thus,
¢y depends solely on the heater power per unit length
and on conductivity. The constant ¢, can be deter-
mined easily because it is the slope of the tempera-
ture rise curve when plotted versus In f; therefore,
cylindrical sources are often used as a practical
technique for measuring conductivity.

Conductivity is determined from lunar experi-
ments by comparing observed slopes on a logarithmic
time scale with values of ¢ calculated with the finite
difference models. Parametric studies, in which cer-
tain thermal properties are varied singly in the
numerical model, show that for times > 20 hr, ¢ is
very nearly insensitive to changes in pc of the sur-
rounding medium, changes in borestem conductance,
and changes in the thermal links between the probe
and borestem and the borestem and lunar medium.
However, ¢, is sensitive to changes in conductance in
the probe body, which can alter the flow of heat
from the heater axially along the probe. Assumptions
of thermal properties in the numerical models that
influence axial heat transfer along the probe are
probably the largest source of error in the conduc-
tivity determinations.

The similarity in performance of the lunar conduc-
tivity experiment and of an infinite cylindrical source
is principally due to the relatively efficient flow of
heat axially along the borestem. Even though the
probe heater is very short {1.9 cm), it heats a section
of borestem that is long compared to the borestem
diameter. For times > 20 hr, the isotherms in the
surrounding medium are roughly cylindrical in the
vicinity of the heater as shown in figure 9-2. The
numerical computations also show that the experi-
ment is most sensitive to lunar material within
approximately 5 ¢m of the borestem wall.
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FIGURE 9-2.—The geometry of the probe, borestem, contact
zone, and lunar regolith in the vicinity of a conductivity
experiment. The dashed lines show surfaces of equal
temperature rise in kelvins after the heater has been on
for 36 hr. The model parameters are k,, = 2.4 X 107*
W/em-K and H, = 1.5 X 10™* W/em?*-K.

The effective conductance of the contact zone has
a pronounced effect on the magnitude of the sensor
temperature rise at any given time. Because k;, can
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be determined independently, the conductance of the
contact zone is the principal remaining unknown
parameter and can be determined by matching
observed and theoretical temperature curves for times
> 0.5 h.

Variations in Surface Temperature
and Its Effect at Depth

Lunar surface temperatures vary nearly 300 X
from just before lunar dawn to lunar noon. This
variation induces subsurface variations that propagate
downward as thermal waves. For a homogeneous
medjum of diffusivity a with a sinusoidal variation
Ag cos wr at the surface, the temperature at a given
depth z is given by

T(t,z) = Aoe—ﬁzcosmt - &z) 9-7
where 4, is the amplitude of the surface variation in
degrees, w is the angular frequency in rad/sec (2.5 X
107® for the diurnal variation and 2 X 10 ? for the
annual variation), and

- J_te_ -1
8 = S cm

Equation (9-7) indicates that the variation decreases
in amplitude by a factor ¢~ ! and is delayed in phase
1 rad for every § ! centimeters of depth.

The propagation of surface temperature variations
into the lunar regolith is more complex for a number
of reasons. First, the surface variation is not a simple
sinusoid but contains significant higher harmonics.
Second, thermal properties vary significantly with
depth; and third, radiative transfer, which depends on
T3, plays an important role in the upper few
centimeters of the lunar soil. It is necessary to resort
to numerical calculations that include these complica-
tions to determine the expected temperature varia-
tions in the subsurface. In figure 9-3, the peak-to-
peak attenuation and phase lag of the diurnal
variation are shown as a function of depth for the
conductivity profile at the Apollo 17 heat flow site.
The upper part of the conductivity profile is derived
from surface temperature measurements that are
described in the section entitled “Surface Tempera-
tures Deduced From Thermocouple Measurements.”
For depths greater than a few centimeters, the
amplitude decreases in a simple exponential fashion,
as evidenced by the nearly straight line on a semi-
logarithmic scale. Similarly, the phase lag shows a

9-8)

1.0

. -1
Annuat variation éA =0.0234 ¢cm

=
2 B 4
B
g 1 =
:E —
x [
2 =
[=3
*".u .01; ) -1
& - ’,Dlurnal variation 6 = 0.102 cm
.001 1 1 ]
0 50 100 150
Depth, cm
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(b) Phase lag with depth. The values of A are the wavelengths
of the thermal wave below 20 cm. The model used for
the divrnal variation is from Apollo 17 data. (See the
section entitled “‘Surface Temperatures Deduced From
Thermocouple Measurements.””) The annual curves are
calculated from a Rima Hadley thermal properties model
(ref. 9-14).

FIGURE 9-3.—Peak-to-peak attenuation and phase lag as a
function of depth.
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nearly linear increase with depth below a few
centimeters. Thus, the simple relationship of equation
(9-7) would apply to a close approximation below
these depths.

The temperature at lunar noon varies throughout
the year because of the varying distance of the
Earth-Moon system from the Sun. The noon tempera-
ture increases approximately 6 K from aphelion to
perihelion. The mean temperature (i.e., surface tem-
perature averaged over a lunation) varies approxi-
mately 3 K throughout a year. Although the ampli-
tude of the annual cycle is one-hundredth of the
diurnal variation, the decay constant § is /12 times
smaller; consequently, annual variations penetrate
deeper and induce significant heat flows to depths of
a few meters and must be considered in the interpre-
tation of the experimental results. The attenuation of
amplitude and the increase in phase lag for the annual
wave are shown in figure 9-3 as a function of depth.
Annual wave effects shown in figure 9-3 are based on
the conductivity profile at Rima Hadley.

As shown in figure 9-3, temperature fluctuations
attributable to the diurnal cycle become virtually
undetectable at depths > 100 cm and would have had
little effect on heat flow below this depth before the
probe and borestem were emplaced. Once the bore-
stem is emplanted in the regolith, the higher conduc-
tivity of the borestem and the radiative transfer inside
the borestem will enhance the downward propagation
of thermal waves. However, thermometers at 130 cm
below the surface do not detect any temperature
variation during a lunation cycle.

Corrections for the Shunting Effects
of the Borestem and Probe

The axial conductance of the epoxy borestem is
considerably higher than that of a vertical column of
lunar soil of equal cross section. This fact, combined
with the finite length of the borestem, results in some
shunting of the steady-state heat flow through the
borestem to the surface. Certain short sections of the
borestem, such as the bit and joints, are made of
titanium or steel, and sizable disturbances occur near
these parts. A second related effect results from the
fact that the probes are radiatively coupled to the
borestem walls and have a small axial conductance.
Consequently, the probe -bridges register slightly
smaller temperature differences than those registered
at points on the borestem next to sensors.

These effects can be estimated by simplified
analytical models and by laboratory experiments;
both methods were used in the earlier analysis of the
Apollo 15 results. However, for the Apollo 17
analysis and the refined Apollo 15 results presented
in this report, a numerical model of the probe in a
medium in which heat is flowing parallel to the probe
axis has been used. The numerical model is more
detailed and allows examination of certain combined
effects that are difficult to estimate with analytical
models.

The numerical model computations show that
the borestem and probe disturbances to the steady-
state heat flow are small. In the extreme case, the
temperature difference across a probe section is 7
percent lower than the temperature difference across
the same vertical distance interval far from the
borestem. The numerical model has been used to
apply corrections to all probe observations.

RESULTS

Apoilo 17 Subsurface Temperatures

The HFE was turned on while probe 2 was being
inserted into the borestem, and temperatures were
recorded only minutes after drilling was completed.
These temperatures ranged from 295 to 301 K. The
early cooling histories of probe | indicate similar
initial temperatures. After emplacement, the probes
cool toward the undisturbed regolith temperatures.
The temperature histories of all sensors deeper than
65 cm for the first 45 days are shown in figure 9-4.
After 45 days, some sensors are continuing to cool;
however, the expected future temperature decrease is
probably less than the error of absolute temperature
measurement.

The equilibrium temperature differences and the
absolute temperatures of each sensor are listed in
table 9-II. The correction for the steady-state disturb-
ance of the heat flow by the borestem and probe
system is applied to temperature data listed under the
headings entitled “Corrected temperature difference”
and *Corrected temperature.” The appropriate cor-
rections of the temperature difference attributable to
the annual thermal wave during January 1973 (listed
in the far right column) have not been applied
because they are based on the conductivity profile at
Rima Hadley. Note that the largest correction is
approximately —4 percent.
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FIGURE 94.-Apollo 17 temperature histories of all sensors
65 cm or deeper. The short pulses appearing on some of
the sensor traces result from heater initiation for con-
ductivity experiments. The numbers on each curve refer
to the depths below the surface. The lowermost curves on
each plot are TC4 thermocouple measurements. Some
representative data points from the thermocouples are
shown to indicate the scatter of these measurements.
Temperatures shown ate calculated by subtracting TC1
values from those of TC4 and adding them to the top
gradient sensor temperature. The corrections given in
table 9-IH have not been added.

Temperature measurements of thermocouples
TC14 and TC24 are also shown in figure 94. Some
randomly sampled representative points are shown,
and the solid curve is fitted visually to show the
trend. The standard deviation of the points around

9-9

the smoothed curve is approximately 0.3 K during
the day and about half that value during the night.
The values shown are calculated by subtracting the
temperature at TC1 from that at TC4 and adding the
result to the temperature at the top gradient sensor.

Comparison of the temperatures measured by
TC11 and TC21 with those at the top gradient
sensors shows relatively large errors in absolute
temperature measurement (table 9-I1I). The source of
these errors has been traced to the copper/Kovar
(Cu/Ko) junciions, in each thermocouple electronics
circuit, that are mounted on circuit boards in the
electronics housing. The errors are proportional to
temperature differences between the Cu/Ko junc-
tions. Thus, the errors in TCi1 and TC21 are direct
measures of this temperature difference and can be
used to estimate errors at all junctions. The larger
errors during the night result from larger temperature
gradients across the Cu/Ko junctions at night, and the
larger errors at probe 2 junctions are caused by the
greater distance between the Cu/Ko junctions in the
probe 2 circuit. A preliminary analysis of electro-
motive forces produced by Cu/Ko junctions was used
to calculate the corrections that should be applied to
the data in figure 9-4. These corrections virtually
erase the apparent variation between night and day
measurements. The corrections have been applied to
the data compiled in table 9-II. The uncertainty of
determining these corrections is estimated as 0.4 K.
Studies of the accuracies of the thermocouple mea-
surements are continuing.

The thermocouple temperatures given in table 9-11
represent the averages of the values obtained during
the time from lunar sunset of the first day to lunar
sunset of the second day. The amplitude of the
diurnal variation at 66 cm cannot be determined with
the present accuracy of the data (= 0.5 K).

In figure 9-5, the equilibrium temperatures are
plotted as a function of depth. Temperatures along
the body of probe 1 show a steady decrease in
gradient with depth. The gradient decreases from
0.016 K/cm in the depth range 130 to 177 cm to
0.012 K/cm in the range 185 to 233 cm. This
decrease is principally due to a general increase in
conductivity of the regolith over the interval of
measurement. The thermocouple temperature indi-
cates a gradient of 0.013 K/cm from 66 to 130 cm;
however, the accuracy of this measurement is poor.

At probe 2, the probe thermometers at a depth
range of 131 to 234 cm indicate a rather uniform
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TABLE 9-1l.—Apolio 17 HFE Subsurface Temperature Data

(a) Temperature difference measurements

Bridge Interval, Equilibrium temperaturve Corrected temperatiire Annual wave
cm difference, K? difference, K correction, K
Probe 1
DTG11 130 to 177 0.707 0.755 - 0.027
DTR11 139 to 168 435 467 - .018
DTG12 185 to 233 533 .559 - .001
DTR12 194 to 224 322 326 < .001
Probe 2
DTG21 131 to 178 370 390 - 027
DTR21 140 to 169 .218 223 - .018
DTG22 186 to 234 336 .359 - .001
DTR22 195 to 225 206 212 < .001

3The error associated with extrapolating to equilibrium temperature differences is + 0.003 K.
bThe uncertainty introduced by these corrections is estimated to be + 2 percent.

(b) Absolute temperature measurements

Depth, E'quilibrium Corrected
Sensor type om temperature, K? temperature, K
Probe 1
Thermocouple TC4 66 254.20 254.20
Platinum resistance 130 255.06 255.02
Platinum resistance 139 255.19 255.117
Platinum resistance 168 255.62 255.64
Platinum resistance 177 255.76 255.78
Platinum resistance 185 255.91 255.91
Platinam resistance 194 256.03 256.04
Platinum resistance 224 256.36 256.37
Platimum resistance 233 256.44 256.47
Probe 2
Thermocouple TC4 67 254.70 254.70
Platinum resistance 131 256.07 256.05
Platinum resistance 140 256.09 256.09
Platinum resistance 169 256.31 256.31
Platinum resistance 178 256.44 256.44
Platinum resistance 186 256.48 256.48
Platinum resistance 195 256.52 256.51
Platinum resistance 225 256.73 256.73
Platinum resistance 234 256.82 256.84

AThe accuracy of extrapolated absolute temperatures is + 0.05 K for the

platinum resistances.

bThe correction for the annual wave to be applied to the thermocouple is

0.04 K.

gradient of 0.0078 K/cm, whereas the gradient
between 67 and 131 c¢m is 0.021 K/cm, a change by a
factor of approximately 3. This large variation of
gradient can be accounted for only partially by the
variation of conductivity of the regolith immediately
surrounding the borestem.

Apollo 15 Subsurface Temperatures

Subsurface temperatures measured at Rima Hadley
below the depth disturbed by diurnal variations were
reported in reference 9-11 without correction for the
annual wave. In addition, corrections for the bore-
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TABLE 9-111.—Errors and Corrections m Absolute
Temperature Measurements

Sensor Lunar day Lunar night

Error (compared with iop gradient sensor TC1), K

TC11 1.1 1.9
TC21 1.4 2.5

Estimated cerrections,® K

TC14 0.4 0.7
TC24 .6 1.2

2The uncertainty in determining these corrections is esti-
mated as + 0.4 K.

stem and probe disturbance were derived from much
simpler models than those discussed herein. Tempera-
tures measured at longer times after probe insertion
are now available, and a more accurate determination
of equilibrium temperatures is possible. The tempera-
tures and temperature differences at four sensors on
probe 1 at Rima Hadley are presented in table 9-IV.
More accurate corrections for the borestem disturb-
ance and a correction for the annual wave effect have
been applied. These measurements will be the basis
for a slightly revised heat flow value.

Conductivity Estimates from
Cooldown Analysis

Because of the uncertainties in the total heat
energy associated with drilling, two cases assuming
different initial conditions have been examined.
These cases have been described in the preceding
section on theory. Results derived assuming initial
borestem and contact zone temperatures to be equal
to the initial probe sensor temperature are listed in
table 9-V under the heading eatitled “Conductivity
with drill heating effects.” Conductivity estimates
derived assuming that only the borestem and probe
were initially at elevated temperatures are listed
under the heading entitled “Conductivity without
drill heating effects.” The two cases are considered to
be bracketing assumptions of the actual initial condi-
tions. Cooldown conductivity estimates were made
for each of the eight sensors along each probe.
Additionally, cooldown analyses were performed
assuming drill heating effects for the thermocouples
located 65 cm above each probe.
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FIGURE 9-5.—Equilibrium temperatures, conductivities, and
heat flows measured by the Apollo 17 probes. The open
circles on the conductivity plot are calculated from
cooldown curves assuming maximum drilling energy, and
the solid circles are heater-activated experiment results.
The solid line represents a layered model used for
calculating heat flow. In the heat flow figure, the solid
lines give heat flow over the three largest intervals. The
geometry of the probe in the subsurface is shown at the
far left.

The large noise on the thermocouple data limits
the accuracy of conductivities deduced from the
cooling history. Deductions of the conductivity at
depths from 3 to 15 cm below the surface, which will
be discussed later in this section, give values of
approximately 1.2 X 10~% W/cm-K. Based on these
results at shallow depths, we estimate the conduc-
tivity lies in the range 1.0 X 10™* to 1.6 X 107°
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TABLE 9-1V.—Apollo 15 HFE Subsurface Temperature Data

(a) Temperature difference measurements

3 Interval, Equilibrium temperature Corrected temperature .

Bridge om difference, K difference, X2 Annual wave correction, K
Probe 1
DTG12 91 to 138 0.803 0.833 - 0.37
DTR12 100 t0 129 484 479 - .28
(b) Absolute temperature measurements
Sensor type Depth, cm Equilibrium temperature, K Corrected temperature, K

Probe 1

Platinum resistance 91 252.20 252.16

Platinum resistance 100 252.33 252.33

Platinum resistance 129 252.81 252.81

Platinum resistance 138 253.00 253.01

2The effect of the annual wave on Sept. 29, 1971, has been removed.

TABLE 9-V.—Conductivities from Cooldown

Histories
Conductivity Conductivity
Sensor Heater with drill without drill
depth location heating effects, heating effects,
WX 10 %jem-K | WX 107 % )em-K
Probe 1

66 1.0 -
130 Hil 2.3 1.3
139 1.9 1.1
168 1.9 1.1
177 H12 2.0 1.0
185 Hi3 1.9 1.1
154 2.1 1.1
224 2.8 1.4
233 H14 2.7 1.6

Probe 2

67 1.0 -
131 H21 2.0 1.2
140 2.0 1.1
169 2.4 1.3
178 H22 2.7 1.7
186 H23 2.9 1.7
195 2.7 1.5
225 2.8 1.5
234 H24 2.5 1.5

W/cm-K at 66 cm. This range is indicated in figure
9-5,

By comparison with the more accurate heater-
activated conductivity determinations discussed in
the next section, it is evident that drill heating effects
cannot be neglected if reliable conductivity informa-
tion is to be extracted from the cooldown data. When
substantial drill heating effects are included in the
cooldown analyses, conductivity determinations and
variations with depth agree well with the heater-
activated conductivity experiment results. The cool-
down conductivity estimates are particularly valuable
in interpolating between the more accurate heater-
activated conductivity determinations.

Heater-Activated Conductivity
Experiments

Conductivity experiments at each of the eight
heater locations have been performed. Figure 9-6
shows the sensor temperature rise history and theo-
retical curves for one such experiment. The conduc-
tivities k,, and contact conductances H, are given in
table 9-VI. These results and the cooldown estimates
with drill heating effects are shown in figure 9-5. It is
clear that the conductivity does not vary in any
simple way with depth.
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FIGURE 9-6.—Temperature tise during a conductivity experiment (dots) is compared with a
theoretical curve derived from a model with k,,, = 2.7 X 107* W/em-K and H, = 1.5 X 107*
W/cm?*-K. In the inset, the temperature rise for times > 1000 min is shown on an expanded scale
plotted against the logarithm of time. The otserved data are compared with two bracketing
theoretical curves. The reduced conductivity is 2.64 W/cm-K.

A rough correlation exists between the drill
penetration rate during borestem drilling and the
measured conductivity. The more resistant layers
where the drill penetrated slowly correspond to
depths where higher conductivity is observed. The
more resistant layers likely correspond to more
compacted regolith materials or possibly to a higher
concentration of centimeter-size rock fragments.
Fither of these phenomena can increase the bulk
conductivity. The relatively high conductivity mea-
sured at 130 ¢cm on probe 1 lies within a zone from
80 to 130 cm where penetration was slow, Directly
below this layer, drilling rates were relatively high and
the conductivity values are correspondingly lower,
These correlations are used to interpolate values
between discrete measures. In figure 9-5, the solid
line that passes through the heater-activated conduc-
tivity values represents a layered model of conduc-
tivity in the regolith based partly on penetration rates
and partly on cooldown estimates. At probe 2, some
of the drilling operation was not visually monitored
so that correlations with conductivity cannot be
made during the unmonitored period, which includes

approximately haif the depth range where probe 2 is
emplaced.

One interesting feature of these conductivity
results is a rather large difference between the
conductivity profiles at probe 1 and probe 2. It is
possible that layers, as defined by conductivity, have
some dip relative to the surface. For example, the
high conductivity layer at 100 cm at probe 1 could
correspond to the high conductivity layer between
170 and 230 cm at probe 2.

The contact conductance H, arises from low
conductivity material lying in a disturbed zone just
outside the borestem. We estimate this zone to be 2.2
mm thick. The conductivity k, of material in the
contact zone is given by

_ Ar b + Ar
kc = Hz(b + 2)ln( A )

(See fig. 9-2 for definition of parameters in this
equation.) As an example, for H, = 14 X 10
W/icm?-K, k, = 3.0 X 107° W/cm-K. This value of
conductivity is approximately a factor of 6 less than
that of the surrounding regolith.

(99)
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TABLE 9-VI.—Results of the Conductivity
Experiments

Heater | Depth, b

location cm

Contact conductance,
WX 10" % fem®-K

Conductivity,?
WX 107 jem-K

Apollo 17 probe 1

HI11 130 2.50 1.4
H12 177 1.72 1.6
H13 185 1.79 14
H14 233 2.95 1.2

Apollo 17 probe 2

H21 131 2.06 1.6
H22 178 2.36 1.1
H23 186 2.64 1.5
H24 234 2.24 2.3

Apolio 15 probe 1

Hi1 35 1.41 0.8
Hi2 83 211 .8
H13 91 1.60 9
Hi4 138 2.50 1.0

Apollo 15 probe 2

H23 49 1.46 0.5
CH24 96 2.43 6

3The estimated error of conductivity measurement is + 15
percent.

bEstimated error is * 20 percent. In the theoretical model
the thickness of the contact zone is 2 mm.

©It is probable that a section of broken borestemn lies just
outside this location so that the uncertainty of this measure-
ment is very large.

Apollo 15 Resuits

Six conductivity experiments using a heater power
of 0.002 W were performed on the Apollo 15 probes.
The analyses of three of these measurements were not
described in reference 9-11 because it was very
difficult to separate changes attributable to heater
turn-on from large diurnal variations in temperature.
Subsequently, two of the measurements have been
repeated at times in the lunation when the rate of
temperature change at the heater location was mini-
mal. In addition, the diurnal temperature variation
from preceding and succeeding lunations is available
to help interpolate trends during the time that the
heater is on, Lastly, some refinements have been
made in the finite difference models of the conduc-
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tivity experiments. The newer models indicate small
adjustments in the previously published values. The
revised Apollo 15 conductivity values at each heater
location are given in table 9-VI.

Heat Flow

The magnitude of the vertical component of heat
flow in the regolith can be calculated from the
temperature and conductivity profiles in figure 9-5.
Over each depth interval z, to z,

AT‘g 4
172
FZ = ave g, — z (9-10)
2 1
where AT, ., is the corrected temperature differ-

ence listed in tables 9-I1 and 9-IV and k,y. is the
average conductivity in the depth interval z; — z,
calculated from the layered modeis in figure 9-5.
Gradients, average conductivities, and heat flows
calculated from the Apollo 15 and Apollo 17 resulis
are presented in table 9-VII. The heat flow data over
the entire depth range of temperature measurement

TABLE 9-VII.—Heat Flow Data

Depth Temperature Average
interval, gradient, conductivity, w .)’-(Ieat{?g) W 2
em Kfem WX 107* fem-K 1077 fem
Apollo 17 probe 1
66 to 130 0.0130 1.60 2.10
130 to 177 .0158 1.79 2.83
139 to 168 .0163 1.72 2.80
185 to 233 .0118 2.39 2.81
194 to 224 .0113 2.48 2.81
66 to 233 0140 1.80 2.50
Apollo 17 probe 2
67 to 131 0.0210 1.50 3.10
131 to 178 .0082 2.26 1.86
140 to 169 0078 2.30 1.79
186 to 234 .0076 2.50 1.89
195 to 225 .0074 2.53 1.87
67 to 234 .0130 2.00 2.50
Apollo 15 probe 1
91 to 138 0.0175 1.78 3.11
100 to 129 0166 1.68 2.82
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are presented on the bottom lines of table 9-VII for
Apollo 17 probes 1 and 2. At probe !, the most
representative value of heat flow (2.8 X 107°
W/cm?) is thought to be that delermined by the
probe data over the interval 130 to 233 cm. At probe
2, the measurement is possibly disturbed, as will be
discussed in the next section, and the most represen-
tative value (2.5 X 107® W/cm?) is that calculated
using data between 67 and 234 cm. The heat flow
calculated over the interval 91 to 138 cm is believed
to be the best value from the Apollo 15 measure-
ments.

At the Apollo 17 probe 1 site, the heat flow is
quite uniform over the entire depth range. The
variation falls well within the estimated error of
measurement. Probe 2 results show a uniform heat
flow along the length of the probe, but heat flow
between 67 and 131 cm is 70 percent greater. The
large change in gradient is partly compensated for by
an increase in conductivity with depth. The overall
heat flow of 2.5 X 107% W/cm? is in fair agreement
with the probe 1 value of 2.8 X 107°® W/cm?.

DISCUSSION OF HEAT FLLOW RESULTS

The Probe 2 Measurements

The change in heat flow at probe 2 by a factor
slightly less than 2 over the depth range of 67 to 234
cm is most reasonably explained by refraction of heat
flow in the vicinity of a large buried boulder. A
relatively large number of rocks are strewn over the
ALSEP area. Lunar basalts have conductivities of
approximately 1.2 X 1072 to 1.8 X 107 * W/em-K at
250 K (ref. 9-15). These values are 60 to 90 times the
conductivity of the fine-grained regolith material.
Thus, large blocks of solid rock in the subsurface can
result in significant shunting of heat flow.

To illustrate the shunting effect, the distortion of
heat flow lines and isotherms around and through a
square of material having 60 times the conductivity
of a surrounding infinite medium is shown in figure
9-7. The model is two-dimensional and symmetric at
the left margin of the figure. One significant feature
of the model is that very little effect is evidenced at
distances greater than one-half of the width of the
rock. Thus, heat flow measurements would have to be
made quite close to a rock (less than one-fourth of
the width) to detect a disturbance as large as that at
probe 2. However, probe 2 must be more than 53 cm

9-15

1

FIGURE 9-7.—The effect of a square of material on vertical
heat flow (shaded area) which has a conductivity 60 times
that of the surrounding material, shown by the distortion
of isotherms and fiow lines. These results are based on a
finite difference model computation.

from a rock in order for the rock not to have a
detectable effect on the heater-activated conductivity
experiments.

If probe 2 were located relative to a large
subsurface boulder in a zone defined by the dashed
rectangle in figure 9-7, a temperature profile similar
to that observed would result. Other features such as
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the slightly higher absolute temperatures measured by
probe 2 relative to probe 1 at all depths would also be
explained. It should be noted that to explain the
rather sudden change in gradient shown in figure 9-5,
a rather sharp-cornered rock is required.

If the vertical gradient were calculated using the
temperature difference between points a and b in
figure 9-7, the result would not be much different
than the vertical gradient far from the rock. This
result is obtained because the measurement interval is
large enough to span the zone of dilation’of isotherms
adjacent to the rock and the compensating zone of
compression of isotherms above it. If the same is true
for probe 2, then the gradient determined by using
temperature points at 67 and 234 cm should be close
to the regional value. The fact that the average
gradient at probe 2 is in close agreement with results
of probe 1, which is thought to be free of such
disturbances, supports this possibility. The results of
probe 1 should be regarded as the more representative
value of heat flow at Taurus-Littrow.

The Effects of Topography

Detailed assessment of the effects of topography
on the Taurus-Littrow measurement has not been
completed to date. However, some idea of the
magnitude of expected disturbances can be made
based on simplified terrain models. There are two
important effects of topography on the Moon. First,
surface relief causes a distortion of subsurface iso-
therms to conform to the surface temperature distri-
bution. Consequently, a lowering of regional heat
flow is generally found over convex-up features and
an augmentation of heat flow is found over concave-
up features. Second, lunar topography has a signifi-
cant effect on the surface temperature distribution
because the mean surface temperature depends on a
radiative balance of solar flux, radiation to space, and
reradiation from the surrounding lunar surface. In
general, depressions such as craters will have slightly
elevated mean temperatures because of the decreased
view of the crater floor to space and reradiation from
other parts of the crater (ref. 9-16). However, a
north-facing slope such as that of the South Massif
would have a lower mean temperature because of the
relatively large angle of incidence of solar rays
throughout the lunar day.

Craters of all sizes greater than 1 m in diameter
that are within a distance of one crater diameter

could have a measurable effect on the heat flow
measurement. For example, the small craters near
probes 1 and 2 must be considered as well as the
600-m crater Camelot approximately 600 m to the
east of the ALSEP site. Most of these craters have an
aspect ratio (diameter over depth) of approximately 6
to 1. The dominant effect of such craters is to
increase heat flow in areas just outside the rim
because of the slightly higher mean surface tempera:
ture inside. Finite difference models show that the
excess heat flow decreases very rapidly with distance
from the crater rim. At one crater radius from the rim
of a crater having a floor that is 3 K warmer than the
surrounding flat surface, heat flow is increased
approximately 0.1 W/cm?. Because the heat flow
probes are one or more radii away from the rims of
all craters of interest, the combined effect of all
craters would be small. An estimate of 0.3 W/cm? or
10 percent would be conservative. The important
result is that a negative correction must be applied to
the observed values in order to compensate for
nearby craters.

The valley floor at Taurus-Littrow, aside from
craters, is relatively smooth, and only the mountain
ranges north and south of the site would have
significant effects. The effect of the massifs can be
estimated using a method developed by Lachenbruch
(ref. 9-17). The valley at Taurus-Littrow is modeled
as a flat-floored trough in an otherwise flat surface.
The walls of the trough have uniform slopes equal to
the average slopes of the north and south massifs
measured from topographic maps. Lachenbruch has
published tables from which an estimate can be made
of the effect on heat flow of such sloping surfaces
intersecting horizontal planes. Based on this model,
the topographic effect of the massifs will cause a
20-percent increase in heat flow at the ALSEP site.
This estimate is maximal because it assumes that the
trend of the ridges extends infinitely at the maximum
elevation. The effect of the South Massif, in particu-
lar, is overestimated because the ridge does not
extend very far to the southeast of the ALSEP site.

Last, the valley at Taurus-Littrow would have a
slightly greater mean temperature (approximately |
to 2 K) than the surrounding regions because the
valley behaves radiatively like a crater. The flow of
heat from the warmer valley floor to the surface
outside the bounding massifs would tend to decrease
the heat flow in the valley. This effect, which has not
been quantitatively estimated at this time, may be
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significant and would tend to counterbalance the
positive effects already described.

In summary, the preliminary analysis of the effect
of topography on the Apollo 17 measurement indi-
cates that a negative correction estimated at 15 to 25
percent should be applied to this observation. How-
ever, we believe that a more detailed and careful
analysis should be made before it can be assumed that
effects of topography result in a significant difference
between the heat flow measurements at the Taurus-
Littrow and Rima Hadley sites.

Possible Correlation with Surface
Radioactivity

As previously described, a correction for the gross
effects of topography of approximately —20 percent
might be applicable to observed heat flow at Taurus-
Littrow, which would result in a value approximately
25 percent less than that measured at Rima Hadley.
Because the difference depends on the topographic
correction, its significance may be questionable.
However, taken at face value, there is a correlation
between the heat flow at the two sites and the surface
radioactivity, as measured by the Apollo 15 gamma
ray spectrometer (ref. 9-18). Relatively high thorium
abundances were observed over the southeast corner
of Mare Imbrium, and appreciably smaller abun-
dances were observed over the southeast corner of
Mare Serenitatis. The gamma ray spectrometer is
sensitive only to the gamma-ray-emitting isotopes of
uranium, thorium, or potassium in the most super-
ficial layer. This tentative correlation with the heat
flow measurement, which detects the integrated
effects of radiogenic heating to depths of approxi-
mately 300 km, indicates that the surficial variations
may extend to depth. It further suggests that the
wriation of surface radioactivity may be the best
wailable indicator of the variation of heat flow over
the lunar surface. However, these conclusions are
fentative and must await a more thorough analysis of
fopographic effects.

Comparison with Earth-Based
Microwave Measurements -

Before the in situ measurements of Apollo 15 and
17 were obtained, estimates of the lunar heat flow
had been made based on centimeter wavelength
observations of the natural emission of the Moon, as

9-17

cited in references 9-7 to 9-9. The lunar regolith
becomes increasingly transparent at wavelengths be-
yond the infrared. Thus, observations at longer
wavelengths yield temperature information at increas-
ing depths into the lunar regolith. For wavelengths
greater than approximately 5 cm, the effective
emitting layer is far enough below the lunar surface
that no variation in apparent brightness temperature
over a lunation can be detected. However, an increase
in brightness temperature with increasing wavelength
has been observed. A plot of these measurements is
given in reference 9-9. Between 5 and 20 cm, a nearly
linear increase of brightness temperaturc Tp(A) with
wavelength A yields an average spectral gradient of
aTp/oN = 0.8 K/ecm. To interpret the spectral
temperature gradient in terms of a heat flow, esti-
mates must be made of the electrical properties and
of the thermal conductivity k of the effective
emitting layer for the 5- to 20-cm waves. In particu-
lar, the characteristic penetration depth 2.(A\) of an
electromagnetic wave must be known as a function of
wavelength.

Tikhonova and Troitskii (ref. 9-9) used simplified
models of thermal and electrical property profiles to
explain the microwave data over the 5- to 50-cm
spectral range. The resultant inferred heat flow values
of 29 X 107° to 4.0 X 107° W/em are in
remarkable accord with the in situ Apollo measure-
ments, considering the approximations and assump-
tions necessary to the remote determination. In
particular, the electrical and thermal parameters were
estimated from observations applicable only to
depths characterized by diurnal temperature varia-
tions. The assumption that near-surface parameter
values apply to meter depths could lead to significant
errors in the interpretation of the observed spectral
gradient. Electrical property determinations based on
remote radar measurements and on measurements
made on returned lunar samples must be used to
interpret the measured spectral gradient in terms of a
thermal gradient. If the electrical and thermal prop-
erties of the regolith are considered to be homogene-
ous for depths greater than approximately 70 cm and
extend at least 5 to 10 m, the thermal temperature
gradient can be expressed in terms of the spectral
gradient by

a7 ABTb/BA

9 - e Rize

where R is the appropriate centimeter wave reflec-

(9-11)
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tion coefficient for the lunar-surface/space interface.

For the very low electrical conductivities found in
the lunar regolith, the electromagnetic penetration
depth £,(A) may be written for the centimeter wave
spectral region as

E.e()\) = A/{(2nve tan A)

(9-12)

where € is the dielectric constant and tan A is the loss
tangent at centimeter wavelengths.

The average temperature gradient of 0.017 K/m
measured in situ at the Apolle 15 and 17 sites would
produce the observed spectral gradient if \/€ tan A =
0.003, assuming R = 0.05. The feasibility of such a
value for v/e tan A is supported by direct surface
observations in the 0.4- to 3-cm wavelength range
(ref. 9-19). Direct measurements of returned Apollo
samples over a wide range of frequencies indicate a
dielectric constant for the regolith material in the
range 2.2 to 3.2 that is nearly frequency independent.

However, loss tangent measurements yield values in
the range 0.0004 to 0.01 and are frequency de-
pendent (refs. 9-20 and 9-22), Additional electrical
property measurements and refined analysis of the
existing data on regolith samples must be made
before the thermal gradient measured in situ can be
supported on a moonwide basis by the spectral
gradient observations.

The Representativeness of the
Two Heat Flow Measurements

The regional geological settings of Rima Hadley
and Taurus-Littrow are quite similar. Both are located
on lava-flooded embayments at the edge of mascon
basins, If the heat flow is influenced by structural or
compositional anomalies unique to this type of
region, the anomalies would affect both measure-
ments. To that extent, they would not be representa-
tive of global flux from the Moon. However, the

FIG. 9-8.—Photograph of probe 2 borestem protruding from the lunar surface. The heat flow experi-
ment housing is in the background. The thermocouple is in the black portion of cable approxi-
mately 10 cm from the top of the stem (AS17-134-20492).
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possible compatibility of the results with the micro-
wave emission spectral gradient between 5- and 20-cm
wavelengths lends support to the possibility that local
anomalies at the two sites are not large.

Despite the reservations in the previous para-
graphs, the existing data concerning heat flow from
the lunar interior indicate that a significant area of
the Moon is characterized by a flux of between 2.5
and 3.0 uW/cm?. Numerous thermal history calcula-
tions have shown that the contribution of initial heat
(e.g., that gained during accretion) to the present
surface flux is relatively small (refs. 9-11 and 9-23)
even if the Moon were molten throughout initially,
Some scientists have suggested that, at the present
time, the Moon is thermally at steady state (e.g., ref.
9-24). In either case, it follows that a predominant
part of the surface flux (2.0 to 3.0 pW/cm?) must
result from radioactive isotopes in the Moon. The
geochemical data are convincing that most of these
isotopes are concentrated in the outer layers of the
Moon. In addition, the abundances indicated by the
heat flow values would require the heat sources to be
located near the surface to prevent melting in the
outer several hundred kilometers.

The radiogenic heat production per cubic centi-
meter of rock can be expressed in terms of the
abundance of uranium, because the ratios of the
other important long-lived, heat-generating isotopes
(**K and *2Th) to uranium are well established and
quite uniform in the lunar samples. The heat produc-
tion per unit volume at the present time in W/em? is
approximately 0.71 times the uranium abundance in
parts per million (e.g., refs. 9-23 and 9-25). If most
of the uranium is concentrated within 300 km of the
surface so that it contributed to the present flux,
then the total funar uranium abundance required to
contribute 2.0 to 3.0 uW/cm? to the heat flow is
approximately 0.05 to 0.075 ppm. These abundances
are much greater than chondrites and significantly
higher than estimates of the Earth abundance of
approximately 0.03 ppm (ref. 9-4),

SURFACE TEMPERATURES DEDUCED
FROM THERMOCOUPLE
MEASUREMENTS

At each of the two heat flow holes, one of the
thermocouples is embedded in a section of the cable
that is approximately 15 cm from the top of the
borestem and suspended above the lunar surface as

shown in figure 9-8. These thermocouples, in radia-
tive balance with the lunar surface, with the solar
Tlux, and with space, thus provide a measurement of
the surface brightness temperature throughout the
lunation. The flux balance equation governing the
thermocouple temperature is

[N

2m1q dile of - 2ng diF ea ., ol
e e e ¢ T e-mm eir Tm

2

+ 2a dlSo 1-p
e ¢s

+ 2na dlSAa F cos X sin ¢
e as e-m

(9-13)

where T, = thermocouple temperature
T, = lunar surface brightness temperature
a. = radius of thermocouple cabie
dl = elemental length of cable
€. = infrared emissivity of cable
Qjr = infrared absorptivity of cable
0, = absorptivity of cable to solar flux
Fe = view factor of cable to the lunar surface,
including the surrounding mountains
p = cosine of the angle between the Sun line
and the cable axis, a function of cable
orientation and lunar phase angle
A =selenographic latitude at Taurus-Littrow
¢ =lunar phase angle measured from local
sunrise
€y = infrared emissivity of the lunar surface
(=1.0)
S = the mean solar constant of 0.1352 W/cm?
A = lunar albedo of 0.08
¢ = the Stefan-Boltzmann constant

The first term on the right side of equation (9-13)
represents flux into the cable element from the lunar
surface; the second term represents direct flux from
the Sun; the third term represents solar energy
reflected diffusely from the lunar surface and imping-
ing on the cable.

The radiative properties of the cable ¢,, &y, and
tes were determined by laboratory measurement
before the Apollo 17 mission. The cable orientations
for both probe locations were determined from
ALSEP photographs.

Solving equation (9-13) for the surface brightness
temperature yields
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1/4
L 2 .
s:chc - (S/ﬂ}&ca \ll -p - SAF,  cos X sin ¢

T =
m

During the lunar night, using €, = 1 and €, = acjr,
equation (9-14) reduces to

(9-15)

Equations (9-14) and (9-15) assume that the
surrounding mountains at Taurus-Littrow are at the
same temperature as the surface throughout the
lunation. The deviation from this assumption, es-
pecially during the lunar day, may be quite large.
However, both thermocouples have view factors to
the mountains about one-twelfth of the view to the
surface. Thus, even large anomalous temperatures on
the slopes of surrounding mountains will produce
only negligible errors in the surface temperature
determination.

Shown in figure 9-9 is a full lunation plot of
deduced lunar surface brightness temperatures at
Taurus-Littrow. Vertical bars present estimated error
bounds. The daytime temperatures were determined
solely from the temperature data of the exposed
probe 2 thermocouple for two reasons. First, the
orientation of the thermocouple at probe 1 was much
more difficult to obtain from the photographs.
Second, the probe 1 thermocouple appeared to have a
more substantial view of the radiation shield atop the
borestem; the radiation shield is a highly reflective
square of aluminized Mylar that could add a sub-
stantial unknown factor to equation (9-14).

The nighttime temperatures are not subject to the
errors due to uncertainties of the cable orientations,
and the data shown are an average of the two
thermocouple reductions. Nighttime surface tempera-
tures deduced from each of the two above-surface
thermocouples differed by no more than 2 K
throughout the lunar night. The data gaps near sunset
and immediately following sunrise correspond to
times of rapid temperature changes. During these
periods, equation (9-14) loses its validity because the
finite time constant of the thermocouple cable must
be considered.

From the data of figure 9-9, a mean surface
temperature of 215 K (* 5 K) was calculated for the
Taurus-Littrow site, indicating a mean temperature

F E O . O
e-m m eir

©-14)

rise of approximately 39 K between the surface and
the top probe sensors. Only a small part of this mean
temperature rise (no more than 5 K) can be ac-
counted for by the measured heat flow. The mean
temperature gradient is due mainly to the contribu-
tion of radiative heat transfer within the highly
porous dust layer approximately 2 to 3 cm thick at
the surface. During the warm lunar day, heat is
transferred more effectively into the lunar surface
than it can be transferred out during the cold lunar
night. To conserve net flux over a lunation, a mean
temperature gradient is established, mainly confined
to the porous surface layer. A similar phenomenon

.
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FIGURE 9-9.—Surface temperatures determined from ther-
mocouple measurements. Vertical bars are estimates of
the error limits.
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was observed at the Apollo 15 site, where a mean
temperature rise of 45 K was measured between the
surface and the top probe sensor. (The value of 35 K
reported in reference 9-11 has been revised to include
the effect on the occlusion by local topography of
the early morning Sun at Rima Hadley and the
refinements in the thermocouple-to-surface tempera-
ture-reduction calculation.) The total rise in mean
temperature actually takes place almost entirely over
the first few centimeters.

The temperature dependence of the diurnal heat
transfer in the near-surface layer can be examined
quantitatively by postulating an effective thermal
conductivity that is a function of temperature.

k(z) =k, + Kk, x1° (9-16)

The functional form of equation (9-16) has been
verified experimentally for silicate powders in
vacuum (ref. 9-26). Cremers and Birkebak (ref. 9-27)
have also found the conductivity of returned lunar
fines to fit a functional relationship of the form of
equation (9-16). The parameter R 15, which equals
ky(350%)/k,, was first used by Linsky in examining
this phenomenon (ref. 9-28) and represents a measure
of the radiative contribution to the heat transfer in
the upper few centimeters. By using one-dimensional
models of the lunar regolith, it is found that R4
must be within the range 1.7 to 2.2 for the Apollo 17
site and between 2.5 and 3.0 for the Apollo 15 site to
produce the observed mean temperature gradients.
The range of values for the Apollo 17 site correspond
closely to the value of 1.48 obtained by Cremers and
Birkebak for returned Apollo 12 samples (ref. 9-27).
Similar measurements on Apollo 11 samples yielded
R3so values approximately equal to 0.5. It is im-
portant to note, however, that even very slight
disturbances to the in situ configuration of the
porous lunar fines may have large effects on the
thermal properties of the fines. In any case, the fact
that a large mean temperature gradient has been
observed at both lunar heat flow sites, separated by
700 km, strongly indicates that a porous layer in
which radiative heat transfer plays a dominant role is
a prevalent feature of the lunar surface, at least in the
mare regions.

It is fortunate that the more accurate surface
temperature determinations are made during the
lunar night because the postsunset surface cooldown
data are most strongly constrained by the thermal

properties within the top 5 to 10 ¢cm of the surface.
Figure 9-10 shows, on an expanded scale, the reduced
lunar surface nighttime temperatures at the Apollo
15 and Apollo 17 sites. The solid curves represent
best-fitting computer models of the thermal prop-
erties of the upper 15 cm of regolith at each site. The
density and mean conductivity profiles used to
produce the theoretical cooldown curves are shown in
the inset figure. (Mean conductivity is the effective
conductivity at a given depth at the mean tempera-
ture of that depth.) The density profile used for the
Apollo 15 site is based on inferences drawn from drill
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FIGURE 9-10.—Temperatures during the lunar night at the
Apollo 17 (solid dots) and Apollo 15 (open circles) sites.
Vertical bars are estimated errors. The continuous curves
are theoretical curves derived from the thermal property
models shown in the inset.
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core penetration rates and surface disturbance caused
by crew activity reported by J. Mitchell (personal
communication, 1972) of the Apolio 15 soil me-
chanics team. The density profile for the Apollo 17
site was determined from preliminary examination of
returned core tube samples (D. Carrier, personal
communication, 1973). In both the Apollo 15 and 17
models, the heat capacity as a function of tempera-
ture was taken from Robie et al. data (ref. 9-29) on
returned Apollo 11 samples. In both models, a low
conductivity layer approximately 2 cm thick is
required to fit the steep drop in surface temperature
immediately after sunset. The Apollo 15 model then
requires a steep, but not discontinuous, rise in
conductivity with depth down to 5 ¢cm to produce
the increased flattening of the cooldown curve
through the lunar night. The Apollo 17 model,
however, requires a very sharp rise in conductivity at
a depth of approximately 2 cm to produce the abrupt
flattening of the cooldown curve at a phase angle of
approximately 190°. The subsequent increase in
conductivity with depth is slight enough so that the
Apollo 17 model may be considered essentially a
two-layer model. The large jump in conductivity at 2
cm is also supported by the preliminary density
profile, which indicates a fairly high density quite
close to the surface. The Apoilo 15 density profile,
however, supports the possibility that a substantial
conductivity gradient exists over the upper 30 ¢m of
the regolith.

The most critical surface temperature data
required for the purpose of determining thermal
regolith profiles are those obtained during the 10 to 30
hr immediately after sunset. Surface temperature data
during this period have been the most difficult to
obtain from remote infrared brightness scans. The
level and steepness of the cooldown data immediately
after sunset are controlled almost entirely by the
thermal properties of the upper 2 cm. If the very
early nighttime data are not sufficiently accurate to
constrain the thermal properties of the upper 2 to 3
cm of the dust layer within *30 percent, then
subsequent atfempts to determine deeper conduc-
tivity values unambiguously from the flattened part
of the cooldown curve will not be possible. For
example, the broken-line curve of figure 9-10 fits the
nighttime data after 192° phase angle well within the
error bands of the data. However, discrepancies in the
early postsunset fit produced by different conduc-
tivities within the upper 2 cm lead to discrepancies as

much as a factor of 2 in conductivity determinations
for depths below 2 ¢m (curve 17a, fig. 9-10 inset).

CONCLUSIONS

During the Apollo missions, two heat flow mea-
surements were successfully made on the lunar
surface. Both measurement sites are in similar re-
gional settings in the northeast quadrant of the Moon.
The Taurus-Littrow and Rima Hadley sites are lo-
cated in embayments in the mountainous rims of the
Imbrium and Serenitatis mascon basins that have
been flooded by mare-type basalts.

Surface brightness temperatures were calculated
from the temperature of thermocouples suspended
several centimeters above the lunar surface. The mean
surface temperature at Rima Hadley throughout a
lunation cycle is 207 K. The mean temperature
increases with depth very rapidly in the upper few
centimeters and is approximately 252 K at a depth of
90 ¢m. The main reason for this increase of 45 K is
the predominant role of radiative heat transfer in the
loosely packed upper layer. During the lunar night,
the surface temperature at Rima Hadley falls to 93 K.
From the cooldown history after sunset, we have
deduced that the upper 2 cm of the regolith is
characterized by a conductivity of 1.5 X 1073
W/cm-K. Below this depth, the conductivity increases
rapidly and probably in a continuous manner until it
reaches values of approximately 1.5 X 10™ * W/fem-K
at depths where the probes are emplaced.

At Taurus-Littrow, the mean surface temperature
is 216 K and, as in the case of Rima Hadley, increases
a few tens of degrees in the upper 2 cm so that,ata
depth of 67 cm, a mean temperature of 254 K is
measured. The minimum temperature just before
lunar dawn is 103 K, 10 K higher than that at Rima
Hadley. This higher temperature is primarily attribut-
able to the existence of a relatively high conductivity
layer at a depth 2 cm below the surface. From the
point of view of thermal properties, the regolith at
Taurus-Littrow can be described as two layers: an
upper 2-cm, loosely packed layer of very low conduc-
tivity (1.5 X 107° W/em-K) in which heat transfer by
radiation predominates and a lower layer with much
higher conductivity (> 1.2 X 107* W/em-K) and
higher density (1.8 to 2.0 g/em®).

Subsurface temperature and conductivity measure-
ments at depths below 90 cm, where the large diurnal
variations are negligibly small, indicate a steady-state
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heat flow through the surface at Rima Hadley of 3.1 X
107% W/cm?® and at Taurus-Littrow of 2.8 X 107
W/cm® with an estimated error of *720 percent.
These fluxes are deduced from average temperature
gradients in the regolith between 1.3 and 1.7 K/m
and an average conductivity in the range of 1.7 X
107% to 2.0 X 107* W/em-K. Conductivity generally
increases with depth in the regolith although some
layering, with high conductivity materials overlying
lower conductivity materials, is found at both sites
(table 9-VI}). A conductivity value of almost 3 X
107* W/cm-K was measured at the bottom of probe
1 at the Apolle 17 site. Thermal gradients decrease
with depth, in some cases, in response to the increase
in conductivity. At Taurus-Littrow probe site 2, a
large decrease in gradient with depth is possibly
attributable to a large subsurface boulder in close
proximity to the probe.

The heat flows at both sites are affected to some
extent by local topography. Preliminary estimates
indicate that a correction of —15 to —25 percent may
be applicable to the Taurus-Littrow values because of
the adjacent massifs. However, a more refined
analysis is required.

The heat flow measured at the two sites is
approximately one-half the average heat flow of the
Earth (6.3 X 1079 W/cm?). If these two values are
representative of heat flow from the Moon as a
whole, then a heat flow of one-half that of the Earth
requires a heat production per unit mass for the lunar
interior of more than twice that of the Earth. This
statement assumes both planetary bodies are near
steady state so that total surface heat loss is nearly
equal to the present interior heat production.

Because the long-lived radioisotopes of *°K, #°U,
28y, and ***Th are the principal source of heat in
the Farth and Moon, the heat flow results imply a
twofold to threefold enrichment of uranium in the
Moon relative to that in the Earth. Lunar samples
show that the abundance of potassium relative to
uranium is one-third to one-fourth that of the Earth
so that, in the Moon, uranium is the main contributor
to internal heating. At present, these isotopes must be
concentrated in the outer 100 to 200 km of the
Moon to avoid extensive melting at shallow depth.

Reinterpretation of Earth-based measurements of
mictowave brightness temperatures using the new
data on regolith thermal and electrical properties will
be important in determining the representativeness of
the in situ lunar heat flow measurements. Additional,

more refined microwave observations of the Moon,
especially narrower beamed measurements over dis-
crete portions of the lunar disk, would be valuable in
determining possible variations of heat flow over the
lunar surface.
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10. Lunar Seismic Profiling Experiment

Robert L. Kovach2T Joel S. Watkins,P
and Pradeep Talwani®

The successful installation of a geophysical station
at the Taurus-Littrow landing site of the Apollo 17
mission marked the culmination of an exciting period
of manned lunar exploration and vastly improved
current knowledge of the lunar interior. Before the
Apollo 17 mission, there was a gap in our knowledge
concerning the upper 10 km of the lunar crust
because of the large hiatus in pertinent traveltime
data between the coverage provided by the previous
active seismic experiments on Apollo 14 and 16 and
that of the earlier lunar module (LM) and SIVB
impacts. In particular, it was not possible to resolve
whether the seismic velocity increased smoothly or
stepwise in the upper 5 km of the Moon.

The purpose of the Apollo 17 lunar seismic
profiling experiment (LSPE) was to record the
vibrations of the lunar surface as induced by explo-
sive charges, by the thrust of the LM ascent engine,
and by the crash of the LM ascent stage. Analyses of
these seismic data were planned to determine the
internal characteristics of the lunar crust to a depth
of several kilometers. The traveltimes of seismic
waves are inverted to determine the seismic velocity
structure with depth and to provide the direct means
of probing the lunar interior. A secondary objective
of the LSPE was to monitor lunar seismic activity
during periodic listening intervals.

Strong seismic signals were recorded from the
detonation of eight explosive charges that were armed
and placed on the lunar surface by the crewmen at
various points along the traverses. Recording of these
seismic signals generated traveltime data to a distance
of 2.7 km.

One of the more significant events of the Apollo
17 mission was the recording of the seismic signals
from the LM ascent stage, which struck the lunar

33 tanford University.
. The University of Texas at Galveston.
Principal Investigator.
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surface 8.7 km southwest of the landing site. The
characteristic reverberation from this impact spread
outward and was first detected at the Apollo 17
station approximately 6 sec after impact. The seismic
signals received from this impact provided a valuable
traveltime datum for determining the variation of
seismic velocity with depth in approximately the
upper 5 km of the Moon.

The most significant discovery resulting from the
analysis of the data recorded by the LSPE is that the
seismic velocity increases in a marked stepwise
manner beneath the Apollo 17 landing site (fig. 10-1).
A surface layer with a seismic velocity of 250 m/sec
and a thickness of 248 m overlies a layer with a
seismic velocity of 1200 m/sec and a thickness of 927
m, with a sharp increase to approximately 4000
m/sec at the base of the lower layer. The seismic
velocities for the upper layers are compatible with
those for basaltic lava flows, indicating a total
thickness of approximately 1200 m for the infilling
mare basalts at Taurus-Littrow. Major episodes of
deposition or evolution are implied by the observed
abrupt changes in seismic velocity.

INSTRUMENT DESCRIPTION AND
PERFORMANCE

The LSPE consists of a geophone array, eight
explosive packages, and electronics within the Apollo
lunar surface experiments package (ALSEP) central
station. Four identical geophones are used in a
triangular array; the geophones are miniature seismo-
meters of the moving coil-magnet type. The coil is the
inertial mass suspended by springs in the magnetic
field. Above the natural resonant frequency of the
geophones (7.5 Hz), the output is proportional to
ground velocity. The LSPE geophone array was
deployed without difficulty in the nominal configura-
tion at the Apollo 17 site approximately 148 m
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FIGURE 10-1.—Seismic cross section at the Taurus-Littrow landing site (no vertical exaggeration).

west-northwest of the LM (fig. 10-2). Figure 10-3is a
photographic panorama from geophone 2 to the LM
as viewed from geophone 3.

A four-channel amptlifier and a logarithmic com-
pressor condition the geophone signals before conver-
sion into a digital format for telemetering to Farth.
Because the LSPE signal levels are distributed
throughout the dynamic range of the system, loga-
rithmic compression is used. This compression gives
signal resolution as some constant fraction of signal
amplitude. The logarithmic compressor used in the
LSPE has the transfer function

v = M 1n ]Vin| + b’

out (10-1)

where V is voltage, the constant M determines the
slope of the transfer function, and b’ is specified by
the dc offset of the compressor output and the system
noise level. The values of M and b’ are determined by
calibration of the system to provide at least 6-percent
accuracy of the data referenced to the level of the
input signal. The properties of the LSPE system are
listed in tables 10-1 and 10-1I, and the nominal fre-
quency rtesponse is shown in figure 10-4. The output
of the logarithmic compressor is referenced to 2.5
Vdec.

The analog output of the logarithmic compressor
is converted to a 7-bit binary element in the LSPE
contro! electronics by an analog-to-digital converter

Deep core o
Probe2. ! Probel
LSPE -—-a_° ,;;Ems
LSPE LSG 4
geophone RTG’i/ Geophone 1
module -~—-----———-.

“LEAM
LM
(=148 m
from geophone 1)

Geophone 2
Geophone 3

Geophone Rock @

Geophone 4

Key: CS = central station
HFE = heat flow experiment
LEAM = funar ejecta and meteorites

experiment
LMS = lunar mass spectrometer
LSG = lunar surface gravimeter
RTG - radioisotope thermoelectric
generator

FIGURE 10-2.

—The LSPE nominal deployment.
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FIGURE 10-3.—Panorama from geophone 2 to the LM as viewed from behind geophone 3
(AS17-147-22546, 22548, 22550, 22552, 22554).

TABLE 101.—Apollo 17 L.SPE Characteristics

Channel no.
Component characteristics
1 2 3 4
Amplifiers:
Noise level, mV rms atinput ........ 0.75 0.75 0.83 0.83
Dynamic range, rms signal to rms noise
indBatlOHz ................ 734 76.2 75.6 75.8
Geophones:
Resistance,ohm .., ............. 5970 5953 6080 6153
Generator constant, V/my/sec at 40 Hz . . 235.6 239.2 2371 2353
Natural frequency, Hz . ........... 7.38 7.31 7.40 7.35
System:
Signal-to-noise ratio (rms signal to rms
noise in dB for a 6-nm rms signal at
10Hz) ....... ... .. ... ... ... 24.4 26.9 26.8 26.8
Amplitude sensitivity (measured at input
to log compressor), V/um of peak-to-
peak ground displacement at 10 Hz . . 7.33 7.02 7.12 7.13
TABLE 10-11.—LSPE System Sensitivity and transmitted to Earth through the ALSEP com-

— munications network. The 7-bit binary encoding
Frequency, Sensitivity, V fum provides for an amplitude resolution of 1.277 dB
Hz Channel 1 | Channel 2 | Channel 3 | Channel 4 (=16 percent). Each geophone channel is sampled
118 times/sec to provide a minimum of 5 samples/sec
1 0.1 01 0.1 0.1 at a frequency of 20 Hz,
2 i .8 .8 .8
3 1.7 1.7 1.7 1.7
4 2.4 2.5 2.5 2.5 Digital Portions of the LSPE
6 4.3 4.2 4.3 4.3
8 6.0 5.8 5.5 5.8 The data format used is shown in figure 10-5. A
io 13'3 1(—;.(5) lg'é lg'é data frame consists of three subframes, each consist-
5 : . ’ ) ing of twenty 30-bit words. The first word of each
20 13.2 12.8 12.8 13.0 R .
subframe consists of one 10-bit synchronous word
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FIGURE 10-5.—The LSPE data format. Each data frame
consists of three subframes of twenty 30-bit words each.
Geophone data words are normally 7 bits long except for
those in word 1, which are 5-bit samples.

and one 5-bit seismic data sample from each of the
four seismic data channels. Words 2 to 20 of each
subframe are 7-bit samples from each of the four
seismic data channels. Engineering data are inter-
leaved and subcommutated, using the remaining 2
bits to form 30-bit words.

In words 2 to 19, geophone samples are sampled
on the bit preceding the word on which they are read
out; the most significant bit is read out first. In the
first word of each subframe, the timing of the data
sampling is the same as that in words 2 to 19 except
that the samples are stored and read out in the last 20
bits with one 5-bit word/channel.

The time of the RF fire pulses must be accurately

known. When the LSPE is commanded to the fire
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Pull ring 1
Pull ring 2

Receiving antenna
extends to 165 cm

=

Notes: (1) Pull ring 1 - pulls one pin to start SAFE/ARM slide timer

{2) Pull ring 2 - swing up ring; rotate 90° counterclockwise;
pult pin to release SAFE/ARM plate

3) Pull ring 3 - pulls two pins to free firing pin and start
thermal battery timer

FIGURE 10-6.—Arming sequence for an LSPE éxplosive
package.

puises “on” mode, a fire pulse set is transmitted once
every 29.55 sec and is flagged in word 3 of subframe
1. This occurs once every 58 frames.

A command system provides for 11 commands
associated with the LSPE. Two commands turn the
LSPE on and off; two commands control the bit rate;
and two commands control down-link formatting. In
addition, commands are used to control amplifier
gain status, transmission of fire pulses, and calibration
of the geophones.

Explosive Package Description
and Performance

An LSPE explosive package is shown in figure
10-6. The ecight explosive packages are identical
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except for the amount of high explosive and the
preset runout time of the mechanical timers. An
explosive package is activated by removing three pull
pins (fig. 10-6). Removal of the first pull pin activates
the SAFE/ARM slide timer, which is preset at 89.75,
90.75, 91.75, or 92.75 hr. Removal of the second
pull pin releases the SAFE/ARM slide from its
constrained SAFE position. Removal of the third pull
pin removes a constraint on the firing pin and
activates the thermal battery timer.

The LSPE transmitter, which is located within the
ALSEP central station, transmits a repetitive pulsed
carrier signal. A series of three pulses properly spaced
in time is required to elicit a FIRE signal from the
signal processor within the explosive package and to
detonate the explosives train. The thermal battery,
activated by the timer, has a minimum life of 2 min,
This 2 min provides a time window long enough to
ensure that at least one fire pulse set is received while
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the explosive package is energized electrically. Be-
cause the seismic data subsequently collected must be
accurately referenced to the instant of detonation, it
is necessary to establish which specific set of pulses is
effective. This is done by comparing known times of
pulse-set transmission with the time of arrival at the
geophones of the initial seismic data. Pulse sets are
spaced at 29.55-sec intervals to make such identifi-
cation possible without ambiguity .

No difficulty was experienced in the deployment
of the explosive packages during the periods of
extravehicular activity (EVA) (fig. 10-7). The 454-g
explosive package (EP-6) was deployed at station 1,
and the 227-g explosive package (EP-7) was posi-
tioned on the return to the LM from station 1.
Explosive packages 4, 1, and 8 were armed and placed
on the lunar surface during the second EVA. During
the third EVA, explosive packages 3, 5, and 2 were
deployed. It was necessary to place the 1361-g

Wessex
Cleft

\Boulder track

Sculptured Hills

Surface electrical properties (SEP} experiment

/.- Final lunar roving vehicle (LRV) parking site

E
Trident-

Station 1
EVA-1

Emory

—

O = LRV stops

| 1 [ |

0 1 2 3
xm

FIGURE 10-7.—Extravehicular activity traverses showing positions of deployed explosive packages at

the Apollo 17 landing site.
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explosive package (EP-5) at station 9 when it became
apparent that insufficient time remained for a visit to
the crater Sherlock. All the explosive packages were
successfully detonated (table 10-II), and the detona-
tion of EP-7 was visible from the television camera on
the lunar roving vehicle (LRV). Figure 108 is a
photograph showing FP-8 on the lunar surface
approximately 296 m west of the LM.

DESCRIPTION OF RECORDED
SEISMIC SIGNALS

The Apollo 17 LSPE was planned to contribute to
the understanding of the shallow lunar structure in
two major ways: (1) by providing traveltimes of the
seismic signals from explosive packages, which were
to be detonated on the lunar surface at distances
ranging from 100 to 2700 m, to the LSPE geophone
array and (2) by impacting the Apollo 17 LM at a
nominal distance of 10 km to provide traveltime data
for deciphering the variation of seismic velocity with
depth in the upper 5 km of the Moon. In addition,
monitoring of the seismic signals generated by the LM
ascent engine at lunar lift-off provided useful data.

Lunar Module Ascent

The LSPE was commanded on at 22:24:00 G.m.t.
on December 14, 1972, to record the impulse
produced by the thrust of the LM ascent engine. The
effective zero time for the seismic impulse from the
IM ascentengine ignition was determined from
NASA postflight analyses, which gave engine buildup
pressure data at 5-msec intervals for the LM lift-off.
The assigned ignition time of 22:54:38.424 G.m.t.

TABLE 10-[I1.—Detonation Times of Explosive

Packages
Charge no. Explag.m?leb;vezght, Date, 1972 | Time, G.m.t.
EP-6 454 (1) Dec. 15 23:48:14.56
EP-7 227 (1/2) Dec. 16 02:17:57.11
EP-4 571/8) Dec. 16 19:08:34.67
EP-1 2722 (6) Dec. 17 00:42:36.79
EP-8 113 (/4 Dec. 17 03:45:46.08
EP-5 1361 (3) Dec. 17 23:16:41.06
EP-2 113 (1/4) Dec. 18 00:44:56.82
EP-3 57(1/8) Dec. 18 03:07:22.28

APOLLO 17 PRELIMINARY SCIENCE REPORT

FIGURE 10-8.—Photograph of EP-§ on the lunar surface 296
m west of the LM (AS17-145-22184).

corresponds to the time when the LM ascent engine
achieved 20 percent of its maximum propulsion
pressure. Clear seismic signals were recorded by the
LSPE geophone array at distances of 148, 244, 190,
and 187 m (fig. 10-9). Interpretation of the travel-
time data is presented in the subsection entitled
“Shaliow Lunar Structure.”

Lunar Module Impact

The LSPE was commanded on at 06:36:00 G.m.t.
on December 15 to record the LM ascent-stage
impact. The impact occurred at latitude 19.91° N,
longitude 30.51° E, 8.7 km southwest of the Apollo
17 landing site. Other pertinent parameters for the
LM impact are given in table 10-IV.

A portion of the seismic signal from the Apollo 17
LM impact is shown in figure 10-10 in a compressed
time scale. The impact signal is similar in character to
previous impact signals; that is, these signals have an
emergent beginning and a long duration. The initial
portion of the impact signal on an expanded time
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FIGURE 10-9.—Seismic signals recorded by the LSPE geophones from the lift-off of the Apollo 17
LM ascent stage (Dec. 14). Arrows point to onset of the first seismic arrival,

TABLE 10-1V.—Parameters of Apollo 17 LM Impact

Parameter Value
Day, Gmit. ................... Dec. 15,1972
Range time,? G.m.t., hr:min:sec . . ... 06:50:20.84
Real time, G.m.t,, hr:min:sec ... .... 06:50:19.60
Velocity, km/sec ............... 1.67
Mass, kg .........c.c. ..., 2260
Kineticenergy,J ............... 3.15x 10°
Heading, deg . ................. 283

aRange time is the time the signal of the event was ob-
served on Earth.

scale is shown in figure 10-11. The arrival time of the
first compressional wave (P-wave) is marked at
06:50:25.35 G.m.t., giving a traveltime of 5.75 sec.

The amplitude of the impact signal is of interest
when compared with the P-wave amplitudes for
previous LM and SIVB impact signals. Comparison of
previous LM impact and SIVB impact signal ampli-
tudes demonstrated that the LM impact data had to
be adjusted upward by a factor of 17.4 to allow for
the lower kinetic energy and a shallower angle of
impact. Extrapolating the earlier LM impact data to a
distance of 8.7 km leads to a predicted peak-to-peak
amplitude of 26 nm. The Apollo 17 LM impact signal
is centered at 4 Hz and has a measured peak-to-peak
amplitude of 400 nm. This amplitude was caused by

P-wave }
LE:zophone 14

Ge

Geophone 3

Geophone 4 |
Iy

Begins at 06:50:14.027 G.m.t.

FLGURE 10-10.—Compressed time-scale record of the seismic
signal received from the Apollo 17 LM impact (Dec. 15).
Arrows point to measured first and second seismic
arrivals.

the Apollo 17 LM ascent stage striking the side of the
mountainous South Massif rather than grazing the
lunar surface. In other words, if the predicted
amplitude of 26 nm is multiplied by the factor 17.4,
the resulting figure is 452 nm, which agrees well with
the observed amplitude of 400 nm. The LM impact
traveltime data are discussed in the subsection entit-
led “Shallow Lunar Structure.”
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FIGURE 10-11.—-Expanded time-scale record of the seismic
signal from the Apollo 17 LM impact.

Analyses of previous lunar seismic impact signais
(ref. 10-1) have demonstrated that many of their
characteristics (signal rise time, duration of signal,
and lack of coherence between horizontal and vertical
components of motion) can be explained by wave
scattering. Seismic energy is considered to spread
with a diffusivity £ proportional to the product of the
average seismic velocity and the mean distance
between scattering centers; that is, the larger the
value of diffusivity, the smaller the amount of
scattering. For a surface impact, the theory predicts
(ref. 10-1) that the signal rise time (the time from
signal onset to its maximum value) is given by R%J%
where R is the range.

The Apollo 17 LM impact seismic signal rise time
of 56 sec leads to a diffusivity of 1.35 km?/sec,
which is significantly larger than the value of 0.033
km? /sec inferred at the Apoflo 16 site (ref. 10-2)
from analysis of the seismic signals generated by the
LRV at distances of approximately 4 km. The
implication is that the Apollo 17 landing area is more
homogeneous, for the dimensions of the seismic
waves considered (approximately 25 m), than either
the Apollo 15 or 16 landing areas. Such a difference
in near-surface properties of these landing sites may
be atiributable to differing ages of the different areas
and to the effects of differing amounts of comminu-
tion and gardening by meteoroid impacts.

Explosive Packages

All eight of the explosive packages placed on the
lunar surface were successfully detonated. The seis-
mic data recorded for EP-5, which was detonated at
station 9, are shown in figure 10-12. The arrows point
to the measured onset of the first seismic arrival.
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FIGURE 10-12.—Seismic signals produced by detonation of
EP-5 on the lunar surface (Dec. 17). Arrows point to
onset of seismic arrival.

Transmissions of the fire pulses at 29.55-sec intervals
from the LSPE antenna (fig. 10-2) were observable as
crosstalk on the individual geophone data channels
and produced convenient, accurate references for
selecting the detonation time of the individual ex-
plosive packages.

The locations of the explosive packages with
respect to the LSPE geophone array were taken from
preliminary postmission analyses (refs. 10-3 and
104). Adjustments in the absolute distances of the
explosive packages will undoubtedly be necessary
when subsequent analyses of the appropriate Apollo
17 lunar surface photographs are completed. How-
ever, it is not anticipated that any revisions in the
distances will have a major effect on the traveltime
data discussed in the following subsection.

SHALLOW LUNAR STRUCTURE

The traveltime/distance data obtained from the
detonation of the eight explosive packages are shown
in figure 10-13. Two sets of seismic wave first arrivals
were observed traveling at velocities of 250 and 1200
m/sec. The shortest explosive-charge-to-geophone dis-
tance was approximately 100 m. If a seismic velocity
of 100 m/sec is assumed for the regolith at the Apollo
17 site, a regolith as thick as 25 m would not have
been detected. The depth of penetration of seismic
waves is nominally one-fourth the explosive-charge-
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FIGURE 10-13.-Seismic arrivals from the detonation of the explosive charges plotied on a

traveltime/distance graph.

to-receiver distance. However, it is probable that the
regolith is significantly thinner than 25 m, inasmuch
as the 250-m/sec velocity curve extrapolates to a zero
intercept time.

The faster seismic arrival with a velocity of 1200
m/sec was observed beginning at a distance of 612 m,
indicating that the thickness of the 250-m/sec mater-
ial was 248 m. Considering uncertainties in the charge
distances and in the inferred seismic velocities, the
depth estimates are considered accurate to 10 per-
cent. The 1200-m/sec velocity was observed to a
distance of approximately 2.5 km. At this distance,
the observed traveltimes for EP-1 were offset by
approximately 0.5 sec with respect to the 1200-m/sec
line.

Examination of the path between EP-1 and the
LSPE geophone array revealed that the seismic path
was affected by the presence of the 600-m-diameter
crater Camelot. The observed time delay on the
seismic path can be explained by postulating that
low-velocity material extends to a greater depth
beneath the crater Camelot than along the remainder
of the traveltime path. A simple model approxima-
tion for Camelot Crater that explains the observed
traveltime delay is shown in figure 10-14.

The traveltime data from the LSPE explosive
charges can be combined with the observed traveltime
for the LM impact to provide information about the
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At = traveltime difference

FIGURE 10-14.—Model approximation for seismic ray path
from EP-1 to LSPE array that crosses Camelot Crater.
Observed time delay is produced by presence of low-
velocity material (of thickness Z) beneath crater.

seismic velocity to a depth of several kilometers.
Traveltime data from the seismic signals produced by
the LM impact and the explosive charges are shown in
figure 10-15. A line with an apparent velocity of 4
krn/sec can be fitted through the LM impact data
peint to intersect close to the corrected traveltime
data point for EP-1. Because of obvious uncertainties
in allowing for the time delay through the crater
Camelot, there is no a priori reason to force a specific
apparent-velocity line through the EP-1 data point.
The first-order conclusion is that high-velocity mater-
ial (=4 kmfsec) must lic beneath the 1200-m/sec
material,
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FIGURE 10-15.—Seismic traveltimes from LM impact and
LSPE explosive charges. Traveltime for EP-1 has been
corrected for Camelot Crater delay, and LM impact
traveltime has been corrected for 1.2-km elevation dif-
ference between the impact point and the LSPE array.
These corrections shift the position of the 4-km/sec
apparent velocity slightly downward as shown.

Inasmuch as the LM impacted at an elevation of
1.2 km (fig. 10-1) above the valley floor at the Apollo
17 landing site, the LM impact traveltime can be
adjusted to the same reference elevation as the LSPE
geophone array. The 1.2-km difference in elevation
contributes an additional delay time equal to the
ratio of the elevation difference to the seismic
velocity of the material traversed multiplied by the
cosine of the angle of incidence at which the
particular seismic arrival under consideration de-
parted the source (impact point). Inserting the
appropriate values in this case leads to a time
correction of 0.18 sec. This correction will shift the
position of the 4-km/sec apparent-velocity line down-
ward as shown in figure 10-15 such that its zero
distance time intercept is decreased. The end result is
a decrease in the derived thickness of the 1200-m/sec
material from 1020 to 927 m.

It is possible that a dipping interface exists
beneath the 1200-m/sec material that might result in
a high apparent velocity, or that the particular seismic
ray passed through a high-velocity heterogeneity
somewhere along its path. Some of the uncertainty
may be resolved by subsequent digital velocity
filtering (beam steering) of the LM impact signal on
the LSPE array.
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FIGURE 10-16.—Inferred compressional-wave velocity pro-
files for the Moon and velocities of lunar and terrestrial
rocks measured in the laboratory as a function of
pressure. Lunar rocks are identified by sample number.
Lunar models 1 and 2 are based on results available
through Apollo 16. Apollo 17 results reveal a marked
stepwise increase in seismic velocity in the upper 2 km of
the Moon.

Before the Apollo 17 mission, the best estimates
of the seismic velocity variation in the upper 20 km
of the Moon were as depicted by lunar model 1 or 2
in figure 10-16. The seismic velocity was known to
increase very rapidly from values of 100 to 300 m/sec
in approximately the upper 100 m to a value of ~4
km/sec at a depth of 5 km. Even though the seismic
velocity variation was depicted as a smooth increase
with depth, it was surmised (ref. 10-5) that such a
rapid increase of velocity (=2 km/sec/km) could not
be explained solely by the pressure effect on dry
rocks with macrocracks and microcracks nor by the
self-compression of any rock powder.

Laboratory velocity measurements on returned
lunar soils (refs. 10-6 to 10-10) and recent measure-
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ments under hydrostatic pressure conditions on ter-
restrial sands and basaltic ash have indicated velocity-
depth gradients of 0.4 to 0.8 km/sec/km, but such
gradients occur only to pressures of ~50 X 10° N/m?
(a lunar depth of =1 km). The measurements on
unconsolidated sands and rock powders also have
demonstrated that no unique relation exists between
seismic velocity and porosity in granular material. An
examination of these experimental data led to the
inference that compositional or textural changes must
be important in the upper 5 km of the Moon (ref.
10-5).

The LSPE results have shown that, at least beneath
the Taurus-Littrow site, the seismic velocity increases
in a stepwise manner in the upper several kilometers.
It is of interest to examine the in situ velocity
information with reference to the surface geological
investigations at the Apollo 17 site, the laboratory
velocity measurements from retumed lunar samples,
and the seismic velocity measurements on terrestrial
lunar analogs.

Premission analyses indicated that much of the
Apoilo 17 landing site area is covered by a dark
mantling material, possibly volcanic ash (ref. 10-11).
Crew observations of the lunar surface revealed that
there was no readily discernible boundary between
the overlying thin regolith and the dark mantling
material, The thickness of the dark mantling material
was estimated to be between 5 and 10 m (ref. 10-3).
As pointed out earlier, whether the dark mantling
material/subfloor interface represents a sharp seismic
discontinuity or is gradational cannot be determined
because the shortesi explosive-charge-to-receiver dis-
tance was approximately 100 m.

The dominant rock type observed underlying the
dark mantling material is a medium-grained vesicular
basalt believed to be primarily mare-type basalt. Crew
observations of the crater walls revealed textural
variations that suggest the involvement of individual
flow units. Seismic observations have indicated 248 m
of 250-m/sec material overlying 927 m of 1200-m/sec
material.

The abrupt change in seismic velocity from 250 to
1200 mfsec and, by inference, in other physical
properties suggests a major change in the nature of
the evolution or deposition of the Apollo 17 subfloor
basalts. However, a similar range of seismic velocities
has been observed with refraction surveys on terres-
trdal lava flows. Some insight can be gained by
considering specific lava flows that have been exam-
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ined in some detail as possible lunar analogs: the
Southern Coulee, the SP flow, and the Kana-a flow
(refs. 10-12 and 10-13).

The Southern Coulee is a recent lava flow near the
Mono Craters in eastern California. Seismic velocities
range from 160 mfsec at the surface to 2000 m/sec at
depth. The higher velocities are found in more
competent, denser lava that underlies higher porosity,
lcwer density surface material. The SP flow is a
blocky basalt flow located in the northern part of the
San Francisco volcanic field near Flagstaff, Arizona.
Vesicularity ranges from 5 to 50 percent, and in situ
seismic velocities range from 700 to 1100 m/sec. The
Kana-a flow, also located near Flagstaff, is an olivine
basalt flow intermingled with ash; seismic velocities
range from 700 to 1200 m/sec.

QObserved velocities on terrestrial lava flows
bracket the velocities measured at the Apollo 17 site
and therefore support the presence of lava flows in
the Taurus-Littrow valley. Whether the 250-mfsec
velocity is representative of a separate flow or is
merely the manifestation of shatiered near-surface
basalts mixed with pyroclastic materials cannot be
resolved from the seismic data. Nevertheless, a surface
layer of fractured, loose, blocky material merging
into more welded flows is a common occurrence on
Earth. Photographs of the walls of Hadley Rille (ref.
10-14) also attest to the blocky nature of the
near-surface mare basalts. Because of the similarity in
structure and the analogous seismic velocities on the
Earth and the Moon, the sum of the 248 m of
250-m/sec material and 927 m of 1200-m/sec mater-
ial, 1175 m, is designated as representing the full
thickness of the subfloor basalts at the Apollo 17 site.

The material underlying the basalts with a seismic
velocity of ~4 km/sec is difficult to classify by rock
type. Based on the geological evidence, it seems likely
that the hightand massif material that rings the
narrow, grabenlike valley at the Apollo 17 site
underlies the basalt flow or flows. Several rock types
were recognized in the North and South Massifs, but

" the dominant rock type is apparently a coherent

breccia believed to be similar to the breccias sampled
at the Apennine Front (Apollo 15) and at Descartes
(Apollo 16).

Laboratory velocity measurements have been re-
ported for iwo Apollo 15 breccias, 15418 and 15015
(ref. 10-15). Sample 15418 is described as a dark-gray
treccia of chemical composition similar to that of
anorthite-rich gabbro. Sample 15015 is a more friable
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breccia of unknown composition. The in situ value of
~4 km/sec is close to the seismic velocities measured
in the laboratory for sample 15015 and shown in
figure 10-16.

CONCLUSIONS

Before the Apollo 17 mission, the question of how
the P-wave velocity increased from 100 to 300 m/sec
near the surface (refs. 10-16 to 10-19) to ~6 km/sec
at a depth of 15 to 20 km (ref, 10-2) was unex-
plained. The main reason for the uncertainty was the
gap in traveltime data between the range of a few
hundred meters (previous active seismic experiments)
and 67 km (Apollo 14 LM impact as recorded by the
Apollo 14 passive seismic experiment). The Apollo 17
lunar seismic profiling results have demonstrated that
the seismic velocity increases in a sharp stepwise
manner in the upper 2.5 km. A surface layer with a
seismic velocity of 250 m/sec overlies a layer with a
velocity of 1200 m/sec. Beneath the 1200-m/sec
layer, the seismic velocity increases sharply to 4000
m/sec. The velocities of 250 and 1200 m/fsec agree
with those observed for basaltic lava flows, indicating
a total thickness of approximately 1200 m for the
infilling mare basalts at Taurus-Litirow. When the
Apollo 17 results are combined with earlier traveltime
data for direct and surface-reflected seismic arrivals
from LM and SIVB impacts (ref. 10-2), it will be
possible to construct a velocity model for the upper
lunar crust betieved to be representative for a mare
basin. Such work is now underway.
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The impacts of the SIVB and the lunar module
(LM) ascent stage of the Apollo 17 mission concluded
a series of nine such impacts from which seismic
signals have been recorded by the Apollo seismic
network. The network includes stations installed at
the landing sites of the Apollo 12, 14, 15, and 16
missions and spans the near side of the Moon in an
approximately equilateral triangle with 1100-km
spacing between stations. (The Apollo 12 and 14
stations are 181 km apart at one corner of the
triangle.) The oldest of these stations, Apollo 12, has
now operated for more than 3 yr, and the entire
network has been in operation for 1 yr as of April
1973. Four seismometers are included at each sta-
tion: three low-frequency components forming a
triaxial set (one sensitive to vertical motion and two
sensitive to horizontal motion) with sensitivity to
ground motion sharply peaked at 0.45 Hz, and a
fourth seismometer sensitive to vertical motion with
peak sensitivity at 8 Hz (high-frequency component).
These instruments can detect vibrations of the lunar
surface as small as 0.05 nm at maximurm sensitivity.
Of the 16 separate seismometers, all but two are
presently operating properly. The high-frequency
component at the Apollo 12 station has failed to
operate since initial activation, and one of the
low-frequency seismometers at the Apollo 14 station
(vertical component) became unstable after 1 yr of
operation.

Moonquakes have been detected by the low-
frequency seismometers of each station at average
rates of between 600 and 3000 per year, depending on
the station; all the moonquakes are quite small by
terrestrial standards (Richter magnitude 2 or less).
Thousands of even smaller moonquakes are detected

aThe University of Texas at Galveston.
bMassachusetts Institute of Technology.
1'Principa} Investigator.
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by the high-frequency seismometers. Meteoroid im-
pacts are detected by the low-frequency seismometers
at average rates of between 70 and 150 per year.
Although less numerous than moonquakes, meteoroid
impacts generate the largest signals detected.

Several criteria have been useful in distinguishing
moongquake signals from meteoroid impact signals.
The most useful are the character of shear waves and
the time interval from the beginning of a signal to its
maximum amplitude (the signal rise time). Moon-
quake signals have impulsive shear wave arrivals and
short rise times relative to those of impact signals. In
addition, many of the moonquake signals can be
grouped into sets of matching events; signals of each
set have nearly identical waveforms. Signals from
meteoroid impacts cannot be matched with one
another.

Analysis of the seismic signals from the manmade
impacts and from natural sources has led to a model
for the Moon that is quite different from that of the
Earth. Refinements in the present lunar model can be
expected as data accumulate from natural events. In
this report, the major findings to date from the
passive seismic experiment are summarized.

STRUCTURE AND STATE OF THE
LUNAR INTERIOR

The surface of the Moon is covered by a highly
heterogeneous zone in which, because of the nearly
complete absence of volatiles, seismic waves propa-
gate with very little damping. Scattering in this zone
accounts for the prolongation of lunar seismic signals
and for the complexity of the recorded ground
motion relative to typical terrestrial signals (refs. 11-1
and 11-2). Most of the scattering occurs in the outer
several hundred meters, but significant scattering may
occur to depths as great as 10 to 20 km. The
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“granularity” within the scattering zone ranges from
micron-size fragments to heterogeneity on a scale of
at least several kilometers. The roughness of the lunar
surface undoubtedly contributes to the scattering of
seismic waves.

Some find the combination of intensive scattering
and low damping of seismic waves to be confusing
because, on Earth, scattering is normally associated
with a high degree of damping. However, these can be
regarded as independent phenomena. On Earth, the
presence of water is the dominant factor in dissipa-
tion of seismic energy at shallow depth; scattering
results if heterogeneity is present on a scale compar-
able to the signal wavelengths. In the outer shell of
the Moon, heterogeneity results in scattering, but it is
the nearly complete absence of water (or any other
fluid), and the consequent high transmission effi-
ciency (low damping), that leads to the extreme
prolongation of lunar seismic signals.

Knowledge of the lumar structure below the
scattering zone is derived mainly from analysis of
seismic signals from impacts of Apollo space vehicles
of two types: the LM ascent stage and the SIVB stage
of the Saturn booster. Each LM was guided to impact
following the retumn of the surface crewmen to the
command and service module in lunar orbit. Follow-
ing separation from the Apollo spacecraft, the SIVB
stages were directed to planned impact points by
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remote control from Earth. Nine impacts were
accomplished successfully. Seismic signals from these
impacts were recorded at ranges from 67 to 1750 km.
Impact coordinates and the distances and azimuths
from the receiving stations are listed in table 11-I.
The Apollo 17 LM impact was also recorded by the
geophones of the active seismic experiment, located at
the Apollo 17 landing site, at a range of 9 km. These
data, combined with data from high-pressure labora-
tory measurements on returned lunar samples, pro-
vide information on lunar structure to a depth of
approximately 150 km. Information on lunar siruc-
ture below this depth is derived principally from
analysis of signals from deep moonquake and distant
meteoroid impacts. Analysis of the manmade impact
data has revealed a major discontinuity at a depth
between 55 and 65 km in the eastern part of Oceanus
Procellarum (refs. 11-3 and 11-4). By analogy with
the Earth, the zone above the discontinuity is called
the crust and the zone below, the mantle. Whether
the crust is regional or is a global feature cannot be
determined from the present seismic network. How-
ever, the early formation of a crust by igneous
processes on a global scale would appear to explain
such observations as the unexpectedly high heat flow
(ref. 11-5) and the presence of large-scale petrological
provinces inferred from orbital X-ray fluorescence
data (ref. 11-6) and from lunar sample analysis. The

TABLE 11-1.—Coordinates, Distances, and Azimuths of Statiowns and Impacts

Distance and azimuth from Apolio seismic station—
Station or impact Coordinates®

12 14 15 16
Apollo 12 station 3.04°8,2342°W - 181 km, 276°| 1188 km, 226°| 1187 km, 276°
Apollo 14 station 3.65° §,1748°W 181 km, 96° - 1095 km, 218°( 1007 km, 277°
Apclio 15 station 26.08° N, 3.66° E 1188 km, 40° { 1095 km, 33° - 1119 km, 342°
Apollo 16 station 8.97° 8,15.51°E 1187 km, 100°| 1007 km, 161°| 1119 km, 160° -
Apollo 12 LM impact point 3.94°8,21.20° W 73 km, 112° - - -
Apolio 13 SIVB impact point| 2.75° S, 27.86° W 135 km, 274° - - -
Apollo 14 SIVB impact point| 8.09° §, 26.02° W 172 km, 207° - - -
Apollo 14 LM impact point 342°8,1967° W 114 ki, 96° 67 km, 276° - -
Apollo 15 SIVB impact point| 1.51° §,11.81° W 355 km, 83° 184 km, 69° - -
Apollo 15 LM impact point | 26.36° N,0.25° N 1130 km, 36° | 1048 km, 29° 93 km, 276° -
Apollo 16 SIVB impact point b13:07° N,23.8+0.2° W| 132 km, 355°| 243 km, 308°| 1099 km, 231° -
Apollo 17 SIVB impact point| 4.21° §,12.31° W 338 km, 96° 157 km, 96° | 1032 km, 209°| 850 ke, 278°
Apollo 17 LM impact point | 19.96° N, 30.50° E 1750 km, 64° | 1598 km, 61° 770 km, 98° 985 km, 27°

AListed coordinates are derived from the Manned Space Flight Network Apollo tracking data. Locations based on these
data are referenced to a mean spherical surface and may differ by several kilometers from coordinates referenced to surface

features.

bPrematuse loss of tracking data reduced the accuracy

from seismic data.

of the estimate. The listed coordinates for this impact are estimated
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velocity of compressional waves in the lower half of
the crust is between 6.3 and 7.0 km/sec, a velocity
range appropriate for the aluminous basalts and
gabbroic anorthosites that predominate in the lunar
highlands sampled thus far. Thus, the most plausible
hypothesis is that a widespread crust, formed early in
the history of the Moon, outcrops in the present
lunar highlands. The thickness of the crust is likely to
vary greatly. There is some evidence for a discon-
tinuity within the crust at a depth of 25 km that may
define the base of the mare basalts in Oceanus
Procellarum (ref. 11-3).

Below the crust, a relatively homogeneous zone
extending to a depth of approximately 1000 km is
suggested by the nearly constant velocity of seismic
waves. The average velocity of compressional waves in
the homogeneous zone is approximately 8 km/sec. A
slight decrease in velocity with depth probably occurs
in the lower half of this zone. Very low attenuation
of both compressional and shear waves in this zone
precludes the presence of any appreciable melting.
Poisson’s ratio is approximately 0.25 at the top of the
mantle.

A striking contrast has been found between signals
that originate on the near side of the Moon and those
from far-side sources. Direct shear waves, normally
prominent in signals from nearside moonquakes and
weakly defined in near-side meteoroid impact signals,
cannot be found in the seismograms recorded at
several of the seismic stations from far-side events.
For example, as shown in figure 11-1, shear waves
from a large meteoroid that struck the far side near
the crater Moscoviense arrive at the Apotlo 15 station
at the expected time, but they are missing at the
Apollo 14 and 16 stations when expected. Much later
phases arrive at these stations at times predicted for
surface-reflected shear waves (SS) that travel through
the upper mantle of the Moon. Similarly, shear waves
from far-side moonquakes that can be identified at
the Apollo 15 and 16 stations are missing at the
Apollo 14 station (fig. 11-2).

Although available data are not sufficient to derive
a detailed seismic velocity model for the deep
interior, these observations can be explained by
introducing a “core” with a radius between 600 and
800 km in which shear waves either do not propagate
or are highly attenuated (dissipation factor Q of
approximately 100 or less) (ref. 11-7). The compres-
sional wave velocity within this zone may be slightly
lower than that in the mantle. The maximum

allowable velocity decrease for compressional waves is
approximately 0.3 km/sec. The term “‘core™ as
applied in this discussion is not meant to imply a
major compositional or structural discontinuity as it
does for the Earth. In the lunar case, it is simply a
central zone in which the characteristics of seismic
wave transmission differ from those in the surround-
ing material. However, the presence of a small
“inner™ core in the terrestrial sense is not precluded
by present data.

Seismic wave attenuation is strongly temperature
dependent, showing rapid increase with increasing
temperatures and increasing sharply with the onset of
melting (ref. 11-8). Thus, temperatures approaching
the solidus (melting point) in the lunar interior may
account for the lack of shear wave transmission
indicated by the seismic data. Assuming an interior of
mafic silicate composition, this state would require
temperatures of between 1700 and 1900 K at a depth
of approximately 1000 km. This model is in sub-
stantial agreement with several thermal models re-
cently proposed by Toksoz et al. (ref. 11-9). Partial
melting of silicate material is considered to be a
possible cause of the low (, low-velocity zone of the
upper mantle of the Earth (refs. 11-8 and 11-10). A
completely molten core of the size indicated, how-
ever, is not likely because a decrease of the compres-
sional wave velocity exceeding the value of 0.3
km/sec obtained by the preliminary analysis would be
expected. Other possibilities, such as increased
volatiles in the deep interior of the Moon, cannot be
eliminated at present.

The possibility of a high-density, molten metallic
core similar to that of the Earth is eliminated by both
moment-of-inertia and seismic-wave-velocity consid-
erations. The radius of approximately 700 km is too
large for such a core.

By analogy with the Earth, the lithosphere—the
relatively rigid outer shell of the Moon-—can be
considered to be approximately 1000 km thick. The
core of the Moon is equivalent to the asthenosphere
(low-velocity zone) of the Earth.

MOONQUAKES AND LUNAR TECTONISM

Thermal Mocnquakes

‘Thousands of small seismic signals have been
detected by the high-frequency seismometers at the
Apollo 14, 15, and 16 stations. (The high-frequency
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FIGURE 11-1.-Filtered short-period seismograms of seismic events detected on July 17, 1972. The

signal is believed to be from a meteoroid impact on the far side of the Moon. Traces for two
different filter settings are shown for each station. The frequencies given, 4 and 2 Hz, are the
center frequencies of the narrow band-pass filters used in the data playback. The I indicates the
estimated time of impact; P, the observed arrival time of the direct compressional wave; and S, the
expected arrival time of the direct shear wave, Note that the characteristic shear wave bulge, clearly
visible at the Apollo 15 station, is missing at the Apollo 16 and 14 stations when expected. A
digital unit (DU) is the signal variation that corresponds to a change in the least significant bit of

the 10-bit data word.

seismometer at the Apollo 12 station failed to
operate.) These signals are not recorded by the
low-frequency seismometers because of the restricted
bandwidth of these instruments. The high-frequency
signals are generated (1) by thermoelastic stresses
within the LM descent stage and other equipment left
on the lunar surface at each site, (2) by small
meteoroid impacts at near ranges (a few tens of
kilometers and less), and (3) by small moonquakes
(micromoonquakes) that originate within a few
kilometers of each station. Micromoonquake activity

begins abruptly approximately 2 days after lunar
sunrise and decreases rapidly after sunset (ref. 11-2).
These events are recognized by the repetition of
nearly identical signals, implying a highly localized
source for each set. Forty-eight sets of matching
micromoonquake signals have been identified at the
Apollo 14 station, and 245 sets at the Apollo 15
station. Micromoonquake activity at the Apollo 16
station is very low in comparison with that at the
Apollo 14 and 15 stations. Signals of each set occur
at monthly intervals, usually one event per month per



PASSIVE SEISMIC EXPERIMENT 11-5
l—— 20:19:00 G.m. 1.
Apollo Oct. 19, 1971
o WY FLE ] e g il e o
14 R T i AT o
station Oct. 11, 1972 4 4 Jsou
*" i s pun i iy o WL A AN s A e
t_10.42, S expected
P 1AZ0EML oe22.006.m.1.
Dec. 14, 1971
ADIO; io et e A WA M A~ AN o mw.mwm%wmmwpwmmwwww
station Oct. 11, 1972 o . J50u
roos : N ‘ v e oo e et
P 1--19:42:00 G.mt. s
Apollo Oct. 11, 1972
16 ; e " :WMW-WMWMMWWWMWWMWWW*] 2000
station Nov. 8, 1972
: A AR :WMWMMMWWMMMWM'LW%M\MMW
(P) L vzsn.00 S e

G.m.t,

1 min

FIGURE 11-2.—A comparison of signals from selected moonguakes detected at the Apollo 14, 15, and
16 stations. One of the four moonquakes (Oct. 11, 1972) is common to all three stations. The
signals were too weak to be detected at the ApoHo 12 station. Only the horizontal-component
seismogram is shown for each event at each station. These moonquakes originated at the same
point within the far half of the Moon. Note that the shear wave is not observable at the Apollo 14
station when expected (marked “S expected™). The P-wave at the Apollo 16 station is too weak to

be identified with confidence.

set, and at the same time relative to sunrise to within
a few hours. The strong correlation with sunrise and
sunset indicates that micromoonquakes are of ther-
mal origin.

Two possible source mechanisms for thermal
moonquakes are suggested: (1) cracking or move-
ment of rocks along zones of weakness and (2)
stumping of soil on lunar slopes triggered by thermal
stresses. The characteristics of the signals imply that
motion is always in the same direction and that some
thermal moonquake sources change position slightly
from one lunar day to the next, but the source
mechanism is not yet understood.

Distant Moonquakes

Moonquakes detected by the low-frequency
seismometers of each station were soon recognized as
being distant from all stations. The characteristics of
the low-frequency moonquake signals are also quite
different from those of the locally generated moon-
quakes described previously. With a few possible
exceptions, all low-frequency moonquake signals that
are large enough to examine in detail can be grouped
into sets of matching events. Events of each set occur
at monthly intervals, usually once per month, with
longer term variations in the moonquake magnitudes.

Forty-one categories of matching events have been
recognized thus far. As in the case of thermal
moonquakes, the repetition of seismic signals of
identical waveforms indicates that the point of origin
remains fixed probably to within a few kilometers.
Thus, there are at least 41 active zones within the
Moon at which moonquakes originate. Seismic signals
from these focuses represent only 10 percent of the
total number of signals believed to be of moonquake
origin based on their signal character. Thus, the
existence of many more focuses from which the
signals are too small for detailed waveform compari-
son is likely. Peaks in moonquake activity occur at
biweekly intervals corresponding to the apogee/
perigee cycle, as shown in figure 11-3 for the Apollo
14 station. A 7-month variation in activity, corre-
sponding to the solar perturbation of the lunar orbit,
is also apparent in such plots. If the activity is
examined at a given moonquake focus, as shown in
figure 11-4 for the active zonc designated A;, not
only the monthly and 7-month cycles but also a
longer term variation can be recognized. The longer
term variation may correspond to the 6-yr term in the
variation of lunar gravity. These correlations strongly
suggest that tides are the dominant source of energy
released as moonquakes. It is possible, in fact, likely,
that a small secular component of stress, introduced
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FIGURE 11-3.—Moonquake activity recorded at the Apollo 14 station between February 7, 1971, and
July 27, 1972, showing the number of moonquakes detected per day. Peaks in activity occur at
2-week intervals corresponding to the apogee/perigee cycle. A longer term variation in moonquake
activity, with a period of 206 days, is also seen in the smoothed activity plot shown above the daily
count. This 206-day period corresponds to the period of the tidal variation introduced by solar
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FIGURE 11-4.—History of occurrence of category A, shoonquakes as recorded at the Apollo 12
station between November 1969 and January 1972. The length of each bar is proportional to the
maximum amplitude of the recorded signal. Monthly and 206-day cycles are evident in this plot
together with a longer term variation that may correspond to the 6-yr variation in tidal stress.

possibly by the recession of the Moon from the Earth
or by heating or cooling of the lunar interior, is also
present.

The distribution of moonquake epicenters located
thus far is shown in figure 11-5. In this distribution,
two narrow belts of activity lying approximately
along arcs of great circles are recognized. The western
belt runs approximately north-south over a length of
at least 2500 km. The eastern belt trends northeast-
southwest over a length of at least 2000 km. The
focuses of these events are concentrated at depths of
800 to 1000 km, as shown in figure 11-6. Earlier sug-
gestions of possible corretations between moonquakes
and mare rims are no longer supportied by the in-
creased data now available.

According to our present model, moonguakes
occur at the base of a thick, rigid shell (the

lithosphere} immediately above a relatively weak
central zone (the asthenosphere). If this model is
carrect, then the depth of the moonquake zone may
simply be a consequence of the differing yield
strengths of the material within these two zones.
Slow changes in the shape of the Moon, in response
to time-varying tidal stresses, will produce stress
concentrations at the lithosphere/asthenosphere
boundary. When the stress exceeds the shear strength
of the material, rupture will occur. The availability of
fluids migrating upward from a partially molten zone
would also facilitate dislocation in the lunar litho-
sphere.

The alinement of moonquake focuses in long,
narrow belts is more difficult to understand. These
belts may be a consequence of large-scale variations in
the mechanical properties of the material of the
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FIGURE 11-5.—Map showing the locations of the Apollo seismic network stations and of 26
moonquake epicenters. The epicenters are the points on the surface immediately above the active
zones (focuses) in which moonquakes originate. Solid circles indicate focuses for which the depth
of the focus can be determined. Open circles correspond to cases in which data are not sufficient
for determination of depth. A depth of 800 km has been assumed in these cases. The number at
each epicenter is an arbitrary identification code used by the experiment team. Note that in two
cases (epicenters 1 and 6 and epicenters 18 and 32) the epicenters are so closely spaced that their
separation cannot be distinguished at the scale plotted.

lithosphere or of the asthenosphere. They may, for  weak, large-scale convective motions or they may be
example, be zones of increased temperature or they  residual stress dating from the time of formation of
may reflect compositional heterogeneity, Alterna-  the Moon. The belts do not appear to lie along large,
tively, the moonquake belts may be manifestations of ~ continuous fractures, because the orientation of tidal
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FIGURE 11-6.—The depth distribution of moonquakes for
which present data are sufficient for determination of
focal depths (18 cases). Question marks in the zone
labeled “asthenosphere’ indicate that present data are not
sufficient to define the inward extent of this zone. The
asthenosphere, in which partial melting is believed to
occur, may extend to the center of the Moon oz it may be
restricted to a thin shell at a depth of approximately 1600
km.

stresses leading to moonquakes varies greatly among
the focuses of a given belt. Thus, varying orientations
of the dislocation planes are implied. Further specula-
tion on the possible origin of the zones of moonquake
activity is postponed until the zones can be de-
lineated with greater certainty.

Surface features that appear to be tensional have
been taken as evidence of slight past expansion as the
lunar interior grew warmer. However, lack of moon-
quakes at shallow and intermediate depths suggests
that, presently, the Moon is neither expanding nor
contracting at an appreciable rate. Hence, the Moon
must be close to thermal equilibrium ai the present
time; that is, the rate of heat flow out of the Moon
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must be approximately equal to the rate of internal
heat production.

METEOROID FLUX

Seismic signals detected by the Apollo seismic
network from meteoroid impacts appear to be gene-
rated by objects in the mass range from 100 g to
1000 kg. Results obtained to date have been derived
by a method using only the statistical distribution of
maximum amplitudes of seismic signals recorded
from meteoroid impacts (ref, 11-2), The average flux
estimated from data of more than 1 yr is log
N=-1.62—1.16 log m where &V is the cumulative
number of meteoroids of mass m (in grams) and
greater that strike the Moon per year per square

kilometer. This flux estimate is 1 to 3 orders of
magnitude lower than that derived from -earlier

Earth-based measurements. Our estimate is lower
than the average flux estimated from the distribution
of crater sizes on the youngest lunar maria. This flux
is consistent with a hypothesis that the population of
small fragments in the solar system decreases with
time as the fragments are gathered up by collisions
with the planets. The seismic data predict that a
meteoroid of 7 to 10 kg mass can be detected by the
least sensitive station (Apollo 12) from any point on
the Moon. Approximately 50 percent of the impacts
detected by a station occur more than 1000 kin from
the station. The total data appear to contain at least
two distinct meteoroid populations: the normal
fragment distribution that varies little throughout the
vear and a popuiation of relatively large objects that
intersect the lunar orbit from April through July each
year. Because the latter are detectable seismically
from anywhere on the Moon, the Apollo seismic
network affords greater exposure to these rare events
than any other method of measurement.

SUMMARY AND CONCLUSIONS

Seismic activity within the Moon is extremely low
compared to that within the Earth. The Moon is
characterized by a rigid, dynamically inactive outer
shell, approximately 1000 km thick, surrounding a
core that has markedly different elastic properties.
Current moonqguake activity is concentrated near the
boundary between these two zones. It is likely that
temperatures within the lunar core are at, or near, the
temperature of the beginning of melting (solidus
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point) and that the core is much weaker than the
outer shell. If so, the outer shell may be regarded as
the lunar lithosphere and the weak central zone as the
asthenosphere. The transition between these zones
appears to be quite gradual. Thus, the term “core’ is
not meant to imply a major structural or composi-
tional discontinuity as it does for the Earth. However,
the presence of a true core, in the terrestrial sense,
somewhere below the lithosphere/asthenosphere
boundary is not precluded by present data. The great
thickness of the lunar lithosphere relative to that of
the Earth probably accounts for the widely differing
tectonism of these two planets.

Lack of shallow seismic activity indicates that the
Moon is neither expanding nor contracting appreci-
ably at the present time, Thus, the rate of heat flow
out of the Moon must be approximately equal to the
rate of internal heat production. The presence of a
thick lunar crust suggests early, intense heating of
the outer shell of the Moon.
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12. Lunar Surface Gravimeter Experiment

John J. Giganti* J. V. Larson,® J. P. Richard,® and J. Weber®t

The primary objective of the lunar surface gravi-
meter (LSG) is to use the Moon as an instrumented
antenna (refs. 12-1 to 12-8) to detect gravitational
waves predicted by Einstein’s general relativity
theory. A secondary objective is to measure tidal
deformation of the Moon. Finstein’s theory describes
gravitation as propagating with the speed of light.
Gravitational waves carry energy, momentum, and
information concerning changes in the configuration
of their source. In these respects, such waves are
similar to electromagnetic waves; however, electro-
magnetic waves only interact with electric charges
and electric currents. Gravitational waves are pre-
dicted to interact with all forms of energy.

The visible light, radio, and X-ray emissions,
together with the cosmic rays, are the sources of all
our present information about the universe. Gravita-
tional radiation is a totally new channel that would
be capable of giving information about the structure
and evolution of the universe.

BASIC THEORY

It is possible to study many forms of energy-
carrying waves by generating and detecting them in
the laboratory. At present, this type of study is not
feasible for gravitational radiation. The ratio of mass
to electric charge for elementary particles is so small
that only 1 graviton is emitted for every 10
photons in ordinary laboratory experiments. Only
objects the size of stars or galaxies can generate
enough gravitational radiation to be detected by
present apparatus.

Detailed mathematical analysis using Einstein’s
equations has shown that an elastic solid would serve
as a gravitational radiation antenna. Dynamic forces
associated with the gravitational waves set up internal

3University of Maryland.
Principal Investigator.
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vibrations in the antenna. These forces are somewhat
similar to the gravitational forces that cause the tides.
Observation of internal vibrations is limited by noise.

If gravitational waves of sufficiently high intensity
covering certain bands of frequencies are incident on
the Moon, internal vibrations of the Moon will be
excited. These vibrations may cause oscillatory sur-
face accelerations. Theory predicts that only the
lowest allowed frequency and certain overtones can
be excited in this way. The kinds of vibrations that
are excited by gravitational waves are believed to have
symmetzry. Thus, the “breathing™ mode of the Moon,
in which all points of the lunar surface move outward
together, and half a cycle later, all points move
inward together, is not expected to be driven by
gravitational radiation. However, the “football” mode
is expected to be excited by gravitational radiation.
In the “football” mode, all points on the lunar equa-
tor move outward at the same time that points on
the lunar poles are moving inward. Half a cycle later,
all points on the equator are moving inward while
the polar regions are moving outward.

Very little is known about possible sources of
gravitational radiation. An object may emit consider-
able gravitational radiation and have very little
emission of light and vice versa, At present, the search
for this radiation must be made by developing the
best possible instruments and operating them at the
limits of sensitivity. Approximate estimates suggest
that present procedures have a fair chance of observ-
ing real effects by using the Moon because of the
relative quiet of the Junar environment.

The Earth is also an instrumented antenna, but it
has a high level of noise because of the atmosphere,
the oceans, and seismic activity. Quiet periods exist
when it may be possible to observe the coincident
mesponse of the Earth and Moon to gravitational
waves. The surface acceleration of the Farth is
measured with a somewhat similar gravimeter and
recorded as a function of time. Comparisons between
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the lunar and terrestriat records should allow searches
for simultaneous sudden surface accelerations. By
delaying one recording relative to the other one, the
rate of chance coincidences may be measured. A
significant excess of zero-delayed as compared to
time-delayed (chance) coincidences can establish the
existence of correlations.

Experiments have been conducted in the kilohertz
region using aluminum cylinder masses of several
thousand kilograms that are isolated from terrestrial
effects. The existence of such coincidences has been
established using antennas at the University of Mary-
land and at the Argonne National Laboratory near
Chicago, Illinois. The high frequency (seismic output)
of the LSG will be compared with the records of the
aluminum cylinder experiments in an effort to find
numbers of coincident amplitude increases over and
above the chance rate.

The LSG was also designed to measure the tidal
effects on the Moon and to serve as a one-axis
seismometer. The lunar orbit is slightly elliptical, and
the Moon undergoes librations. For these reasons, the
gravitational fields of the Earth and Sun sensed by 2
given part of the lunar surface will vary with time.
This variation results in time-dependent tidal forces
on the Moon. The figure of the Moon will be
distorted in consequence of the tidal forces, and the
amount of this distortion gives information about the
internal composition of the Moon.

EQUIPMENT

The LSG (fig. 12-1) was emplaced on the Moon by
the Apollo 17 crew. This instrument is a sensitive
balance with a mass, spring, and lever system and
with electronics for observation of accelerations in
the frequency range from 0 to 16 Hz. The LSG has a
nominal sensitivity of approximately one part in
10! of lunar gravity.

A schematic diagram of the spring-mass suspension
system is shown in figure 12-2. In the instrument, the
major fraction of the force supporting the sensor
mass (beam) against the local gravitational field is
provided by the zerolength spring. A zero-length
spring is one in which the restoring force is directly
proportional to the spring length; such a spring is very
usefu! in obtaining a long-period sensor (ref. 12-9).
Small changes in force tend to displace the beam up
or down. This imbalance is adjusted to the null
position by repositioning the spring pivot points by

FIGURFE 12-1.—Lunar surface gravimeter.
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FIGURE 12-2.—Schematic diagram of the lunar gravity
Sensor.

use of micrometer screws. The sensor mass is modi-
fied by the addition or removal of small weights,
permitting the range of the sensor to be extended
from Earth testing to lunar operation. The electronic
sensing portion of the instrument consists of a set of
capacitor plates. Two plates, which are part of a
radio-frequency bridge circuit, are fixed to the frame
of the sensor and are geometrically concentric with a
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third plate of similar size, which is attached to the
movable beam of the sensor. The plates are so
arranged that the center plate is located exactly
between the two outer plates when the beam is
exactly horizontal. If the force on the mass changes,
it tends to move the beam, and the resulting bridge
unbalance creates an ac error voltage. This voltage is
amplified and rectified with the size of the output
voltage determined by the direction of the displace-
ment. A fixed dc bias voltage is applied to the
capacitor plates balanced with respect to ground, and
these plates are also connected to the rectified error
voltage.

If the error voltage is zero, the balanced bias plate
voltage produces equal and opposite electrostatic
forces on the mass. If a positive error voltage is
present, the voltage applied to one plate is increased
and the voltage applied to the other plate is de-
creased. The resulting force tends to restore the mass
to its originally centered position. This rectified
voltage is a measure of the changes in surface
acceleration. The mass does not follow fast changes.
However, the fast-changing servomechanism error
voltage is a measure of the rapidly changing compo-
nents of the surface acceleration.

The LSG can also be operated with the voltage
output not fed back to restore the beam to equilib-
rium. As indicated in figure 12-3, the different
configurations have different responses to surface
accelerations.

The data cover the frequency range from 0 to 16
Hz in three bands. The rectified integrated error
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FIGURE 12-3.-Tide and free mode science channel fre-
quency response.
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voltage over the range dc to 1 cycle per 20 min gives
information on the lunar tides. A filter with amplifi-
cation covers the range from 1 cycle per 20 min to 3
cpm. Another filter amplifies the fast components in
the range from 3 cpm to 16 Hz. The latter range is of
interest for seismology and for search for high-
frequency gravitational radiation from sources such as
the pulsars. The complete response function of the
sensor and electronics for several different configura-
tions is given in figures 12-3 and 124,

THERMAL CONTROL

The gravimeter uses a metal spring with a force
constant that is, in general, temperature dependent.
There are two temperatures at which thermal effects
are minimal; for the LSG, one of these occurs near
323 K. To obtain the required performance, it is
necessary to control the temperature of the spring to
within better than 1 mdeg near the optimum tem-
perature throughout the lunar day/night cycle. Ther-
mal control is accomplished by use of thermal
insulation, which limits heat exchange with the lunar
surface. A hole in the top of the LSG radiates heat to
the cold sky so that an internal heater is required to
maintain the 323 X temperature sensed by thermis-
tors. A sunshade prevents the solar heat from directly
entering the LSG. The sunshade is tilted at an angle
corresponding to the latitude of the emplaced instru-
ments. The thermal control system has controlled the
temperature of the spring to within 1 mdeg.
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FIGURE 12-4.—Seismic science channel frequency response.
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FIGURE 12-5.—Lunar surface activity near sunrise (April
1973).
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FIGURE 12-6.—Power spectrum analysis of lunar sunrise
data.

When the LSG was emplaced, it was impossible to
balance the beam by sending commands to add or
subtract mass. The motion of the beam suggested that
an additional force corresponding to lunar gravity
acting on approximately a gram of mass would
balance the beam. Such a force can be exerted by
operating the mass-changing mechanism beyond the
point of addition of all masses so that it contacts the
beam, moving it to midposition. In this configuration,
the instrument is apparently behaving like a gravi-
meter with resonances at 1.5 Hz and possibly at a
much lower frequency. The seismic output appears
to be that corresponding to the sensitivity indicated
in figure 124, and noise output in the free modes
open-loop band (fig. 12-3) suggests that surface
accelerations are being sensed in these bands of
frequencies. The seismic channel output during a
several minute period associated with lunar sunrise is

Frequency, Hz
FIGURE 12-7.—Power spectrum analysis of quiet period.

shown in figure 12-5. A power spectrum analysis of
these data is depicted in figure 12-6. For comparison,
the power spectrum of a period preceding sunrise is
illustrated in figure 12-7. Thus, it appears that the
LSG may carry out the search for gravitational waves.
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13. Traverse Gravimeter Experiment

Manik Talwani,®T George Thompson,® Brian Dent,® Hans-Gert Kahle,* and Sheldon Buck®

The primary goal of the traverse gravimeter experi-
ment (TGE) was to make relative gravity measure-
ments at a number of sites in the Apollo 17 landing
area and to use these measurements to obtain
information about the geological substructure. A
secondary goal was to obtain the value of the gravity
at the landing site relative to an accurately known
value on Earth. Both these goals were successfully
achieved by the experiment. A gravity tie has been
obtained between the Taurus-Littrow landing site and
the Earth with an estimated accuracy of approxi-
mately 5 mgal. Relative gravity measurements that
can be used to infer the substructure of the area have
been obtained at stations visited during each period
of extravehicular activity (EVA).

BASIC THEORY

Free-Air and Bouguer Anomalies

The basic theory for the interpretation of the
traverse gravity measurements can be described with
the help of the sketch in figure 13-1. As a simplifying
approximation, two-dimensionality is assumed; the
sketch is a hypothetical geological cross section, The
gravity measurements are made at the lunar module
(LM) landing site and at certain stations (stations 1,
2, 3, 4, 5, etc.). The gravity value at the LM site is
subtracted from the values at the other stations, and,
for this report, only the relative values at the stations
will be considered.

The first step in the interpretation of the relative
gravity values is to make the free-air correction for
elevation; that is, to allow for the differences in the
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bStanford University.
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distances of these stations from the center of the
Moon. If g, denotes the gravity at the surface of the
Moon, M the mass of the Moon, r the radius of the

Moon, and & the universal constant of gravitation,
then

kM
o= (13-1)
The free-air gradient then is
2on _ 2 POn (13-2)
ar rd r

and the free-air correction is 2g,,/r, which yields a
value of 0.19 mgal/m. The elevation in meters is
measured from an arbitrary elevation datum (fig.
13-1). The free-air correction is added to the relative
gravity values to obtain the free-air anomalies.

The next step in the interpretation of the free-air
anomalies involves the Bouguer correction. The
Bouguer correction allows for the gravity effect (i.e.,
the vertical component of the gravitational attrac-
tion) of the material above the elevation datum

Station 4|
Station 1

Station 2

Station 3 Station 5

FIGURE 13-1.—Schematic diagram showing assumed density
configurations for a hypothetical geological cross section.
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computed at the gravity stations. This correction
involves a knowledge of the density of the material
above the elevation datum. In the sketch in figure
13-1, densities of p, for the material comprising the
massifs and p, for the material of the valley floor
have been assumed. The fact that the actual situation
can be much more complicated must be considered in
the interpretation of the Bouguer anomalies.

In gravity interpretation, the Bouguer correction is
usually applied in two steps. The first, the flat-plate
Bouguer, assumes that the elevation is the same at all
points as at the station where the correction is being
applied. The second, the terrain correction, allows for
the departure of the actual terrain from a plane at the
height of the station. For the Taurus-Littrow landing
site, the terrain corrections are large, and no particu-
lar advantage is gained by computing the flat-plate
Bouguer corrections and the terrain corrections separ-
ately. By computing the gravity effect of all the
materizl above the elevation datum with a single
computation, the combined Bouguer correction is
applied, and, by adding it to the free-air anomaly, the
Bouguer anomaly is obtained. In these calculations of
the Bouguer corrections, a flat Moon rather than a
spherical Moon is used. The relative error at the
different stations is negligible for the present calcula-
tions.

The final step is the interpretation of the Bouguer
anomalies. The Bouguer anomalies have allowed for
the elevation differences between the different sta-
tions and for the gravitational effect of the material
above the elevation datum. Therefore, the Bouguer
anomalies are interpreted in terms of, and provide
information about, the density contrasts of rocks
lying below the elevation datum. In the simplified
model shown in figure 13-1, for instance, the density
contrast p; — p, between the material comprising the
massifs and the material lying below the valley floor
gives rise to the Bouguer anomalies at the stations.
The actual structural situations as well as the density
variations are probably much more complicated than
those shown in the sketch. The interpretation ap-
proach will be to work with simple models consistent
with available geological information and to see how
these models explain the gravity data, The final
structural solution will be constrained by the gravity
results, by considerations of geological plausibility,
and by the results from the other geological and
geophysical data.

Two-Dimenstonal Calculations

As a first approximation, two-dimensionality is
assumed. The gravity effect of a body is obtained by
approximating its cross section by an irregular poly-
gon. The gravity effect of a body with a polygonal
cross section has been given by Talwani et al. (ref.
13-1).

Three-Dimensional Calculations

For more careful analysis of the gravity data, it is
essential both to compute the Bouguer anomalies and
to interpret them without the assumption of two-
dimensionality. The basic formula used in this calcu-
lation is the gravity effect of a vertical prism, which is
given by Jung (ref. 13-2). For distant areas, prisms of
large area can be chosen and an average elevation
assumed for them. For closer areas, prisms of smaller
area must be chosen. By actual trial and error, prisms
of optimum area are chosen at various distances from
the landing site for use in the calculations. Such a
determination has been made. The three-dimensional
calculations are not complete at the present time, and
only the results of two-dimensional calculations will
be discussed in this report.

EQUIPMENT
Sensor

The gravity sensor used in the TGE is a Bosch
Arma DA4E vibrating string accelerometer (VSA). The
accelerometer is schematically shown in figure 13-2.
Each of the two strings, when energized, generates
continuous vibrations with its own frequency, the
value of which depends on the value of g. The
difference between the two frequencies can be
obtained. The difference frequency between the two
strings Af,, when the sensor is in its normal vertical
position can be written as

Af, =k, +kg+ kzg2 + k3g3 + ... (13-3)
Terms of order higher than 3 can be neglected.
Nominal values for kg, Ky, et cetera, for the flight
vibrating string accelerometers are ko = 7 Hz, ky =
129 Hz/g, k, = —0.00034 Hz/g?, and k3 = 0.003
Hz/g®. A principal reason for the use of a double-
stringed rather than a single-stringed instrument is the
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FIGURE 13-2_—Schematic view of double-stringed VSA.

reduction in the values of the higher order terms.
Even-order terms of the type k,g% give rise to
nonlinear rectification of inertial accelerations caused
by vibrations; therefore, it is very important to keep
the terms small.

The constants ko, k;, k2, and k5 are determined
for the sensor before the mission. However, experi-
ence with sensors of this type had shown that k, is
subject to drift as well as tares (sudden dc shifts).
Any shift of k; would degrade the Earth-Moon
gravity tie. (Shifts in k,, k,, etc., are much less
important.) Also, if, at a station during a traverse, a
large difference of gravity from the value at the LM
site was indicated, it would be necessary to inquire
whether this was a real variation in gravity or whether
the value of & had shifted. For this reason, provision
was made to make independent determinations of %,
when necessary. Such a determination is called a bias
determination and is made by inverting the instru-
ment. In the inverted case

of, = <ky + kg - kzgz + kagf‘ (13-4)
By assuming the values of k,, k5, and k5, the values
of ko and g can be determined from the values of Af),
and Af; by combining equations (13-3) and (13-4).

Filtering and Phase Lock Loop

The electrically conducting VSA strings are placed
in a permanent magnetic field (fig. 13-2). When a
voltage is applied across the string, the resulting
current causes motion of the string and induces a
voltage across the string. The voltage is regenerated
through a stable, high-gain amplifier and fed back to
the string.

The output of each VSA string is a sine wave of a
frequency between 9.25 and 9.75 kHz. The signal is
fed to a phase lock loop module. The purposes of the
phase lock loop module are to determine the differ-
ence frequency between the outputs of the two
strings and to filter the effect of undesirable vibra-
tions from the resultant signal.

Should any vibrations cause the input frequency
from the VSA to exceed a previously specified limit,
a phase lock loop alarm is generated. This alarm is
indicated by the TGE display.

Measurement

Because the lunar value of g is approximately
163 000 mgal and a measurement to the precision of
0.1 mgal is desired, the difference frequency of the
VSA must be measured to an accuracy of approxi-
mately 1 X 107°. Because the nominal values of the
difference frequencies in the normal and inverted
positions are approximately 28 and 14 Hz, respec-
tively, a simple counting of the cycles obviously will
take an impossibly long time. Instead, a gate is
generated that is inversely proportional to the differ-
ence frequency. For the normal case, the gate consists
of 1536 cycles of the difference frequency Af,
(approximately 55 sec at this frequency); for the
inverted case, the gate consists of 384 cycles of the
difference frequency Af; (approximately 27 sec). The
width of the gate is measured by counting the pulses
from a precision 125-kHz clock by a counter. If D,
and D; are the counts in the normal and inverted case

3 8
of, = 1536 x 11)25 x 103 _ 1.92Dx 10 (13-5)
n n
_ 384 x 125 x 103 _ 4.8 x 107
8y = D, - D, (13-6)

If ko, k1. k4, and k3 are all known, equation (13-3)
can be used to determine the value of g from Af,,. If
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ko is not assumed to be known, equations (13-3) and
(13-4) together can be used to determine the value of
g as well as ky from Af,, and Af;.

Leveling

If the VSA axis is not vertical but is inclined at an
angle 8 to the vertical, g cos 8 is measured instead of
§. For a small 4, the error is 0.5g0%. The TGE is
designed to keep @ less than 00°03" of arc and,
consequently, the error caused by leveling less than
0.06 mgal.

To provide the leveling, the sensor is mounted ona
gimbaled frame. Two vertical pendulums mounted on
the gimbal frame sense departures from the vertical
through comparator circuits. These comparator cir-
cuits provide information to stepping motors that
drive the gimbals until the pendulums are level. The
leveling is accomplished in two modes. When a
pendulum is more than 00°32' of arc from level, the
corresponding stepper motor slews faster; at less than
00°32', the motor slews at a slower rate to avoid
overshoot. When the pendulums are within 00°03' of
arc of being level, the slew commands are disabled.

When the instrument has to be inverted in the bias
mode, a set of bias pendulums is used that gives
signals unless the gimbal frame is similarly leveled in
an inverted position.

The TGE can be leveled only if it is initially placed
in a position less than 15° from level. In the normal
mode, time for leveling is between 0 and 20 sec; in
the bias mode, the time is between 90 and 130 sec.

Temperature Control and Monitoring

Because the VSA sensor is extremely sensitive to
temperature, it is necessary to control its temperature
to within 0.01 K. The VSA and its oscillator-
amplifiers are encased in a precision oven that is
maintained at a temperature near 322 K to within
0.01 K by the temperature control and monitor
circuit. The precision oven, in turn, is encased in an
outer oven that protects the inner oven from the
external thermal disturbance.

The precision oven temperature circuit has propor-
tional and rate control and uses an electrical heater
and a resistance thermometer element for a sensor.
The complete temperature sensor is an ac excited
bridge, two arms of which are thermistors. The bridge
output is demodulated and used to control drivers for

the precision heaters. A tap from the demodulator
output is converted to digital form and forms a digit
of the TGE display. The displayed digit marks the
deviations of the precision oven temperature from a
preset value. The outer oven thermostat and heater
circuit merely react to temperature changes to con-
trol the power supplied to a heater.

A thermal blanket provides good thermal insula-
tion for the TGE. A radiator at the top of the
instrument provides the primary means of heat
expulsion.

The mode of operation of the instrument was such
that the radiator was left closed during each EVA.
The instrument electronics produced heat, but this
heat merely reduced the heating to be done by the
ovens. Between EVA periods, the instrument was
placed in the shade with the radiator open, and heat
was then expelled into space. The temperature
monitors are the eighth and ninth digits of the TGE
display. The eighth digit gives the thermal condition
of the outer oven and the sign for the ninth digit. The
ninth digit of the numerical display is a number from
0 to 7 that represents a deviation of the precision
oven temperature from a set point of 0.005 K times
the digit displayed. Polarity of the deviation is
obtained from the value displayed in the eighth digit.

Physical Description of the TGE

The TGE consists of the instrument package, a
battery pack assembly, a thermal blanket, and an
isoframe assembly. A cutaway view of the TGE is
shown in figure 13-3.

Quter Structure.—The outer structure of the TGE
is cylindrical with a flat rear surface. A folding handle
at the top of the instrument is used for hand carrying
and for latching the instrument to the isoframe
assembly. Three feet at the base of the instrument
enable lunar surface operations. A radiator at the top
of the instrument provides the primary means of heat
expulsion. The radiator and the display panel are
protecied from the environment by hinged insulating
covers over each,

Inner Structure —The inner structure of the TGE
consists of a two-axis gimbal system, which contains a
VSA housed in a thermally protected and evacuated
two-stage oven assembly. The oven assembly is
enclosed in an electronic frame (E-frame) assembly of
similar structural design. The E-frame assembly is
pivoted about its axis and supported by a middle
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gimbal assembly. The middle gimbal controls the
vertical positioning of the inner gimbal over a 30°
range. The middle gimbal assembly is attached
through bearings to the base housing and can rotate
210°. Stepper motors and a gear train provide the
drive and positioning of the gimbal assemblies. The
stepper motors react to signals from pendulums that
act as level sensors.

Deployment and Operation of Instrument

Gravimeter measurements were made both with
the TGE mounted on the lunar roving vehicle (LRV)
and with the TGE placed on the surface. During a
measurement, the TGE must be placed on a surface
such that the vertical axis of the TGE is within 15° of
vertical. The TGE must not be disturbed for approxi-
mately 3 min after a measurement has been initiated.

A normal measurement (one with the sensor in the
normal, vertical position) is initiated by depressing
the “GRAV” pushbutton on the TGE (fig. 13-3). The
measurement cycle starts with leveling of the instru-
ment. During the leveling cycle, the indicator light
flashes off and on. When the instrument comes to a
rest within 00°03' of arc of the vertical, the light
stops flashing and remains illuminated until the
difference frequency of the strings has been meas-
ured. The number of counts of a precision clock
(from which the frequency can be obtained) forms
the first seven digits of the TGE display. The eighth
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and ninth digits of the display are thermal monitors,
as explained in the section entitled “Temperature
Control and Monitoring.”

The display stays on for 20 sec. The display can,
however, be turned on at any subsequent time by
depressing the “READ” pushbutton, and it stays on
for 20 sec.

A measurement with the sensor in the inverted
position is made by depressing the “BIAS™ push-
button. The bias pendulums are used for leveling, and
the indicator light flashes on and off until the sensor
is leveled in an inverted position. The counting and
display then proceed as for the normal measurement.

To conserve power, a toggle switch is provided to
select the “STANDBY” or “ON” mode of operation.
In the “STANDBY™ mode, power is supplied only to
the oven temperature controls and to the VSA
oscillator-amplifiers. Cycling the switch from “ON”
to “STANDBY” to “ON” will erase any stored data.
Depressing the “READ™ pushbutton after such a
switching provides valid readings only for the eighth
digit, which is the temperature menitor for the outer
oven and for the battery.

RESULTS

Number of Readings

Of the 26 readings obtamned (table 13.1), three
{readings 1, 10, and 18} were obtained to learn the
thermal state of the instrument before the EVA
periods, No gravity values were obtained with these
readings.

Reading 8 at the LM site showed that the TGE had
been moved during the measurement as indicated by
the phase lock loop alarm, which gives zeros in the
first three digits of the display in such instances. This
reading, therefore, was valueless, and another reading
was obtained at the same site.

At the LM site, nine readings were made. Six of
these were readings in the normal TGE position
(upright) on the lunar surface (readings 3, 9, 11, 17,
19, and 25); one reading was made at the start of
each EVA and one at the end of each EVA. Two
readings (4 and 26) were made in the inverted
position to determine the value of the bias term kg at
the beginning and end of the measurements. One
reading (2) was made on the LRV to compare “on
LRV” and “off LRV” measurements.

Besides the readings at the LM site, 11 other



TABLE 13-1.-Traverse Gravimeter Readings

9-€l

Elapsed time
at which Ag = (D — Dy pase/ | Ag after application Elevation
Reading Location meastrement Display Dp — Dy basea X (— 0.03245), of empirical " ! Comments
initiated, mgal correction,” mgal
hr:min:sec
EVA-1
1 LM site - XXX XXXX 0X - - - - Thermal monitor reading
2 LM site 01:17:32 6700031 01 -141 4.6 - 14 4510 On LRV
3 LM site 01:40:32 670 017201 0 0 4510 Off LRV; adopted as base
reading Dy, page
4 LM site 01:44:29 337 4540 01 - - - - Off LRV; inverted position
5 ALSEPF site 02:15:16 6700026 01 — 146 4.7 - 1.3 4510 On LRV
6 Station 1 05:08:03 6700129 01 — 43 1.4 - 4.6 4510 On LRV
7 SEPY site 05:56:03 6700101 01 - 71 2.3 - 37 4510 On LRV
8 LM site 06:39:44 000133201 — - - - Off LRV ; measurement dis-
turbed and disregarded
9 LM site 06:55:42 6700215 01 43 - 14 - 14 4510 Off LRV
EVA-2
10 LM site - XXX XXXX 0X - - - - Thermal monitor reading
11 LM site 00:17:46 6700177 01 5 - 0.2 - 02 4510 Off LRV
12 Station 2 02:18:05 670155201 1380 —4438 -508 4625 On LRV
13 Station 2A 03:21:09 670 1235 01 1063 -~ 34.5 -40.5 4605 On LRV
14 Station 3 04:02:40 6700497 01 325 —10.5 -16.5 4565 On LRV
15 Station 4 04:56:12 670 012501 - 47 1.5 — 45 4543 On LRV
16 Station 5 06:00:11 6700314 01 142 - 4.6 —10.6 4525 On LRV
17 LM site - 670 023501 63 - 2.0 - 20 4510 Off LRV
EVA-3
18 LM site - XXX XXXX O0X — — - - Thermal monitor reading
19 LM site 00:17:20 6700270 01 98 - 32 - 32 4510 Off LRV
20 Station 6 01:29:00 670 1098 01 926 —-30.0 —36.0 4575 On LRV
21 Station 8 03:20:XX 670 0960 01 788 —25.6 —31.6 4575 On LRV
22 Station 8 03:45:39 6701173 01 1001 - 325 -325 4575 Off LRV
23 Station 9 04:30:46 6700378 01 206 - 6.7 -12.7 4515 On LRV
24 Station 9 - 6700571 01 399 -129 -129 4515 Off LRV
25 LM site 05:55:58 670 0107 01 -~ 65 21 2.1 4510 Off LRV
26 LM site 06:03:00 337417101 - - - - Off LRV; inverted position

aDifference between the display (first seven digits) at a station Dy, and the display at the LM site D, pa5e (reading 3).
bEmpiric:al correction of — 6.0 mgal applied to all on-LRV values; off-LRV values are unchanged.

©Apollo tunar surface experiments package.

dSurface electrical properties experiment.

L9043 GIONHIDS AMVNIWITHYEd LT OTI0dY
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discrete measurements were made at different sites
(readings 5, 6, 7, 12, 13, 14, 15, 16, 20, 21, and 23),
Two extra measurements (readings 22 and 24) were
made at stations 8 and 9 on the lunar surface to
compare on-LRV and off-LRV measurements at these
sites.

In the preliminary evaluation of gravity in table
13-, the constants k, and k5 of equation (13-3) are
ignored and a value of &, = 0.0001318 Hz/mgal is
assumed. For obtaining the value of gravity Ag at the
stations relative to the value at the LM site, it can be
shown that, when %, and %; are ignored, an
approximate value is given by

bg = (Dn - Py be.SE) )

where D, is the display (first seven digits) at that
station and D,; . is the display at the LM site. The
first off-LRV reading at the LM site (3) was chosen as
the D, 1.5 The values of Ag thus obtained are given
in table 13-

(-0.03245)  (13-7)

Gravimeter Drift

For the flight instrument, it was determined
before the mission that the drift during the EVA
period (= 7 hr) was essentially zero. Therefore, it was
decided to adopt a zero drift rate unless the off-LRV
values at the LM site showed a consistent drift
pattern. The off-LRV values at the LM site are given
in table 13-11. Relative to the first reading, the gravity
values range from 2.1 to — 3.2 mgal. The only
positive value, 2.1 mgal, was reading 25. Before
reading 25, during the traverse from station 9 to the
LM site, the pallet on which the traverse gravimeter
was mounted swung open, and, as noted later in the

TABLE 13-11.-Off-LRV
Ag Values at LM Site
Relative to First Value
Obtained
[rms deviation = 1.8 mgal]

Reading Ag, mgal
3 0.0
9 —-14
11 - 2
17 -2.0
19 —-3.2
25 2.1

report, the resultant banging of the pallet may have
caused instrument problems resulting in an erronecus
reading 25. All the remaining values were negative.
Nevertheless, a consistent drift pattern was not
detected; hence, a zero drift was adopted. The
variation in values is attributed to instrument noise,
which has an rms value of 1.8 mgal.

Comparison of On-LRV and
Off-LRV Values

Readings 2 and 3 were both obtained at the LM
site. Reading 2 was taken with the gravimeter on the
LRV, and reading 3 was taken with the gravimeter on
the lunar surface. The difference between the two
readings was 4.6 mgal. In an effort to determine
whether this difference was random or systematic,
on-LRV and off-LRV readings also were taken at
stations 8 and 9. As shown in table 13-II1, the lunar
surface readings are, in all three cases, lower than the
LRV values (the free-air difference is negligible) by
amounts ranging from 4.6 to 6.9 mgal. There is no
explanation for this difference; however, on the basis
of three readings, an empirical correction of — 6.0
mgal has been made to all on-LRV measurements
(table 13-I). Some support for this correction comes
also from postmission tests with the engineering and
spare flight models. When the handle of the gravi-
meter was jarred, temporary shifts in the gravimeter
measurements occurred that were always in the same
direction (although these shifts were <6 mgal). By
applying the — 6.0-mgal correction to the value at the
Apollo lunar surface experiments package (ALSEP)
site, this measurement is brought into agreement with
the measurement at the LM site. The gravity values at
the two sites are expected to be close. However,
agreement between the value at the LM site and that
at the nearby surface electrical properties (SEP)
experiment site deteriorates slightly as a result of this
correction.

Earth-Moon Gravity Tie

On the basis of normal reading 3 and inverted
reading 4 (table 13-IV), a value of g = 162 694.6 mgal
was measured at the LM site at Taurus-Littrow. The
constants X, k,, and k3 used in this determination
were obtained during preflight tests. The value of k,
obtained as a result of readings 3 and 4 was 7.21591
Hz. A predicted value of ko based on laboratory test
data was 7.2144 Hz. The total shift during the
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TABLE 13-1Il.—Compatison of Off-LRV and On-LRV Values at LM Site, Station 8, and Station 9

[rms on-LRV/off-LRV difference without empirical correction, 6.0 mgal,
with empirical correction, 1.0 mgal]

On LRV Off LRV Diffe)jenc.e after
Location Difference, mgal app lication O'f a
Reading Ag, mgal Reading Ag, mgal empirical correction,
mgal
LM site 2 4.6 3 0.0 4.6 -1.4
Station 8 21 —25.6 22 -32.5 6.9 9
Station 9 23 - 6.7 24 -12.9 6.2 2

8FEmpirical correction of — 6.0 mgal applied to on-LRV values.

TABLE 13-1V —Determination of ky and g at LM Site Jfrom Readings in Normal and Inverted Positions

Af, = 192X 10® ap = 28x 10
Reading Position Display n Dy, ' 1 D; ko, Hz g mgal
Hz Hz
EVA-1
3 Normal D,= 6700172 28.655981 —
4 inverted Di =337 4540 - 14.224161 } 7215910 162 694.6
EVA-3
25 Normal D, =6700107 28.65626 -
26 Inverted D; = 337 4171 - 14.225716 } 7215272 162 701.5

translunar phase was 0.0015 Hz. This corresponds to
a bias shift of approximately 11 mgal, which is
considered reasonable when compared to typical bias
shifts experienced during acceptance and vibration
testing.

On the basis of normal reading 25 and inverted
reading 26, a second value of g =162 701.5 mgal was
determined after EVA-3. The value for the bias
constant k, differed by approximately 0.00064 Hz
from the initial value, which implies a shift of
approximately 5 mgal in the bias value. However, the
normal measurement of gravity obtained for reading
25, if the initial value of kg is used, differs by only 2
mgal from the initial value. During the traverse from
station 9 to the LM site, the pallet on which the
traverse gravimeter was mounted apparently swung
loose and banged against the LRV. This was the only
time during the entire mission that the gravimeter was
shocked in this manner. Because deterioration in the
performance might have resulted from this shock, less
emphasis has been placed on readings 25 and 26 and

the initial determination of 162 694.6 mgal has been
adopted. An uncertainty of +35 mgal is ascribed to
this measurement.

DISCUSSION

Computation of Bouguer Anomalies

For a preliminary interpretation of the gravity
measurement, two-dimensionality is assumed. The
problem then essentially is reduced to the determina-
tion of the substructure of the linear Taurus-Littrow
valley with linear massifs on either side. The stations
at which the gravity measuremesits were made are
shown in figure 13-4; the values at these stations were
projected to a roughly southwesi-to-northeast cross
section. The value at station 6 could not be appro-
priately projected to this cross section and has been
ignored in the present discussion. The great siructural
relief of the area makes three-dimensional calcula-
tions necessary. Such calculations will be described in
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FIGURE 13-4.—Contour map of Taurus-Littrow landing site,
showing the stations at which gravity measurements were
made. The straight line starting near Littrow BD Crater
(lower left) and trending northeast through the landing
site is the cutting plane for the cross section to which the
gravity measurements were projected. (Based on opera-
tional topographic map prepared by U.S. Army Topo-
graphic Command, October 1972. Contour interval, 500
m.)

a later report. The topographic profile with the
locations of the projected stations is shown in figure
13.-5.

The observed anomaly Ag, as obtained in table
13-1, is plotted as a function of distance in figure
13-6. The observed anomaly is approximately 50
mgal lower at station 2, closest to the South Massif,
and approximately 30 mgal lower at station 8, closest
to the North Massif, relative to the value of gravity at
the LM site. The observed anomaly curve therefore
shows a pronounced dip toward the massifs on either
side.

The free-air correction is applied by using the
correction previously given, 2g,,/r. The free-air
anomaly thus obtained (alsc plotted in fig. 13-6) dips
to approximately — 30 mgal near the South Massif
and to — 20 mgal near the North Massif relative to
the value at the LM site.

The Bouguer correction is applied next. In making
the free-air correction, as well as the Bouguer
correction, an elevation datum must be chosen (fig.
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FIGURE 13-5.—Topographic profile showing locations of
projected stations. Station 1 and the ALSEP and SEP sites
have been omitted because their elevations are the same as
that of the LM site. The clevation datum (abscissa) is the
elevation of the LM site.
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FIGURE 13-6.—Observed anomaly and free-air anomaly
profiles across the Taurus-Littrow valley.

13-1). The elevation datum chosen was the elevation
of the LM site (fig. 13-5), which was the lowest
elevation on the profile.

The Bouguer correction is, in effect, made in three
parts to show the effect of (1) the valley floor (ie.,
material lying between the elevation of the stations
and the elevation datum; shown with a density of p,
in fig. 13-1), (2) the North Massif, and (3) the South
Massif. The three Bouguer correction curves and the
total Bouguer correction are shown in figure 13-7.
Note that the effect of the valley floor tends to
cancel the effect of the massifs; hence, the total
Bouguer effect is quite small (< § mgal). The Bouguer
correction was calculated using a density of 2.0
g/em® (p, = p, = 2.0 g/em®). This value is lower than
the values for breccia densities shown in figure
13-8(a}. However, if an average density of 2.5 g/fcm®
were used instead of 2.0 g/fcm?, the difference in the
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the total Bouguer correction. The free-air anomaly curve
{fig. 13-6) is included for comparison with the Bouguer
anomaly curve.

computed total correction would, in all cases, be less
than 1 mgal. That difference can be ignored for the
present discussion.

The resultant Bouguer anomaly curve, included in
figure 13-9, shows minimums of near — 25 mgal at
the stations closest to the massifs. The variation in
the central part of the valley floor is within 10 mgal
of the value at the LM site. This curve has to be
interpreted in terms of the substructure of the valley.
To do so, what is known about the densities of the
lunar rocks must be considered first.

Densities of Lunar Rocks

No particular effort has yet been made to measure
the bulk densities of the returned lunar rock samples.
However, a few measured density values have been
reported in the literature (refs. 13-3 to 13-21).! Most
of these values were obtained in the course of
measuring other physical properties of the lunar rocks
(e.g., seismic velocity, heat conductivity, etc.). These
published values are plotted in the histograms in
figures 13-8(a) (lunar breccias) and 13-8(b) (lunar
basalts).

The method used to obtain the density values was

1 Also N. Warren, private communication, 1972, and G. D.
O'Kelley, personal communication, 1973.
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not always indicated in the sources but, when given,
was one of the following.

1. The volumes of aluminum foil models of the
whole rocks were measured, and the bulk densities
were computed using the weights of the rocks.
Because the aluminum foil models were not made to
great accuracy, these density values can have 10
percent or even greater errors.

2. The volumes of small, precisely shaped samples
of the rocks were computed by measuring their linear
dimensions. The small samples are generally paral-
lelepipeds, 1 by 1 by 2 cm, The densities were then
computed using the measured weights of the small
samples.

3. The densities of some small samples were
measured directly using Archimedes’ principle.

The density values tended to group on the basis of
the method used to compute the density: the first
method giving low values, the third method giving
high values, and the second method giving values in
the middle. This result is reasonable because the
samples were generally vuggy, vesicular, porous, or
highly fractured. Thus, the first method includes the
effects of the largest vugs and vesicles and the third
method includes only the effect of the unconnected
pores and cracks; the second method will generally
eliminate the effect of large vesicles and vugs but not
that of small cracks and pores that cannot be avoided
in cutting the small samples. Thus, an intrinsic
density of approximately 3.4 gfem® for the Iunar
basalts is indicated in figure 13-8(b).

Porosities have been measured for a few samples
by point counts on thin sections or cut surfaces. A
plot of density as a function of porosity and the
intrinsic densities calculated from the porosities is
given in figure 13-10. The intrinsic densities range
from 3.25 to 3.49 gfcm® for the three basalts and
from 2.99 to 3.14 gfem® for the five breccias.

Figures 13-8(b) and 13-10 indicate that the bulk
densities of mare basalt samples are determined by
their porosity and that the samples have an intrinsic
density of approximately 3.4 g/cm®. Thus, a thick,
mare lava flow with a thin, vesicular top would have a
bulk density somewhat less than 3.4 g/em®. The data
on the breccias are not as conclusive, but there is no
evidence that the highly fractured rocks and breccias
forming the highlands are more dense, on the average,
than the average of the breccia samples thus far
reported. Therefore, the density contrast between a
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FIGURE 13-9.—Assumed model for subvalley densities to
explain gravity anomalies, including the Bouguer anomaly
curve, On the ordinate for the topographic profile, the
elevation and depth are referenced to the elevation datum
(0 m), which is the elevation of the LM site. The shaded
rectangle represents a postulated block of basaltic ma-
terial underlying the valley floor, where Ap is the positive
density contrast with respect to brecciated highland
material on either side.

thick, mare basalt formation and highland breccia
material should be at least 3.2 — 2.8=04 g/cm3 and
may be as much as 3.3 — 2.3 = 1.0 g/em’.

Structural Model

From the results of the last section, a very simple
model has been used to explain the gravity results.
Assuming that the subvalley floor material consists of
basalt flows that have a positive density contrast of
0.8 gfcm® with respect to brecciated highland ma-
terial on either side, a thickness of 1 km is obtained
for the block of basaltic material (fig. 13-9). The large
Bouguer gradients at the valley edges indicate steep
sides for the postulated block of basaltic material.
The sides are not at the edges of the valley but lie
approximately 1 km inside the edges of the valley.

These are very preliminary conclusions based on
the work performed to date. More elaborate models
have not been presented because we expect that the
three-dimensional terrain and Bouguer corrections
will change the final Bouguer anomalies by 30 to 40
percent. These three-dimensional calculations will be
based on the newer topographic maps currently being
compiled. Changes are expected in the total Bouguer
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FIGURE 13-10.—Dependence of density on porosity for
breccia and basalt lunar samples.

anomaly amplitude (from edge of valley to center of
valley) as well as in the slope of the Bouguer anomaly
curve near the edges. In this connection, the values
obtained at stations 2A and 6 will be especially useful
in refining the nature and position of the margin of
the inferred high-density body underlying the valley
floor.

SUMMARY AND CONCLUSIONS

The successful performance of the TGE indicated
that the value of gravity at the Taurus-Littrow
landing site is 162 694.6 + 5 mgal. The Bouguer
anomaly, analyzed with a two-dimensional approxi-
mation, shows values approximately 25 mgal lower at
the edges of the valley than at the LM site. The
Bouguer anomaly curve is interpreted in terms of a
1-km-thick block of basaltic material lying below the
valley floor with a positive density contrast of 0.8
g/cm® with respect to the material on either side.
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14. S-Band Transponder Experiment

W. L. Sjogren,"’i' W. R. Wollenhaupt,b and R. N. Wimberly*®

The purpose of this experiment was to measure
the variations in the lunar gravitational field near the
trajectory of orbiting space vehicles (i.e., the com-
mand and service module (CSM) and the small
particles and fields subsatellites ejected from the
Apollo 15 and 16 spacecraft). New information has
been obtained from all Apollo orbiting spacecraft;
however, this report shall be limited to the results
from the Apollo 17 CSM and the Apollo 16 sub-
satellite. The data acquisition technique and data
reduction methods have been presented in previous
reports (refs. 14-1 and 14-2) and will not be discussed
in this report. The data acquired are precise speed
measurements of the orbiting spacecraft from which
accelerations or gravity profiles may be inferred.
Feature resolution is controlled by the spacecraft
altitude and is almost a direct relationship (i.e., data
taken from a 50-km altitude will resolve approxi-
mately a 50-km feature). Therefore, revolutions 3 to
12, when the CSM was in the low-altitude orbits,
provided the clearest information.

The characteristics of the Apollo 17 CSM and the
Apollo 15 CSM orbits were very similar. Conse-
quently, some of the larger lunar features were
traversed by both vehicles, permitting a broadening of
the detailed investigation of the Serenitatis, Imbrium,
and Crisium mascons. At present, one gravity profile
has been reduced. The surface track of that profile
and an Apollo 15 track are shown in figure 14-1. The
corresponding gravity profile is shown in figure 14-2.
These are line-of-sight accelerations (i.c., accelerations
projected along the Earth-Moon line) and have no
corrections applied for altitude or viewing geometry.
The pronounced features are again Mare Serenitatis
and Mare Crisium; however, additional features are
identifiable.

1Jet Propulsion Laboratory.
bNASA Lyndon B, Johnson Space Center.
TPrincipal Investigator.
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PRELIMINARY RESULTS

A large negative gravity region! between the
Serenitatis and Crisium mascons is located very near
the Apollo 17 landing site (long. 30° E, fig. 14-2).
Using this anomaly with a 43-percent increase attrib-
utable to least-squares filtering (ref. 14-3) and with
the best estimate of the landing site lunar radius
(1734.5 km), an absolute pravity estimate of 162 722
rgal is obtained. This estimate compares favorably
with the traverse gravimeter result of 162 694 mgal
(sec. 13) and instills additional confidence in the
remote-sensing results. The difference of 28 mgal
could be accounted for by the altitude difference,
because our result was obtained at spacecraft altitude
(15 km) rather than at the surface, or by small local
anomalies of this order as measured by the traverse
gravimeter (sec. 13).

Farther west on the figure 14-2 profile, the Mare
Vaporum region (long. 3° E) is a negative anomaly. A
stronger negative anomaly at longitude 4.5° W is over
part of Montes Apenninus and between two ridge
formations. At longitude 10° W, the edge of the Sinus
Aestuum mascon was sampled. The small negative
anomaly at longitude 20° W is produced by the crater
Copernicus. The other anomalies across Oceanus
Procellarum do not seem to correlate well with any
visible surface features; however, they do correlate
perfectly with previous work (refs. 144 and 14-5).
The 50-mgal high at longitude 66° W is produced by
Crimaldi (peak displaced because of geometric ef-
fect). When data from all 10 revolutions (3 to 12) are
reduced, there will be 10 east-west Grimaldi profiles
evenly spaced from the northern to the southern
edge.

Some of the most obvious points concerning the

! A negative gravity region, often referred to asa negative
anomaly, is defined as a region having a mass deficiency with
mspect to a homogeneous spherical body. A corresponding
definition applies to a positive gravity region (or positive
anomaly), sometimes called a gravity high.
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FIGURE 14-1.—Surface tracks of the Apolle 15 CSM during revolution 4 and of the Apollo 17 CSM

during revolution 5.
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FIGURE 14-2.—Line-of-sight gravity profile derived from
Apollo 17 revolution 5.

mascon profiles are that (1) the Serenitatis profile
from the Apollo 17 data has almost the same
maximum acceleration as the Apollo 15 profile (fig.
14-3) even though it is more than 200 km off center,
(2) the western shoulder seen in the Apollo 15 profile
of Serenitatis is not seen in the Apollo 17 profile, and
(3) the Crisium profiles from the Apolto 15 and 17
data are very stmilar and cover approximately the
same region (figs. 14-1 and 14:4). A theoretical
gravity profile for Apollo 17 revolution 5 was
generated using the best model of Serenitatis de-
veloped from Lunar Orbiter V and Apolio 15 data.
The comparis