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Foreword

Ever since Galileo’s telescope made the rugged lunar surface more clearly visible (in
1610), men have strived to learn more about the origin and history of the Earth’s big
natural satellite, and never has so much progress been made as in the last few years. The
fifth manned lunar landing was in a highlands area, quite different from the sites visited
previously, and the discoveries there now seem certain to result in significant
improvements in the hypotheses of lunar scientists.

Much of the Moon’s surface is similar to the Descartes Highlands that the Apollo 16
astronauts examined. From this highly productive mission, more photographs were
obtained than on any previous Apollo flight, a greater amount of time was spent outside
the lunar module, a greater weight of scientific equipment landed on the Moon, and a
record weight of scientific samples was brought back to laboratories on Earth. The
network of automatic scientific stations at work on the Moon was extended into a new
area and has since detected a moonquake caused by the largest meteoroid impact that has
yet been recorded. Additional experiments on the surface and in flight also were
successfully performed on this mission for the enlightenment of students of natural
phenomena. The Apollo 16 astronauts observed, and scientists studying material they
collected have subsequently deduced, that this landing site differed surprisingly from
earlier expectations.

Future generations consequently may benefit from better concepts of the operation
of the solar system and events throughout the physical universe than have hitherto been
possible. This volume is but one of a series of NASA Special Publications being issued
promptly to document potentially significant discoveries in the course of the Apollo
Program, thereby possibly increasing their usefulness to scientists grappling with problems
that have long perplexed mankind.

Dr. James C. Fletcher
Admirnistrator
National Aeronautics and Space Administration

November 10, 1572
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Introduction

“ .. there is nothing so far removed
from us to be beyond our reach or so hidden
that we cannot discover it.”

René Descartes

In most difficult endeavors, experience engenders both confidence and skill. The
manned exploration of the Moon is no exception. The reaching of those parts of the
Mocn that contain both the oldest and most intriguing rocks had to await acquisition of
such experience. The character of the relatively smooth expanses of the lunar maria was
established by the samples and results of experiments from the Apollo 11, 12, and 15
missions. The exploration of the older lunar terra began with the Apolio 14 and 15
missions. The Apollo 15 orbital-science results and the detailed study of soils from the
Luna 20, Apollo 11, and Apollo 14 sites demonstrated that the terra materials in the Fra
Mauro and Hadley regions do not exemplify most of the lunar terra. Geochemical studies
indicate that the typical terra must be underlain by rocks richer in aluminum and poorer
in the radioactive elements uranium, thorium, and potassium than the samples from the
Hadley and Fra Mauro sites.

The characterization of the aluminum-rich highlands, which make vp more than
four-fifths of the lunar surface, became the major objective of the last two Apollo
missions as soon as the Apolio 15 results were understood. The ultimate origin of the
aluminum- or plagioclase-rich terra rocks is a secret that may be buried under a thick
debris that was produced by an intense bombardment of the lunar surface before the
formation of the mare surfaces. It was thought that the accessibility of the primitive
rocks was complicated further by younger igneous rocks that intruded and covered the
early aluminum-rich crust in many parts of the terra. The investigation of such igneous
rocks, along with a search for samples of the primitive aluminum-rich crust, was the prime
objective of the Apollo 16 mission. The three men who flew this mission took part in
more than 18 months of intensive training in science. They again demonstrated that
sophisticated observations about one’s surroundings are possible in a totally foreign
environment. Astronauts Young and Duke returned approximately 95 kg of rock samples
and more than 1700 photographs from their 20 hr of extravehicular activity on the lunar
surface. The first study of these rocks and pictures already shows that the terra regions of
the tunar surface must be much more complex than the earlier visited mare regions. It is
very unlikely that these regions could have been characterized meaningfully by a single
soil or rock sample.

The complement of both orbital and surface experiments carried on this mission
essentially was identical to that carried on the Apollo 15 mission; the main difference was
the addition of the lunar portable magnetometer, the ultraviolet camera, and the
cosmi¢-ray experiment, along with the substitution of the active seismic experiment for
the suprathermal ion detector experiment in the Apollo lunar surface experiments
package. The Apollo 16 orbital experiment results confirm the regional compositional
variations of the lunar surface that were surmised from the first flight of these
experiments on the Apollo 15 mission. The measurement of the natural gamma-ray
activity of the lunar surface again reveals a surprising asymmetrical distribution of
potassium-, uranium-, and thorium-rich rocks on the lunar surface. Rocks with 10 to
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20 times the mean gamma-ray activity of the surface are very common in the western
portion of the Moon and are virtually absent from the far-side and eastern-limb regions.
The origin of this large-scale asymmetry is a first-order characteristic that must be
understood before the early evolution of the Moon becomes clear. The complementary
measurement of characteristic fluorescent X-radiation attributable to aluminum,
magnesium, and silicon has shown that the near-side terra is as rich in aluminum as most
of the far-side terra. Seismic refraction profiles determined from a series of rocket-
launched explosive charges confirm that the regolith in the Descartes highland region is,
indeed, much thicker than that found over the mare surfaces. The fact that the local
magnetic-field intensity is surprisingly high and variable in direction suggests that some
strongly magnetized rocks must underlie the regolith.

The successful deployment of the fourth passive seismometer resulted in a
seismometer network that was an integral part of the Apollo science program from its
inception. The objective of this network is to record the velocity of sound for a variety of
paths through the lunar interior. Acoustic events with energy sufficient to transmnit waves
of several hundred kilometers are extremely rare on the Moon. Thus, the occurrence of
such an event less than 3 weeks after the completion of this network is incredible
scientific luck. The May 13, 1972, event conclusively confirmed the existence of a major
seismic discontinuity at 60 to 65 km below the lunar surface. The origin of this
discontinuity also plays a significant role in understanding the early history of the Moon.

While on the lunar surface, Astronauts Young and Duke were puzzled by the absence
of clear-cut igneous characteristics in most of the rocks they examined. Their
observations and deductions indicated that the abundani rock specimens found at this
site consisted of mechanical mixtures of preexisting rocks. The preliminary description of
these rocks given in this report confirms their observations. Neither the photographic
documentation nor the samples themselves provide support for the hypothesis that the
landing site was underlain by a type of volcanic rock peculiar to the highlands. Even
though the explanation of the landforms that resulted in the choice of this site is not in
hand, it is already obvious that the Descartes region is a much more typical terra site than
was originally expected by many investigators. The diverse collection of Descartes
specimens may, in fact, be interpretable in terms of a subregolith, crustal model that
probably applies to a large fraction of the lunar terra. The aluminum, potassium, and
thorium contents found for the Descartes soil are in excellent agreement with the
concentrations inferred from the X-ray and gamma-ray spectra recorded for this region.
Thus, the results of experiments and the textural and chemical characteristics of the rock
all agree in one respect; that is, they indicate that the earliest outer portion of the Moon
must consist of a thick, feldspar-rich crust. Whether this crust formed in a single,
moonwide, cataclysmic event that may coincide with the formation of the Moon or
evolved over a period of hundreds of millions of years is not known. Indeed, this may be
the major question to be answered in unraveling the earliest epochs of lunar history.

Not all the activities of Astronauts Young and Duke had to do with the investigation
of the Moon itself. Their temporary lunar base provided an opportunity to perform
several astronomical experiments that could not be done within the magnetic and particle
environment surrounding the Earth. The pictures taken by the ultraviolet camera will
allow astronomers to compare the universe seen in visible light with that seen in
ultraviolet light. The ultraviolet pictures and spectra of the environment of the Earth
already have revealed upper atmospheric species and patterns that were not
observed previously.
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In the euphoria that follows the successful completion of a difficult endeavor, one is
tempted to make historical value judgments. In this vein, we are confident that the new
understanding summarized in this report is only the broad outline of a much more
substantial and permanent scientific edifice that is yet to come. We also recognize that
the accelerated pace of learning experienced by most scientists associated with the Apollo
Program has left most of us without adequate reference points from which we can gage
the importance of our own achievements. Following the example of previous explorers
and scientists, we accept as our first duty the documentation and preservation of the
observations made in our mission so that future generations can evaluate these efforts
with objectivity and facility.

A.J.CALIO
NASA Manned Spacecraft Center
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1. Apollo 16 Site Selection

N W Hinners?

INTRODUCTION

The Apollo 16 mission had two prime sampling
objectives, the Cayley Formation and the Descartes
Formation. Although both units had been
hypothesized to be volcanic in site selection
discussions, impact breccias predominate among
returned samples. This result raises questions
concerning the site selection process and the
fundamentals of photogeology. Recognizing that
many of the basic premission interpretations of the
geology of the Apollo 11, 12, 14, and 15 sites have
been correct, the job at hand is to improve the
photogeologic technique, for this technique remains
the prime method for extrapolation of Apolio
findings to the entire Moon and to the planets.

The rationale that led to the selection of Descartes
as the Apollo 16 site is briefly reviewed in this paper.
A discussion of pertinent studies that took place after
site selection but prior to the mission is also provided.
The last section is devoted to lessons learned and to
implications for future lunar or planetary site
selection activities,

DESCARTES SITE
SELECTION RATIONALE

The Apollo 16 landing site, Descartes, was
selected after the Apollo 11, 12, and 14 missions, but
before the Apollo 15 mission to Hadley-Apennine.
The Apollo 11 and 12 flights had returned material
which conclusively demonstrated that the mare fill is
dominantly basalt of lavaflow origin and that the
maria are actually very old, although they appear very
young. The isotopic age information, when used in
conjunction with data on crater densities and
morphologies on many mare surfaces, suggested that
mare lava generation might have been limited to the
period between roughly 3 and 3.7 billion years ago.
The Apollo 14 mission established that the Fra Mauro

ANational Aeronautics
Washington, D.C.

and Space Administration,
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Formation is ejecta from the Imbrium Basin and that
the Imbrium impact, one of the youngest
basin-forming events, occurred about 3.9 billion years
ago. Model ages of lunar soils from all sites indicate
that the Moon originated about 4.5 billion years ago.
The composition of Apollo 12 putative Copernicus
ray material and of Fra Mauro samples indicated
extensive premare igheous differentiation that created
high-alumina basalts of relatively high radioactivity.
Additionally, exotic fragments at all sites indicated
that large regions of the highlands might
be anorthositic.

The foregoing factors led to a consensus that the
prime objective of both Apollo 16 and 17 should be
direct sampling of highlands material that would be
compositionally different from Fra Mauro and mare
fill, and that would provide detail on lunar evolution
before the Imbrium impact, 3.9 billion years ago. A
second high-priority objective was to sample the
youngest widespread lunar volcanmics to determine
whether the lunar heat engine really stopped 3 billion
years ago.

The Apollo 16 site selection discussions
commenced by considering many candidate sites.
After the scientific attributes and the engineering and

operational constraints were considered, two
high-priority highland candidate sites
remained: Alphonsus and Descartes, both

multiple-objective sites in terms of photogeologic
units. The crater wall of Alphonsus was argued to be
made of pre-Imbrium highlands material, and the
dark halo craters on the crater floor were thought to
consist of relatively young postmare volcanic
material, possibly originating at significantly great
depth within the lunar interior. The third sampling
objective at Alphonsus was the crater filling itself,
represented as a type of upland basin fill, and at one
time referred to as Cayley Formation.

Two prime sampling objectives were delineated
for the Descartes site; the upland basin fill, or Cayley
Formation, and the hilly and furrowed unit now
known as the Descartes Formation. Crater densities
and stratigraphic relationships indicate that in some
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regions these formations are slightly clder than the
Imbrium impact, and in other regions, including the
Apollo 16 site, slightly younger. An early (1962)
interpretation by Eggleton and Marshall (ref. 1-1) of
the origin of the Cayley and Descartes Formations
was that they might be of impact origin and related
to the Imbrium impact. However, in most
subsequent, and especially in the recent, astrogeologic
literature (refs. 1-2 to 1-7) and in all site selection
discussions for which a record exists (Group for
Lunar Exploration Planning (GLEP), GLEP Site
Selection Subgroups, Ad Hoc Site Selection
Committees, and the Apollo Site Selection Board),
both the Cayley and Descartes Formations are
overwhelmingly interpreted as volcanic units. More
specifically, the Cayley Formation has been argued to
have a lower iron and higher silica content than mare
basalts because of its higher albedo and more
hummocky terrain, the latter a result of higher
viscosity. The prime reason for arguing the
basalt-flow origin of the Cayley Formation is the
characteristic location as a relatively flat fill in crater
interiors and other topographic lows, The Descartes
Formation, of higher albedo than Cayley, was
thought to represent a more silicous, higher viscosity
extrusive. It was further argued by H. Masursky
before the Site Selection Board that the Apollo 16
site is located on the highest topographic region of
the frontside highlands, indicating that the Descartes
volcanics represent remobilized highiands, and that
analysis of these volcanics would shed light on the
basic process of highland formation.

There was no clear consensus among the scientists
involved in the site selection as to the better site.
Those favoring Descartes argued that the Alphonsus
crater wall might be mantled by Cayley volcanics and
that the Alphonsus floor fill is not typical Cayley. On
the other hand, Alphonsus protagonists felt that
relatively young highland volcanics at Descartes was
not significant when contrasted with more primitive
highlands. When pro and con argumenis were
presented before the Apollo Site Selection Board,
there were no compelling discriminators. Two factors
led the Board to recommend Descartes. First, the
Apollo 14 samples (not yet thoroughly analyzed) and
the samples to come from the Apollo 15 mission to
Hadley-Apennine might yield pre-Imbrian highland
material similar to that sought at Alphonsus. If not,
the opportunity would exist to go to Alphonsus on

Apollo 17. Second, the Cayley and Descartes
Formations cover about 11 percent of the lunar near
side, and, thus, regardless of the details of their
origin, these formations must represent significant
lunar units that should be sampled.

POSTSELECTION STUDIES

Site selection discussions were based on the most
recent photointerpretations available. Because of the
large number of candidate landing sites and
limitations of manpower, the site photogeologic maps
and interpretations have usually been of a preliminary
nature. It is only after the site has been selected that
detailed mapping commences.

The 1:250,000, 1:100,000, and 1:50,000 scale
maps of the Descartes region, prepared for the
mission by Milton and Hodges (ref. 1-2), and Elston
et al. (refs. 1-5 and 1-6), are dominated by volcanic
interpretations for both the Cayley and Descartes
Formations. The emphasis is so strong that aspects of
the morphology, which might argue against a volcanic
interpretation (i.e., the paucity of ridges and flow
front scarps), were interpreted as suggesting ... that
the Cayley may consist of ash-flow deposits rather
than lava beds.” However, evidence that these
interpretations might be incorrect was provided by
Oberbeck (ref. 1-8), who found that the apparent
regolith thickness was less than one would predict
(based upon the number of craters assumed to be of
impact origin} and that the craters appeared more
subdued than expected. Oberbeck’s preferred
interpretation was that a deep regolith that has been
mantled by a deposit indurated after deposition
undetlies the area. However, he suggested that the
mantling deposit might be a welded-ash from the
volcanic terrain (Descartes Mountains) south of the
site. Support for this interpretation can be found in a
study by Head and Goetz (ref. 1-9) who use Orbiter
photography, Apollo 12 multispectral photography,
Earth-based spectrophotometry, and thermat infrared
and radar data in concluding that there has been
Copernican-age volcanism in the Descartes Mountains.

RETROSPECT AND LESSONS LEARNED

The discovery of a large preponderance of
apparent impact breccias at the Apollo 16 site must
be treated with caution; it would be foolhardy to
immediately postulate an impact origin for ail lunar
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units labeled Cayley or Descartes. First, it is not
certain that the Descartes Formation was adequately
sampled. Second, it has long been recognized that the
Cayley is not everywhere morphologically identical
(e.g., Wilhelms, ref. 1-4). Further evidence for the
inhomogeneity of the Cayley comes from the
Apollo 16 orbital X-ray spectrometer results, which
indicate that the Apollo 16 materials are significantly
compositionaily different from what is called Cayley
in the crater Ptolemaeus (Adler et al., ref. 1-10).
Interestingly, the X-ray results are consistent with an
interpretation of the Ptolemaeus Cayley as material
intermediate in composition between low-alumina
mare basalts and the high-alumina terra. Just as
interesting and somewhat ironic are the X-ray data,
confirmed by analysis of returned samples, that
indicate the Apollo 16 site is representative of large
regions. of the type of highlands thought to exist in
the wall of Alphonsus.

The surprising findings at the Apollo 16 landing
site have forced a re-evaluation of the process of
photogeology and site selection. The following are
lessons that have been learned and that should be
considered in any future work.

(1) Care must be taken to separate observation
(basically, what is shown in maps) from
interpretation. Photointerpretation is not foolproof.
Trask and McCauley (ref. 1-7) note that, regarding
the Descartes materials, ‘‘photogeologic
interpretation alone cannot rule out the possibility
that all the hilly and gently undulating terrain belongs
to one or more of the hummocky ejecta blankets
surrounding the large circular basins.”

(2) The art of lunar (and planetary)
photogeology could benefit by using the method of
multiple working hypotheses.

(3) When lacking other definitive data, it is
reasonable to select a site in an extensive morphologic
unit previously unsampled. Although what was found
on the Apollo 16 mission was not expected, the
samples are nevertheless just as, or possibly more,
valuable. Those who predicted a volcanic terrane did
so for good reason; thus, the observations that led to
. the supposition of volcanism must be explained. It is
probable that we will now decipher many previously
unknown characteristics of large impacts and ejecta
mechanics. This information is essential to the future
extrapolation of Apollo results when using

photogeologic techniques.

(4) Tt is highly desirable that detailed site
mapping be done prior to site selection and that
alternate interpretations be examined thoroughly.
Identical interpretations of similar morphologic units
at great distances from each other should be
examined thoroughly and treated with caution.

(5) Compositional data acquired from orbit (and,
in the case of the Moon, from Earth-based
observations) can be an invaluable aid in site
selection. These data enable discrimination among
morphologically similar-looking units that may not be
genetically related.
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2. Mission Description

Richard R. Baldwin®

The successful Apollo 16 manned lunar-landing
mission was the second in a series of three J-type
missions planned for the Apollo Program. These
missions are characterized by a larger scientific
payload, increased hardware capability, and a
battery-powered lunar roving vehicle (Rover). These
additions resulted in benefits to the Apollo 16
mission, such as a mission of 11.1 days, a stay on the
lunar surface of 71 hr, a lunar-surface traverse
distance of. approximately 27 km, and a scientific
instrument module (SIM) containing equipment for
orbital experiments and photographic tasks. Crewmen
were on the lunar surface for 20.2 hr and collected
approximately 96 kg of samples. Figure 2-1 compares
the science payload weight delivered to the lunar
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surface, extravehicular activity (EVA) duration,
lunar-surface distance traversed, and weight of lunar
samples returned to Earth for Apollo 11, 12,14, 15,
and 16.

The landing site for Apollo 16 is in the lunar
highlands north of the crater Descartes shown in
figure 2-2. High-resolution photography of the lunar
surface, obtained on Apolio 14, played an important
part in the selection of this site. The use of this
photography to develop topographic maps and a
three-dimensional model for planning and simulation
of traverse activities is discussed in the appendix to
this section,
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FIGURE 2-1.—Comparison of Apollo missions. (a) Traverse
distance. {b) Time ouiside the LM, (c) Weight of
experimenti equipment landed on the lunar surface. (d)
Weight of lunar samples returned.
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FIGURE 2-2.-Landing site of Apollo lunar-landing missions. Apollo 11 landed in Mare Tranquillitatis on July 20, 1969;
Apollo 12 in Oceanus Proceilarum on November 19, 1969; Apolio 14 in the Fra Mauro highlands on January 31, 1971;
Apollo 15 in the Hadley-Apennines region on July 30, 1971; and Apoclio 16 in the Descartes region on April 21, 1972.

The primary scientific objectives of the mission
were to geologically survey and sample surface
features in a preselected area of the Descartes region,
to emplace and activate surface experiments, and to
conduct inflight experiments and photographic tasks
from lunar orbit. To satisfy these objectives, 10
lunar-surface experiments, 12 lunar-orbital experi-
ments, service module orbital photographic tasks, and

command module photographic tasks were con-
ducted. Specific experiments and photographic tasks
were as follows.

1. Lunar-surface activities
a. Emplaced experiments
(1) Apollo lunar-surface experiments
package (ALSEP)
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(a) Heat flow
(b) Passive seismic
(c) Active seismic
(d) Lunar-surface magnetometer
(2) Solar-wind composition
(3) Far UV camerafspectrograph
(4) Portable magnetometer
(5) Cosmic ray detector
b. Sampling
(1) Lunar geological investigation
(a) Soil and rock samples
(b) Core-tube samples
(¢) Special samples
(d) Drill-core samples
(2) Soil-mechanics experiment
(a) Penetrometer measurements
(b} Trench excavation

2. Lunar-orbital activities
a. Orbital experiments

(1) Gamma-ray spectrometer

(2) X-ray fluorescence

(3) Alpha-particle spectrometer

(4) Mass spectrometer

(5) Bistatic radar

(6) S-band transponder

(7) Subsatellite
(a) Particle shadows/boundary layer
{b) Magnetometer
{c) S-band transponder

(8) Apollo window meteoroid

b. Photographic and support tasks

(1) Ultraviolet photography of Earth and
Moon

(2) Photography of gegenschein from
lunar orbit

(3) Service module orbital photographic
tasks

(4) Command module photographic tasks

{5) Visual observations from lunar orbit

3. Biomedical experiments

a. Microbial response in space environment
(microbial ecology evaluation device
(MEED))

b. Biostack (study of biologic effects of indi-
vidual heavy nuclei of galactic cosmic
radiation)

c. Apollo light flash moving emulsion detec-
tor (ALFMED)

MISSION OPERATIONAL DESCRtPTION

The space vehicle (manned by John W. Young,
commander; Charles M. Duke, lunar module (LM)
pilot; and Thomas K. Mattingly, command module
pilot) was launched on schedule from NASA Ken-
nedy Space Center, Florida, at 11:54:00 a.m. cas.t.
(17:54:00 G.m.t.) on April 16, 1972. The combined
command and service module (CSM), 1M, and SIVB
booster stage were inserted 11 min 56 sec later into
an Earth parking orbit of 90 by 95 n. mi.

The CSM was separated from the SIVB stage at
20:58:20 G.m.t. on April 16. Shortly after separa-
tion, CSM/LM docking and extraction from the SIVB
was accomplished. The SIVB stage was then fired to
impact the lunar surface 118 n. mi. west of the
Apollo 12 site. Impact occurred on April 19 at
21:02:02 G.m.t. Because of an SIVB transponder
failure, the SIVB impacted the lunar surface 74 n. mi.
north-northeast of the Apollo 12 site (approximately
153 n. mi. from the preplanned target point). The
impact was recorded by the passive seismic experi-
ments deployed during the Apollo 12, 14, and 15
missions.

Only midcourse correction (MCC) 2 was required
during translunar coast to reduce the closest approach
to the Moon to 71.4 n. mi. The correction, a
12.5-ftfsec velocity change, occurred at 00:33:01
G.m.t. on April 18. During translunar coast, a
significant CSM navigation problem developed. A
false indication caused the loss of inertial reference.
However, a software program was provided to inhibit
the computer from responding to such indications
during critical operations.

The SIM door was jettisoned at 15:57:00 G.m.t.
on April 19, Lunar-orbit insertion, executed at
20:22:28 G.m.t. on April 19, placed the spacecraft
into a lunar orbit of 170 by 58 n. mi. Two
revolutions later, the orbit was lowered to 58 by 11
n. mi. After 18 hr in this low orbit, the scheduled
CSM 60-n. mi. circular-orbit maneuver and subse-
quent LM descent were delayed approximately 5-3/4
hr because of a propulsion system problem in the
CSM.

The commander and lunar module pilot entered
the EM at 15:24:00 G.m.t. on April 20 to prepare for
descent to the lunar surface. During activation of the
LM systems, the S-band steerable antenna was found
to be inoperative in the yaw plane; the omnidirec-
tional antennas were therefore used for most of the
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remaining lunar operations. Also, a pressure-
regulation problem in the LM reaction control system
was discovered; however, the condition had no
significant effect on the mission.

LUNAR-SURFACE ACTIVITIES

The LM descent proceeded normally, and the
spacecraft landed approximately 230 m northwest of
the planned landing site at 2:23:36 G.m.t. on April
21. The best estimate of lunar-surface position is
8°59'34" S latitude and 15°30'47" E longitude,
referenced to the Lunar Topographic Photomap of
Descartes, First Edition, January 1972 (published by
the US. Army Topographic Command). The Apollo
16 landing site, in relation to those for Apollo 11,12,
14, and 15, is shown in figure 2-1. The lunar-surface
activity was rescheduled because of the delayed
landing, and the surface stay began with an 8-hr rest
period.

The first lunar-surface EVA began at 16:47:38
G.m.t. on April 21; the commander stepped onto the
lunar surface at 16:58:00 G.m.t. Television coverage
of the EVA was delayed 1 hr by the loss of the LM
steerable antenna. The quality of the television image
was excellent when the high-gain antenna on the
Rover was available. The U.S. flag was deployed and
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ALSEP preparation began approximately 1-1/2 hr
after the start of the first EVA, The relative location
of ALSEP experiments is shown in figure 2-3. At 1 hr
45 min after the start of the first EVA, the cosmic
ray experiment was activated. The ALSEP radioiso-
tope thermoelectric generator (RTG) was deployed,
the central station erected, and the antenna alined,
The passive seismic experiment was deployed as
planned and deployment of the lunar-surface magne-
tometer was successful. After drilling the first heat-
probe hole and emplacing the probe for the heat-flow
experiment, the cable connecting the heat-flow ¢lec-
tropics package to the central station was inadvert-
ently pulled loose from the connector on the central
station when one of the astronauts caught his foot in
the loose cable. While the astronaut wears a pressure
suit, his sense of feel is greatly degraded. The
connection has been strengthened on this experiment
for the Apollo 17 mission and should not fail even
under an excessive force. The separation of the cable
from the central station did, however, render the
experiment useless. Drilling of the second planned
heat-probe hole for the experiment was therefore
eliminated. The third planned drill operation was
performed and the 2.6-m drill core stem was retrieved
from the hole. The active seismic experiment (ASE)
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FIGURE 2-3.-Deployment of the Apollo 16 ALSEP, showing the relative locations of the central

station, RTG, and the four experiments.
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was deployed during the fourth hour of the first
EVA. All 19 thumpers (explosive charges to provide
known seismic stimuli) were successfully fired by
the commander.

Deployment of the ASE mortar package was
successful, although only three of the four legs for
the package could be emplaced. On May 23, 1972,
the mortar package sequentially launched, upon
command from Earth, three of four explosive gre-
nades which detonated upon impact and provided
additional artificial seismic sources for the experi-
ment, After firing the third grenade, the pitch-angle
sensor on the mortar package went off scale in a high
direction. Consequently, the pitch position of the
mortar package is uncertain and firing of the fourth
grenade has been deferred.

The far UV camerafspecirograph was deployed in
the shadow of the LM by the commander and
repointed by him at 10 other times: three during the
first EVA, four during the second EVA, and three
during the third EVA, The film was retrieved and
stowed in the LM at the end of the third EVA.

At Flag Crater, the first geological sampling site,
the crew explored the crater, collected samples, and
made observations of the ray material from South
Ray Crater. The second sampling site was Spook
Crater where, in addition to collecting samples, the
crew photographed distant targets using the Hassel-
blad electric data camera equipped with the 500-mm
lens and obtained magnetic field measurements with
the lunar portable magnetometer. Near the end of the
first EVA (6 hr 15 min), the solar-wind-composition
experiment foil was deployed.

During the last part of the first EVA, the cosmic
ray detector was moved from its location on the LM
descent stage and placed in the shadow of the LM
because the experiment had experienced, or was
experiencing, excessively high temperatures.

During the second EVA, the planned traverse was
made to the south to reach the Cinco Crater area of
Stone Mountain. At this site, station 4, geologic
investigations were continued and soil-mechanics pen-
etrometer readings were made. At station 5, midway
down the slope of Stone Mountain, samples were
collected and another magnetometer reading was
made. Near the base of the mountain at station 6,
samples were taken from numerous boulders in the
vicinity. Station 7, also at the mountain base, was
eliminated and the time was apportioned to the other

stops. Two samples of the topmost lunar-surface layer
were collected on special adhesive plates. The chemis-
try of these samples will be compared to that of the
underlying soil. A core sample. was collected and
sealed in a vacuum container to provide a pristine
sample for future analyses. Because the remaining
time was insufficient for all the planned activities at
the LM (station 10), digging of the soil-mechanics
trench was deleted. Soil-mechanics penetrometer
readings were made.

As a result of the delayed lunar landing, the time
for the third EVA was reduced to 5 hr. Activities at
stations 11 and 12 on the southeast rim of North Ray
Crater included far-field polarimetric photography,
500-mm photography of the opposite wall, and
sampling. Because of time limitations, near-field
polarimetric photography was not performed. Sam-
ples were obtained in the vicinity of House Rock,
which is the largest boulder that has been closely
observed and sampled on the lunar surface. Samples
were collected and a magnetometer measurement was
made at station 13 at the base of Smoky Mountain.
Two samples were placed in specia! padded bags to
reduce abrasion of the sample surfaces. Because
stations 15, 16, and 17 were deleted from the
abridged time line, two magnetometer measurements
were made near the final parking place of the Rover,
50 m east of the LM. For one of these measurements,
a lunar rock sample was placed on top of the
magnetometer sensor head in order to obtain data on
the residual magnetism of undisturbed lunar samples.
Near the end of the third EVA, the cosmic ray
detector experiment, the solar-wind-composition foil,
and the rock used in the residual magnetism measure-
ment were retrieved for return to Earth.

Lift-off of the LM ascent siage occurred at
1:25:48 G.m.t. on April 24. Lift-off and ascent
coverage by the ground-commanded television
mounted on the Rover was excellent. The ascent
stage was inserted into a 40.2- by 7.9-n. mi. orbit. At
insertion, the range between the two spacecraft was
too small, and a small burn by the 1L.M was initiated at
1:36:18 G.m.t. 1o give the proper separation for the
planned rendezvous. The LM burn of 3.1 sec was
executed on time at 2:20:53 G.m.t. with a nominal
velocity change of 78 fifsec and a resultant orbit for
rendezvous of 64.2 by 40.1 n. mi. The CSM and LM
were docked at 3:35:23 G.m.t. The LM ascent stage,
jettisoned at 20:54:12 G.m.t., had been targeted to
impact near the Apollo 16 site; however, this impact
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was not possible because of a loss of attitude control.
The estimated orbital life of the LM ascent stage is
about 1 yr.

INFLIGHT EXPERtMENTS
AND PHOTOGRAPHIC TASKS

Inflight experiments and photographic tasks were
performed in Earth orbit and lunar orbit and during
translunar coast and transearth coast. Camera equip-
ment needed to satisfy requirements of the UV
photography of the Earth and Moon, of gegenschein
from lunar orbit, and of the command module
photographic tasks was stowed in the command
module. Additional science equipment was housed in
the SIM bay. This equipment (fig. 2-4) included the
gamma-ray spectrometer, X-ray fluorescence spec-
trometer, alpha-particle spectrometer, mass specirom-
eter, subsatellite, panoramic camera, mapping camera,
and laser altimeter. Existing S-band and VHF commu-
nications systems were used for the bistatic radar and
S-band transponder experiments. Operational periods
for these experiments and tasks are shown in figure
2-5; the groundtrack envelope of the orbiting space-
craft is shown in figure 2-6.

Inflight science activities were begun when the
SIM door was jettisoned at 15:57:00 G.m.t. on
April 19 and terminated about 5 hr before splash-
down. During this 193-hr interval, the following tasks
were accomplished for areas overflown: photography
of most of the lunar area in sunlight; geochemical
mapping of the lunar surface; determination of the
geometric shape of the Moon; a visual geological
survey of various lunar regions in sunlight; investiga-
tion of lunar-atmosphere compaosition; and astronom-
ical surveys for gamma-ray and X-ray galactic sources,
as well as detailed observations of two known galactic
X-ray sources.

Gamma-ray data were obtained for 55 hr during
transearth coast and 121 hr in lunar orbit. Of the 121
hr of data collected in lunar orbit, 50 hr of data were
prime data (extended boom and closed mapping-
camera cover), 32 hr of dala were degraded (open
mapping-camera cover), and 39 hr of data were
dominated by radiation from the plutonium-fuel
capsule in the RTG mounted on the LM. During SIM
experiment operations, the gamma-ray spectrometer
boom mechanism stalled and would net fully retract
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for three of five retractions. The boom mechanism
always retracted to within the envelope for safe firing

of the service propulsion engine.
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FIGURE 2-4,-Scientific equipment, including orbital experi-
ment instruments and photographic equipment, located in
the SIM of the service module. (a) Drawing of the SIM
bay, (b) Deployed subsatellite configuration.

The X-ray fluorescence data were collected for a
total of 122 hr, 26 hr during transearth coast and
96 hr in lunar orbit (64 hr of prime data and 32 hr
with the LM attached to the CSM).
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Alpha-particle data were collected for a total of
177 hr, 55 hr durdng transearth coast (background
data) and 122 hr in lunar orbit (81 hr of prime data
and 41 hr with the LM attached to the CSM).

Mass spectrometer data were collected for a total
of 94 hr in lunar orbit, all of which were prime data.
Approximately 76 hr of data were obtained with the
CSM flying with the experiment opening forward,
and about 18 hr of data were obtained with the CSM
flying with the experiment opening rearward. During
SIM experiment operations, the mass spectrometer
boom mechanism stalled and would not fully retract.
The mechanism always retracted to within the enve-
lope for safe firing of the service propulsion ¢ngine
except for the retraction before transearth injection.
At that time, the mechanism stalled two-thirds
extended (approximately 5 m) and would neither
extend nor retract. The boom mechanism and experi-
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ment were jettisoned before the transearth injection
maneuver, consequently, no data were collected
during transearth coast.

During lunar orbit, bistatic radar data were
acquired during one duai-frequency and four VHF
passes. The S-band signals were received by the 64-m
diameter antenna at Goldstone, California, and VHF
signals were received by the 46-m diameter antenna at
Stanford University, California. Dual S-band/VHF
bistatic radar observations were conducted during
lunar revolution 40. Although the S-band signals were
strong, the VHF signals were weak throughout
the pass.

The quality of the S-band transponder data is
excellent, and many new lunar features can be
resolved. The amplitudes are not as large as those
recorded during the Apollo 15 mission, because the
trajectory path was not over any mascon areas.

Revolution
iTranslunar injection
+Docking

Lft-oft |
& AAACSMILM ejection

MCC-2
Mission event A
Gamma-ray spectrometer
Bistatic radar
Command module photographic tasks
UV photography ] | . |
Gegenschein
Visual ebservations
Mapping camera
Panoramic camera
Laser altimeter
Mass-spectrometer outgas
Mass spectrometer
X-ray Hluarescence
Alpha-particle spectrometer

=3
no
e

GET
G.m.t.
Date

30

06:00  24:00

52

24:00 12:00

1 2 3 4 5 6 8 9
Lunar-orbit * :Descent-orbit

S$1M door :
insertion i insertion
A A

jettison
A
——

1l|l|I|“I|'l|I1I1|

8 82 8 B 9% 92 94
06:00 12:00

PR T O T I N
54 6 &8 W o r’” 18 % 718
18:00 24:00

9%
13:.00

—April 16— April 17

1~ April 18+

April 19 + April 20

Revolution 13 14 15
» Undocking and

separation Y
A

6 17 18 B X

Circularization
.-Lunar |anding
A

Mission event

Gamma-ray spectrometer
Bistatic radar

Command module photegraphic tasks
UV photography
Gegenschein

Visual observations
Mapping camera

Panoramic camera

Laser altimeter
Mass-spectrometer guigas
Mass spectrometer

X-ray fluorescence
Alpha-particle spectrometer

i
]

'Y

21

2 2 36 37 038 ¥ o a4

EVA-2

rlil
96 98

SO 60 T T T N Y Y 9 0 AN P O N Y
GET 100 102 104 106 108 N0 112 14 16 118 120 1227 126 126 128 130 132142 144 146 148 150 152 154
G.m.t. 18:00 24:00 06:00 12:00 18:00 24:00 06:00  18:00 24:00
Date = April 20 + April 21 + April 22 t ?

FIGURE 2-5.—Major mission events and data-collection periods correlated to G.m.t. and ground

elapsed time (GET).



2-8 APOLLO 16 PRELIMINARY SCIENCE REPORT
Revolution 2 85 & 47 48 4 50 51 52 53 54 55 5% 51 S8 59 60 61 62 63 64 5
Lunar Subsatellite

EVA-3 lift-off launch Tramsearth
Mission event | A aDocking LM jettisona A & injection
Gamma-ray spectrometer " ] |
Bistatic radar
Command module photographic tasks s » 1
UV photagraphy Note: °As a resul of the decision to land 24 hr earlier than planned, the mission

Gegenschein

Visual observations
Mapping camera

Panoramic camera

Laser altimeter
Mass-spectrometer outgas
Mass speclrometer

X-ray fluorescence
Atpha-particle spectrometer

ST U Y T U IR SN O O 0 S T Y T 0 IS 0 AP

clock was adjusted from 202:30 GEY to 226:30. Therefore, all GET times
shown after 226:30 are 24 hr in advance of actual elapsed time..,

<

-, w
.
- ..

226:30°

GET no 12

G.m.1.

154 156

06:00

158162 164 166 168
12:00 18:00

174
24:00

176 178 180

06:00

186 192
12:00 18:00

182 184 18 1% 194 196 198 200 202 228 236

Date : April 23

April 24 t

Rewolution

MCC-5a
—

Mission event

Gamma-ray spectrometer
Bistatic radar

Command module photographic tasks
UV photography
Gegenschein

Visual observations
Mapping camera

Panoramic camera

Laser altimeter
Mass-spectrometer outgas
Mass spectrometer

X-ray flourescence
Alpha-particte spectrometer

A Transearth EVA and MEED

Lo v b b b b by b by Ly s |

Splashdown
Entry interface, ™
Command module/service madule separation. ™,

MCC-TA N

TN I T I O O O I

GET 23 238 240 242 24 246 A48 250 252 264 266 268 270 272 N4 276 218 280 282 284 28 288 290 292 294
G.m.t. 1500 06:00  1%00 24:00 06:00 12:00 1800 24.00
Date April 25 -‘ April 26 + April 27 t

FIGURE 2-5.—Concluded.

At 22:07:00 G.m.t. on April 24, the subsatellite
was launched. The subsatellite was the host carrier for
an S-band transponder experiment, a particle
shadows/boundary layer experiment, and a magne-
tometer experiment, which were to be conducted for
a 1-yr period. The short lifetime of the subsatellite
(425 revolutions before it impacted the Moon on May
29) resulted from a decision not to perform the
required orbit change before jettisoning the subsatel-
lite. The maneuver was not performed to avoid firing
the main engine any more than absolutely necessary
due to the degraded backup thrust vector control of
the main engine.

The Apollo window meteoroid experiment was a
passive experiment and required no crew activities.
The command module window has been retrieved.

Panoramic-camera photography was obtained dur-
ing portions of eight revolutions and after transearth

injection, including one sequence over the landing site
with the camera axis inclined 10° forward. The initial
sequence of the camera was terminated after only
four frames, because of a spacecraft undervoltage
indication. Subsequent operation of the panoramic
camera was nominal with the exception of the
automatic exposure sensor, which displayed consist-
ently low values of illumination. The resulting over-
exposure (one to two stops in regions away from the
terminator) was substantially compensated during the
development of the panoramic film.

Vertical mapping-camera photography was ob-
tained during 13 revolutions and after transearth
injection. Oblique photography was obtained during
five revolutions. Operational anomalies occurred in
the mapping-camera deployment mechanism. The
first mapping-camera extension was normal, but the
retraction required more time than was expected. The
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FIGURE 2-6.-Lunar-surface groundtrack envelope of the Apollo 16 orbiting spacecraft for
revolutions 1 to 65. Areas of additional data coverage outside the envelope are determined by the
fields of view of experiment instruments and photographic cameras. (a) Near side.

second and third extensions and retractions required
about 3 min, but both the fourth and fifth retractions
were normal at 1 min 18 sec. .
The laser altimeter performed normally during the
first operating period of 41 min during lunar revolu-
tions 3 and 4. Evidence of laser degradation began to
appear early in the second operating period. During

the last scheduled operating period (revolution 63),
taser output degraded to the point that no further
altitude data were obtained.

Ultraviolet photographs of the Earth and Moon
were taken during transhinar coast, lunar orbit, and
transearth coast as planned, using the 70-mm camera
configured with a UV lens and filter. The panes of
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FIGURE 2-6.—Concluded. (b) Far side.

command module window S, selected for the experi-
ment, were replaced with panes that transmit a higher
fraction of incident UV radiation.

The experiment to determine microbial response .

in space environment was successfully conducted
during the transearth EVA. The experiment was

exposed for 10 min. After completion of the experi-

ment, difficulty was experienced in latching the
experiment cover.

The biostack experiment was a passive experiment
and did not require any crew activities. The experi-
ment was recovered after mission completion.
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APPENDIX

TOPOGRAPHIC MAPPING OF THE
APOLLO 16 LANDING SITE

By Robert O. Hill% and Merritt J. Bender?

The lack of Lunar Orbiter stereoscopic photog-
raphy from which the basic positional and topog-
raphic information could be derived presented some
problems on the premission science planning for the
Apollo 16 landing site in the lunar highlands north of
Descartes Crater. In an attempt to obtain adequate
high-resolution stereoscopic photography of the
Descartes area, several passes during the Apollo 14
mission had been planned to photograph the area
with the 18-in. lunar terrain camera (LTC). On the
first photographic pass, the LTC malfunctioned
before the prime target area was reached, and the
camera was not usable for the rest of the mission. The
alternate plan for obtaining high-resolution photog-
raphy was to use a Hasselblad camera with a 500-mm
lens. Because of the narrow field of view (approxi-
mately 6° across the field) of the camera, a technique
for obtaining convergent photography was employed
(fig. 2-7).

Three separate photographic passes were made
over the site using this convergent technique. The
timing interval between exposures on these passes was
5 sec. In addition, a pass of vertical photography was
obtained using the 80-mm Hasselblad (with a field of
view of 38” across the field and fitted with a reseau)
and 60-percent forward overlap. This camera was
bracket-mounted and triggered by a 20-sec inter-
valometer, The normal Apollo landmark tracking
procedure was also used to establish the position of a
crater in the immediate area of the potential landing
site and the position of a second landmark 125 km
east of the first landmark. Using these two landmarks
for scale and orientation, in conjunction with the
spacecraft ephemeris and attitude data, an analytical
triangulation was performed with 12 of the 80-mm
Hasselblad photographs.

The two tracked landmarks, along with an array
of points in a standard five-square-point pattern, were
identified, marked, and transferred using a multiscale

ANASA Manned Spacecraft Center.

FIGURE 2-7.—Technique used for obtaining convergent
photography.

point transfer instrument. The photographic coor-
dinates of the points were measured on a monoscopic
comparator. In addition to the control poinis and
pass points, the reseau points contained in a glass
plate near the focal plane of the Hasselblad and
imaged on each frame of photography by scene light
were also measured. The reseaus were used to define
the origin of the photographic coordinate system and
to remove film distortions incurred primarily because
of the lack of a film-flattening device in the camera.

The data reduction of the photocoordinates was
processed in the Lunar Orbiter Strip Analytical
Triangulation Program, which was run on a computer
at the Manned Spacecraft Center (MSC). Initial
estimates for the orientation parameters for each
exposure station were derived from spacecraft posi-
tion and attitude data. The two ground control
points, established by optical tracking from the
command module on separate passes, are also com-
pletely dependent on spacecraft trajectory and
aftitude data. Thus, because of uncerfainties in
spacecraft position, certain incompatibilities existed
between the photographic pass and the landmark
tracking pass. The decision was made to hold to the
landmarks and to allow the exposure stations to
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adjust. Using these techniques, the adjustment con-
verged satisfactorily to provide a control network to
support subsequent map compilation.

This network of points was used to orient a model
of the 80-mm photography on the AS-11-Al ana-
lytical stereoplotter. Coordinates were read from the
model for points identifiable on the 500-mm photog-
raphy, and the 500-mm convergent model was then
set to this control. The convergent angle for the pair
selected for compilation was approximately 38°. The
absolute orientation computation on the AS-11-Al
resulted in a model with mean Y-parallax at 11
control points of 22 um. Radial distortion was
compensated in the AS-11-Al according to the
distortion model established through preflight cali-
bration of the camera using stellar photography and
stellar reduction software. Corrections were also
employed for lunar curvature.

One of the major uses of the topographic com-
pilation was fo generate a three-dimensional model
for the lunar landing simulator. Therefore, it was
more important to portray the general landforms and
to describe the shapes of individual features than to
meet some preestablished accuracy criteria for
contour data. The contour or form line interval was
pushed to an absolute mintmum, resulting in a
1:15,000-scale compilation with a vertical interval of
10 m. Crater overlays, outlining features too shallow
to be described with the 10-m interval, were also
constructed at the same scale.

The compilation manuscript and crater overlay
were shipped to the U.S. Army Topographic Com-
mand (TOPOCOM) in Washington, D.C., where the
simulator relief model was cut at a scale of 1:2000.
An independent triangulation and compilation of the
site area was also done by TOPOCOM. The MSC and
TOPOCOM map compilations were compared, and, in
areas where disagreements were evident, a check was
made on the stereo instrument to attempt to resolve
the differences. In addition to the simulator relief
model at 1:2000 scale, a plastic relief model at
1:12,500 scale was published for the immediate site
areq.

The TOPOCOM published a 1:25,000-scale map
of the Apollo 16 landing site area. The graticule
plotted on the map represented the Apollo coor-
dinate system, because the absolute values for longi-
tude, latitude, and radius were established by orbital
positions derived from Apollo tracking data. These
data were processed in the Apollo orbit determi-

nation programs, using the same libration and gravity
models as were used for the operational Apollo data.
Thus, the position and radius for features on the map,
including the landing site and landmarks (easily
identifiable craters), were used directly for providing
coordinates for trajectory targeting, for determining
offsets from landmarks to the landing site, for
deriving terrain profiles along the approach path, and
for deriving other topographic and positional data in
direct support of the mission.

The Apollo 16 spacecraft landed approximately
250 m from the selected target point (fig. 2-8). The
surface activity progressed remarkably well, con-
sidering the quality of the premission photography,
and relatively few topographic surprises were encoun-
tered. The success of the mission again demonstrated
(as with Apollo 14) the value of “nonmetric”
photography in the photogrammetric process, espe-
cially when supported by information such as orbit-
ally derived positions for the exposure stations,
accompanied by approximate orientation data.
Instruments used to process these data have proved
valuable in giving the Apollo Program flexibility to
visit locations whose scientific merit became more
evident as the program progressed.

FIGURE 2-8.—Photograph iaken with the 500-mm Has-
selblad camera showing the Apollo 16 Descartes landing
site.
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The exploration of the Descartes region by the
Apollo 16 crewmen provides the best look at lunar
highlands. As a result, many theories concerning lunar
geologic structure and processes will be improved
greatly. Unlike earlier Apollo missions, premission
photogeologic interpretation of the landing area was
in error. Far from diminishing the mission, however,
discovery of the unexpected enhanced the scientific
impact. The surprise at Descartes was the state of the
rocks, not their composition. That is, breccias rather
than volcanics were dominant. The compositions are
near those of anorthositic gabbro and pgabbroic
anorthosite. This composition is consistent with the
hypothesis that highlands are an early differentiate of
a primitive lunar mantle. Aluminum-to-silicon (Al/Si)
and magnesium-to-silicon (Mg/Si) ratios, as deter-
mined by the orbiting X-ray fluorescence experiment,
indicate that the Descartes area differs composition-
ally from previous Apollo sites and that its chemical
characteristics are representative of large regions of
the lunar highlands. Thus, lessons learned at Descartes
will support new generalizations potentially appli-
cable to much of the lunar surface.

Although the dramatic phase of the Apollo 16
mission ended with the splashdown, the scientific
adventure will continue for many years. This report
presents the first fruits of the mission; and, inevi-
tably, a number of its conclusions will be short lived.
Few disciplines are as dynamic as the lunar sciences.

GEOLOGY EXPERIMENT

The two morphologically distinct units at the
Apollo 16 site are the highland plains-forming unit,
called the Cayley Formation, and the ridges and
mountains of the Descartes highlands. The Cayley
Formation was sampied extensively at nine stations
spread over 7 km in a north-south direction. The goal
was to construct a vertical section and lateral varia-
tion of the Cayley Formation based on samples from

ANASA Manned Spacecraft Center; now with U.S. Geo-
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the rims of various-sized craters. Before the mission,
the Cayley Formation was thought to be a sequence
of lava flows interbedded with ancient regoliths.
Instead, the Cayley Formation is composed domi-
nantly of four types of heterogeneous fragmental
rocks or breccias, Although the relative proportions
of the four breccias varied over the traverse area, no
basic differences in the rock assemblages were seen.
Based on the sample distribution and Apollo 16
panoramic camera photographs of South Ray and
Baby Ray Craters, the only stratification exhibited by
the Cayley Formation is a crude, horizontal layering
of alternating light and dark breccia units.

The Cayley Formation appears to be a thick (at
least 200 m, possibly more than 300 m), crudely
stratified debris unit, the components of which are
derived from plutonic anorthosites and feldspathic
gabbros and from metamorphic rocks of similar
composition, The Cayley Formation has an elemental
composition similar to that observed over large
regions of the lunar highlands by the orbital X-ray
experiments of the Apollo15 and 16 missions
(ref. 3-1 and sec. 19 of this report). The observed
textures and structures of the breccias resemble those
of impact breccias. The observed textures and struc-
tures of the breccias do not resemble those of
volcanic rocks, nor do the plutonic or metamorphic
source rocks of the breccias have the textures or
compositions of terrestrial or previously sampled
lunar volcanic rock.

Stations 4 and 5 on the northern flank of Stone
Mountain were selected as sampling locales for the
Descartes highlands. However, the documented sam-
ples and the soils collected on Stone Mountain are
indistinguishable from those collected on the Cayley
Plains. This similarity may be caused by a heavy
mantle of ejecta from South Ray Crater. If so, the
cores taken at station 4 and the rake samples col-
lected from the inner slopes of small craters at
stations 4 and 5 may contain unique Descartes
highland material. However, the upper layers of the
Descartes highlands may be lithologically identical to
the bulk of the Cayley Formation.
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Although caution dictates that a volcanic origin
for the Cayley Formation not be eliminated as a
possibility, all the evidence of the preliminary anal-
ysis argues against it. Several alternate hypotheses are
suggested by the geology team and by various authors
of the photogeologic sections contained in this
report. The dominant theme is deposition of debris
from combinations of the ejecta from the Imbrium
and Nectaris Basins.

PRELIMINARY SAMPLE ANALYSIS

A preliminary characterization of the rocks and
soils returned from the Apollo 16 site has substan-
tiated most of the widely held inferences that the
lunar terra is commonly underlain by plagioclase-rich
or anorthositic rocks. The texturally complex rocks
exhibit cataclastic textures with intergrowths of
shock-induced glass, of devitrified glass, or of relict
preexisting clasts that indicate a multistage history. In
contrast to the complexity of the fabric, the chemical
characteristics of the rocks and soils were compara-
tively simple. The dominant chemical feature is the
high abundance of aluminum and calcium. In a
number of rocks, the absclute and relative abun-
dances of these elements approach those of pure
calcic plagioclase. Each Apollo 16 rock falls into one
of three groups, based on its alumina (Al,04)
content. Rocks in the first group are nearly pure
plagioclase and can be called cataclastic anorthosites.
The second group, characterized by Al,05 contents
of between 26 and 29 percent, consists of several
breccias, two crystalline rocks, and all seil samples.
The third group, all metamorphosed igneous rocks,
has Al, 05 contents below 26 percent. Many samples
in this third group are similar chemically to the
basalts that are rich in potassium, rare-Earth ele-
ments, and phosphorus (KREEP) found at- the
Apollo 12, 14, and 15 sites. With a few qualifications,
the chemistry of the Apollo 16 rocks can be ac-
counted for by a rather simple geologic model
consisting of a large ignecus complex that is variably
enriched in plagioclase and is intruded by a trace-
element-rich liquid after its formation. .

In addition to normal rock and soil samples, many
special samples were collected. A few of the investiga-
tions based on these samples will be the study of
small-scale stratigraphy in the regolith; the study of
the interaction of solar wind and cosmic rays with the
lunar surface; and the study of special processes such

as erosion by micrometeorites, mobility of volatile
elements, and darkening with time of freshly exposed
lunar soil. Essentially all planned special samples
were collected.

Lunar samples exhibit two components of rem-
anent magnetism: (1) a “hard” component that can
be erased only at temperatures near the Curie point
of the sample and (2) a *“soft” component, most of
which can be lost by degaussing in a weak magnetic
field. The implication of the hard component is that
the sample cooled from a temperature above 850° C
in the presence of a strong magnetic field. This
hypothesis places stringent requirements on the early
history of the Moon. Either the Moon once generated
an internal field, or the Moon was once located near a
strong . external field. The soft component might
reflect the lunar magnetic environment from the time
the rock cooled to the present. An alternate hypoth-
esis was that the soft component was largely an
artifact of handling by the astronauts and of traveling
in magnetically dirty spacecraft. The results of several
tests, one involving a controlled sample sent on the
Apollo 16 mission, indicate that much of the soft
remanent magnetism in lunar samples was acquired
from magnetic fields within the spacecraft.

SOIL MECHANICS EXPERIMENT

The mechanical properties of lunar regolith are
governed by the distribution of grain sizes, by the
angularity of the grains, and by packing density or
porosity. The distribution of grain sizes for the soil
samples from Descartes lies near the coarse boundary
of a composite distribution composed of soils from
all previous sites. Statisiical analysis of bootprint
depths indicates that the near-surface porosities at the
Apollo 16 landing site were slightly higher than the
average of those of the four previous missions,
45 percent compared with 43.3 percent. The average
porosity on crater rims was 46.1 percent. The resist-
ance to penetration measured with the self-recording
penetrometer is highly variable on both regional and
local (points as close as 1 m) scales. As a result, no
general conclusion is possible concerning whether the
soil on slopes is weaker or stronger than that on flat
areas. However, the pattern of resistance as a function
of depth correlates well with the stratigraphy ob-
served in X-radiographs of the core tubes, and
stratigraphic profiles of the lunar surface have been
determined for the first time. The density and density
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distribution in the 2.6-mi core at Descartes differed
significantly from those in the deep core taken at
Hadley. The Apollo 16 densities were lower (by
approximately 0.2 g/cm3). The densities increased
smoothly with depth. The density of the Apollo 15
deep core varied erratically with depth. The soils at
the two locations must have experienced distinctly
different histories.

PASSIVE SEISMIC EXPERIMENT

The activation of the Apollo 16 passive seismom-
eter resulted in a four-station seismic network on the
near side of the Moon. Because of a fortuitous
impedance match between the Apollo 16 seismom-
eter, the local regolith, and the underlying lunar
crust, the seismic station at Descartes is an order of
magnitude more sensitive than stations on the maria
(Apollo 12 and 15) and five times more sensitive than
the station at the Fra Mauro site (Apollo 14). The
Apollo 16 seismometer is detecting moonquakes at
the rate of 10 000/yr. One quake was the result of
the largest meteoroid impact yet recorded. The event
occurred 145 km north of the Apotllo 14 station. The
resulting seismic waves were well recorded at all four
stations of the seismic network. Analysis of this single
event has greatly improved the concept of the
structure beneath the lunar crust. Measured seismic
velocities are close to those expected for gabbroic
anorthosites, which predominate in the highlands of
the Descartes site. Analysis of data from the lunar
orbiting X-ray fluorescence experiment suggests that
this rock type is representative of the lunar highlands
on a global scale. The combination of velocity
information with laboratory data from returned
samples suggests the following conclusions.

(1) The lunar crust in the highlands is approxi-
mately 60 km thick.

(2) The lunar crust in the highlands consists
primarily of gabbroic anéd anorthositic material.

(3) The maria were formed by the excavation of
the initial crust by meteoroid impacts and subsequent
flooding by basaltic material.

(4) From seismic evidence, the basalt layer in the
southeastern portion of Oceanus Procellarum may be
25 km thick, which is comparable to the thickness
inferred for mascon maria.

The seismic velocities below the crust and to the
maximum depth that was investigated (approximately

120 km) are roughly equivalent to velocities observed
in the upper mantle of the Earth.

Although the Moon is seismically active, the total
energy released is many orders of magnitude below
that of the Earth. All seismic sources of internal
origin are, apparently, discrete and are located below
the tunar crust. Twenty-two source locations have
been identified. In the five source regions in which
focal depths have been deiermined, all quakes oc-
curred in the range from 800 to 1000 km. The
occurrence of these quakes correlates with maximum
lunar tides. Either they represent a release of tidal
energy or the tides trigger the release of intemally
generated stresses.

A new model for the meteoroid flux that is
consistent with the seismically observed frequency of
meteoroid impacts is proposed. This new flux esti-
mate is from one to three orders of magnitude lower
than models derived from photographic measure-
ments of luminous trails striking the atmosphere of
the Earth.

ACTIVE SEISMIC EXPERIMENT

The objective of the Apollo 16 active seismic ex-
periment was to determine the local structure of the
regolith and of the shallow lunar crust. The near-
surface, compressional-wave velocity at the Descartes
site was 114 m/fsec; this value can be compared
to 104, 108, and 92 m/fsec at the Apollo 12, 14, and
15 sites, respectively. A refracting horizon at 12.2 m
may be the base of the regolith. The velocity below
this depth was 250 m/sec. A crustal velocity of
250 m/sec is comparable to the 299-m/sec velocity
observed in the Fra Mauro breccias and is incompati-
ble with the velocity of 800 m/sec or more expected
for competent lava flows. This finding, along with the
prevalence of breccias in the returned samples, argues
that the Cayley Formation is composed of
low-velocity brecciated material and impact-derived
debris. Preliminary analysis indicates that this
brecciated zone is more than 70 m thick.

LUNAR SURFACE
MAGNETOMETER EXPERIMENT

The activation of the Apollo 16 lunar surface mag-
netometer resulted in a network of three active mag-
netic observatories on the lunar surface. The objective
of this network is to observe the global response of
the Moon to variations in the magnetic field carried
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by the solar wind. Variations in the solar wind mag-
netic field generate eddy currents within the Moon.
These currents create a magnetic field that suppresses
the change in the total field observed on the surface
of the Moon, and the character of this suppression
can be related to the electrical conductivity of the lu-
nar interior. Because this electrical conductivity is
dominantly a function of temperature, these tempo-
ral studies of the magnetic field can be used to infer
temperature distributions for the lunar interior. For
the model of a peridotite Moon, preliminary analysis
indicated a temperature profile that rises sharply to
850° to 1050° K at a depth of approximately 90 ki,
then increases gradually to 1200° to 1500° K at ap-
proximately 1000 km, and may be above 1500° K at
greater depths. Greater detail as well as a comparison
of the response of the Moon under maria (Apollo 12),
under the edge of a large basin (Apollo 15), and un-
der highlands {Apollo 16) should be possible as more
data are received.

LUNAR PORTABLE MAGNETOMETER

The lunar portable magnetometer was used at four
sites along the traverse route. These measurements
and the magnetic measurement by the lunar surface
magnetometer yield a total of five spatial measure-
ments at Descartes. The remanent magnetic field was
the largest yet observed on the Moon. Its strength was
180 gammas near Spook Crater, 125 gammas on
Stone Mountain, and 313 gammas at station 13 near
North Ray Crater. Not only were the field strengths
higher at Descartes than at other Apollo sites, the
gradients were significantly greater: 370 gammas/km
maximum observed at Descartes compared to less
than 133 gammas/km (resolution limit of the lunar

surface magnetometer) at the Apollo 12 and 15 sites
and a measured 54 gammas/km at the Apollo 14 site.

FAR UV CAMERA/SPECTROGRAPH
EXPERIMENT

The far UV camerafspectrograph was operated
from the lunar surface for the first time on Apollo
16. The instrument was sensitive to light in the 50- to
160-nm range and “blind” to ordinary visible light.
The experiment was completely successful in that the
experiment team obtained 178 photographic frames
of far UV data on the airglow and polar auroral zones
of the Earth and the geocorona; on over 550 stars,

nebulae, or galaxies; and on the nearest external gal-
axy, the Large Magellanic Cloud. The detailed anal-
ysis will take many months. However, the lack of
quantitative resultsin time for this preliminary report
cannot dull the accomplishment of emplacement of
the first lunar astronomical observatory.

SOLAR WIND
COMPOSITION EXPERIMENT

The selar wind composition experiment was de-
signed to measure with high precision the abundances
and isotopic compositions of noble gases in the solar
wind. It has been demonstrated that both elemental
abundances and isotopic ratios varied with time. The
Apollo 16 experiment hardware is composed of alu-
minum and platinum foils that were exposed on the
lunar surface for periods of several hours to trap
various components of the solar wind. The relative
elemental and isotopic abundances of helium and
neon measured for the Apollo 12, 14, 15, and 16
exposure times are quite similar and differ from those
obtained during the Apollo 11 mission. Particularly
noteworthy is the absence of any indication of
electromagnetic separation effects that might have
been expected at Descartes because of the relatively
strong local magnetic field.

COSMIC RAY EXPERIMENT

The relative abundances and energy spectra of
heavy solar and cosmic rays convey a wealth of infor-
mation about the Sun and other galactic particle
sources and about the acceleration and propagation
of the particles. In particular, the lowest energy range
from a few million electron volts per nuclear mass
unit (MeV/nucleon) down to 1 keV/nucleon (a solar
wind energy) is largely unexplored. The cosmic ray
experiment contained a variety of detectors designed
to examine this energy range. The precise nature of
the experiment is dependent on the radiation environ-
ment during the mission. If the Sun were relatively
quiescent, the objective was to determine whether the
low-energy nuclei are primarily solar or galactic in ori-
gin. If the Sun were active, the objective was to study
the composition of solar cosmic rays and the solar
acceleration processes. Because a solar flare occurred
during the mission, the latter objective was served.

A preliminary analysis indicates that the spectrum
for iron-group cosmic rays is given by an (energy)
relation in the energy range from 30 MeV/nucleon
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down to 0.04 MeV/nucleon and flattens to (energy)™!
from 0.04 to 0.01 MeV/nucleon. The higher energy
relation is identical to previous results for the 0.16- to
100-MeV/nucleon range. A striking aspect is the rela-
tive enrichment of iron at the lower energies during a
solar flare. This enrichment is estimated to be a factor
of approximately 450 greater than the photospheric
value, Although the precise value of the enhancement
might be in question, the data do strongly suggest
that the heavier particles are appreciably more abun-
dant in the solar flares than in the surface of the Sun.
At higher energies, however, the abundances were
normal for galactic cosmic rays.

Mica and feldspar were included as detectors in
addition to Lexan and glass. By comparing the
sensitivities of the natural materials against those of
the Lexan, a calibration will be established applicable
to studies of particle tracks in lunar samples.

GEGENSCHEIN EXPERIMENT

Gegenschein is the phenomenon of sky brightness
in the antisolar region as viewed from the Earth.
A possible mechanism for this brightness might be
backscatter of light by particles lingering in the
Moulton region, a libration point of the Earth-Sun
system. The objective of the experiment was to use
fast film and long exposures in lunar orbit to map the
luminance of the gegenschein. If it were a resuit of
particles in the Moulton region, the gegenschein
would be displaced 15° from the antisolar point as
viewed from the Moon. Preliminary analysis indicates
that the gegenschein as viewed from the Moon
appears at the antisolar point and, thus, argues against
the Moulton region as a source.

GAMMA RAY SPECTROMETER
EXPERIMENT

The gamma ray spectrometer is one of the three
instruments in a geochemical remote-sensing package
flown for the second and last time on Apollo 16. The
spectrometer is sensitive primarily io gamma rays
produced by natural radioactivity in the lunar soil.
The secondary emissions induced by galactic cosmic
rays constitute a second source. The experiment
team’s initial conclusions, based upon the natural
rather than the induced radiation, are as follows.

(1) In agreement with the Apollo 15 results, the
western maria are generally more radioactive than
other regions of the Moon.

(2) Detailed structure exists within the high-
radioactivity regions. The high observed in the Fra
Mauro area is at approximately the same level as
those seen around Aristarchus and south of Archi-
medes on the Apollo 15 mission. Those levels are
comparable to that observed in the soil returned on
the Apollo 14 mission.

(3) Radioactivity is lower and more variable in
the eastern maria.

(4) The lunar highlands are regions of low radio-
activity. The Descartes area appears to have under-
gone some admixing of radioactive material.

A second objective of the experiment was to map
the anisotropies in the galactic cosmic ray fluxes by
using the spacecraft as an'occulting disk. Although
the analysis has just begun, a preliminary look at the
data indicates that discrete, celestial gamma ray
sources were, in fact, detected.

X-RAY FLUORESCENCE
EXPERIMENT

The X-ray spectrometer was the second of the
three geochemical remote sensors flown on the
Apollo 16 mission. By analyzing the characteristic
secondary X-ray emissions produced by solar X-rays
impinging on the lunar surface, maps of the Al/Si and
Mg/Si ratios can be constructed for the sunlit
portions of the Moon. Preliminary conclusions reaf-
firmed the validity of the Apollo 15 result and
extended the interpretation over new areas. Most
important, and the objective of all the orbiting
geochemical sensors, is the ability to compare the
compositions of returned lunar samples to those of
remote areas of the Moon. The Al, 05 concentration
in the Descartes soil inferred from the X-ray measure-
ments (26 to 27 percent) was confirmed by the
preliminary analysis of the returned soil (26.5 per-
cent). Descartes soils appear to be similar to those of
the eastern limb and the far-side highlands. Remotely
sensed Al/Si and Mg/Si ratios for Descartes are 0.67
0.11 and 0.19 * 0.05 and those of the eastern limb
and the far-side highlands are approximately 0.60 to
0.71 and 0.16 to 0.21, respectively. Generally, the
highlands are high in aluminum and low in magne-
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sium, whereas the reverse is true for the maria.
However, there are exceptions, such as Ptolemaeus,
where both magnesium and aluminum are high. The
emerging picture of the lunar highlands is one of an
ancient lunar crust composed of materials with a
composition varying between anorthositic gabbro and
gabbroic anorthosite.

During transearth coast, the Apollo 16 X-ray
spectrometer was used to observe the temporal
behavior of two pulsating X-ray stars, Scorpius
(Sco X-1) and Cygnus (Cyg X-1). Sco X-1 may be
characterized by quiet periods and by periods of up
to a day in length in which 10- to 30-percent changes
in Xray intensity occur in a few minutes. These
changes in intensity are concurrent but not neces-
sarily simultaneous with changes in optical and radio
intensity. Cyg X-1 can double in intensity within a
day or so. The increase occurs in all three energy
ranges, 1 to 3 keV, 3 keV, and 7 keV. The time
variability of the two sources does not appear to be
similar at time scales of several seconds to 2 hr.

ALPHA PARTICLE
SPECTROMETER EXPERIMENT

The third of the remote geochemical sensors, the
alpha particle spectrometer, is sensitive to radioactive
radon gas emanating from the lunar surface. Because
radon itself is a product of the decay of uranium and
thorium, mapping the concentration of radon gas is
tantamount to mapping regions of high radioactivity.
This capability is especially significant where the
radioactivity lies below the lunar surface yet might be
detected by its escape through fissures. Results from
a still incomplete analysis of Apollo 15 data indicate
that the region including Aristarchus, Schroter’s
Valley, and Cobra Head is an area of relatively high
radon emanation. Because of the limited spatial
resolution of the technique, only general source
regions can be designated. Another area that has been
identified is the broad region from west of Mare
Crisium to the Van de Graaff-Orlov area. A real-time
analysis of Apollo 16 data indicates a strong high
centered on Mare Fecunditatis.

MASS SPECTROMETER EXPERIMENT

The objectives of the lunar orbital mass spectrom-
eter carried on both the Apollo 15 and 16 missions
were to detect a lunar atmosphere and to search for

active lunar volcanism. The instrument covered the
mass range from 12 to 67 amu and was sensitive to
partial pressures as fow as 1 X 10-14 torr. Unfortu-
nately, contamination from the spacecraft tends to
mask the lower concentrations of the atmospheric
gases. However, shortly after the plane change and
rendezvous of the Apollo 16 command and service
module (CSM) and lunar module (LM), the contami-
nation levels as recorded by the mass spectrometer
were the lowest yet observed in lunar orbit. During
this period, data were obtained on the partial pressure
of neon-20. A preliminary analysis indicates that, at
the orbital altitude of 100 km, the concentration of
neon-20 is 8.3 (£5) X 103 atoms/cm3. Because 100
km is 4 scale heights above the lunar surface at night,
the nighttime surface concentration would be 4.5
(¥3) X 10° atoms/cm3. This value is approximately a
factor of 3 less than previous estimates.

SUBSATELLITE MEASUREMENTS
OF PLASMA AND
ENERGETIC PARTICLES

Along with a magnetometer and an S-band track-
ing function, plasma and energetic particle detectors
were carried on the subsatellite launched into lunar
orbit by the Apollo 16 CSM. These detectors were
included to observe the various plasmas in which the
Moon moves, to study the interaction of the Moon
with the solar wind plasma, and to observe certain
features of the structure and dynamics of the
magnetosphere of the Earth. The detectors were
sensitive to electrons in the 0.5- to 15- and 20- to
300-keV ranges and to protons in the 40keV to
2-MeV range.

A first look at the data indicates that the sensors
experienced passage of a hydromagnetic shock wave
in the solar wind. The magnetometer recorded a sharp
discontinuity at the time of electron onset, and,
10 min later, Earth-based magnetometers observed a
similar disturbance. This magnitude cormresponds to a
shock-propagation velocity that is greater than
400 km/sec. The rise times for the proten and
electron increases yield profiles for the region of
shock discontinuity. The inferred thickness of this
region is approximately 4000 km. Solar wind elec-
trons maintained abnormally high temperatures for
12 hr following the shock.
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At the time of the Apollo 16 subsatellite launch,
the Moon was just entering the geomagnetic tail.
During the time the Moon was in the magnetotail, the
subsatellite returned 22 orbits of data on the high-
latitude magnetotail and nine orbits of data on the
plasma sheet. From these data, the fluxes and the
energy spectra were constructed. A continuing fea-
ture of the plasma sheet is a large flux of energetic
protons. Plasma-sheet protons greater than 40 keV
often have flux an order of magnitude greater than
electrons of the same energy. This difference is in
contrast to the high-atitude magnetotail, in which
the electron and proton fluxes are approximately the
same.

S-BAND
TRANSPONDER EXPERIMENT

S-band transponder tracking of the LM-CSM and
of the Apollo subsatellites is used to map the lunar

gravitational field. The degree of correlation between .

the gravity map and physiographic features such as
craters or mountains is used to infer density contrasts
or to detect buried structures.

Unlike spacecraft on previous Apollo missions, the
Apollo 16 LM-CSM did not traverse any known
completely visible mascons. However, several features
do appear in the new gravity profiles. An extensive
gravity that does not correlate well with the surface
feature was found in the area of the Riphaeus
Mountains. The mountains may be associated with a
much larger subsurface structure. The Nubium and
Fra Mauro areas are gravity lows; and the Descartes
area, although essentially a gravity high, is flanked on
the east by a definite negative anomaly. Although the
detailed analysis continues, several generalizations
may be made.

(1) All unfilled craters are negative anomalies.

(2) All filled “craters” and circular seas with
diameters greater than approximately 200 km are
positive anomalies, or mascons. The smallest is
Grimaldi at 150 km; an exception is the unique
Sinus Iridum.

(3) Filled craters less than 200 km in diameter
are negative anomalies; an example is Ptolemaeus.

(4) Part of the central highlands appears as a
positive anomaly.

(5) Mountain ranges observed so far have positive
anomalies (Marius, Apennines); whether isostatic
equilibrium has been achieved is undetermined.

(6) Gravitational anomalies associated with ihe
ring structure of Orientale are verified independently;
the suggestion of ring structure for some of the other
mascons is consistent with the additional data.

(7) There arc definable features not correlated
with obvious surface features of geologic blocks, and
these features presumably represent subsur-
face characteristics.

BISTATIC RADAR
EXPERIMENT

The bistatic radar experiment uses CSM S-band
and very-high-frequency (VHF) transmissions to
probe the electromagnetic and structural properties
of the lunar surface. Radio signals from the CSM are
reflected by an approximately 10-km-diameter area
of the Moon and recorded by radiotelescopes on the
Earth. As the CSM orbits, the reflecting spot scans
the lunar disk. The chamacteristics of that reflecting
area can be interpreted in terms of dielectric proper-
ties, block sizes, and slopes.

Initial conclusions are that the oblique geometry
scattering properties of the lunar surface are wave-
length dependent in the decimeter to meter range. At
a given wavelength, the scattering law is highly
dependent on local topography. Furthermore, there
are systematic differences in the average scattering
properties of mare and highland units. Generally,
reflections off maria at the S-band wavelength are
uniform and consistent with a lunar surface dielectric
constant of 3.1 #0.1. The VHF reflection is not as
casily interpreted. Evidently, the maria are not simple
half-space reflectors at VHF wavelengths. Both the
Apennines and the central highlands show a reduction
in the dielectric constant from 3.1 for S-band to 2.8
for VHF. Typical root-mean-square slopes for the
highlands are 5° to 7° for both S-band and VHF
wavelengths, whereas, for the maria, the data are
consistent with 2° to 4° slopes at S-band but only to
1° or 2° at VHF wavelengths.

ADDITIONAL EXPERIMENTS

A continuation of an experiment flown on the
Apollo 15 mission, the ultraviolet photography of the
Earth and Moon, was to allow comparison of ultra-
violet and color photographs under equivalent cir-
cumstances. The results will be applied to telescopic
observations of the planets. A 70-mm camera was
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used with four filters having passbands between
255 and 400 nm. A survey of the returned images of
the Moon shows little of the loss of detail at the
shorter wavelengths observed in telescopic ultraviolet
photographs of Mars. The photographs of the Earth
show the expected diminution of detail with shorter
wavelengths caused by the increased opacity of the
atmosphere of the Earth at ultraviolet wavelengths.

The Apollo command module heat shield win-
dows are studied to obtain information about the
flux of meteoroids with masses of 1 X 10"7g down to
the detection limit of 1 X 10°11g for optical studies
or of meteoroids of much lower masses for antici-
pated electron microscope studies. The resulting
estimate of mass flux is in good agreement with
Surveyor Il data and with models generated from
near-Earth studies.

Three biomedical experiments were flown on the
Apollo 16 mission. These were the biostack, an
experiment to study the biological effects of galactic
cosmic radiation; the Apollo light flash moving
emulsion detector, to study the subjective observa-
tion of faint light flashes seen by nearly all Apollo
crewmen while in space; and the microbial ecology

evaluation device, to study the response of various
microbes to a space environment. All three experi-
ments were executed successfully. Although a few
qualitative results are included in this report, the

detailed analyses have just begun.
An impressive array of cameras was flown in the

Apollo 16 CSM. These ranged from the highly
sophisticated 24-in. panoramic camera and the 3-in.
mapping camera with its laser altimeter and star-field
recorder to the 16-, 35-, and 70-mm cameras used for
astronomical photography, earthshine lunar photog-
raphy, and solar corona photography and to support
crew observations of lunar features. The more than
two dozen sections in this report resulting from this
Apollo 16 photography are ample testimony of its
value. These sections, as well as summaries of
Earth-based radar and infrared studies, are included as
valid products of the Apollo 16 effort.

REFERENCE
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4. Photographic Summary

John W, Dietrich? and Uel S. Clanton?

The photographic objectives of the Apollo 16
mission were to provide precisely oriented
mapping-camera photographs and Thigh-resolution
panoramic-camera photographs of the lunar surface,
to support a wide variety of scientific and operational
experiments, and to document operational tasks on
the surface and in flight. These photographic tasks
were integrated with other mission objectives to
achieve a maximum return of data from the mission.

The variety of photographic equipment, the
latitude and unique morphological setting of the
Descartes landing site, and the planned 147.8-hr stay
in lunar orbit enhanced the potential photographic
data return from the Apollo 16 mission. A
far-ultraviolet (UV) camerafspectrograph introduced
on this mission provided a capability to acquire
imagery and spectroscopy in the far-UV range. The
remaining photographic equipment inventory for the
Apollo 16 mission resembles that of the preceding
Apollo 15 mission. Panoramic- and mapping-camera
systems mounted in the scientific instrument module
(SIM) bay of the service module provide each of the
J.series missions (Apollo15 to 17) an orbital
photographic capability that was not available on any
earlier manned or unmanned mission to the Moon.

The orbital inclination required for a landing at
the Descartes site carried the spacecraft 9° north and
south of the equator. A plane change that would have
carried the command and service module (CSM)
approximately 13.5° north and south of the equator
during the last day of the mission was canceled
because of a real-time modification of the Apollo 16
mission. Moon rotation during the scheduled 6-day
lunar-orbit phase of CSM operations would have
exceeded 75°; the terminators shifted approximately
65° during the abbreviated mission. Terminator
advance during the mission provided the opportunity
for observing and photographing targets under a wide

ANASA Manned Spacecraft Center.
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range of lighting conditions and also expanded the
total surface area lighted for observation during a
single mission.

More photographs were returned by the Apollo 16
mission than by any preceding mission. A total of
1587 images were exposed in the 61-cm-focal-length
panoramic camera. Of these, more than 1415 are
high-resolution photographs from lunar orbit. The
remainder were exposed near the beginning of
transearth coast (TEC). Each panoramic-camera
image is 11.4 cm wide and 114.8 cm long; assuming
the nominal spacecraft altitude of 110 km, each
image exposed from orbit covers a 21- by 330-km
area on the lunar surface. The 7.6-cm-focallength
mapping camera exposed 2514 11.4-cm-square frames
that contain lunar-surface imagery. Another
927 frames were exposed while the camera operated
over unlighted lunar surface in support of the
laser-altimeter experiment. A companion 35-mm
frame from the stellar camera permits precise
reconstruction of the camera-system orientation at
the time of each mapping-camera exposure.
Approximately 440 photographs with lunar imagery
were exposed between transearth injection (TEIL) and
the TEC extravehicular activity (EVA).

The Apollo 16 crew also returned approximately
2860 frames of 70-mm photography, 58 frames
exposed in the 35-mm camera, and 21 magazines of
exposed 16-mm film. Of these, some 1800 frames of
70-mm photography and eight magazines of 16-mm
film were exposed in the lunar medule (LM) or on
the lunar surface. At the time this report was
submitted, all photography had been screened and
the locations of most of the lunar-surface imagery
had been identified. Index preparation was at an
advanced stage, and. the lunarsurface footprints of
orbital photographs were being plotted on lunar
charts for index map printing.
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TRANSLUNAR PHOTOGRAPHY

Photographic activity began during the first
revolution of Earth orbit when crew-option targets
(including the Houston, Texas, area) were
photographed with the Hasselblad electric (EL)
70-mm camera. After the translunar injection (TLI)
burn, the crew documented the transposition and
docking maneuvers with the Hasselblad EL camera
and the 16-mm data acquisition carnera (DAC) as the
world watched real-time television (TV) pictures of
the operation. Approximately 4 hr after lift-off,
extraction of the LM from the SIVB stage was
photographed by the DAC and the Hasselblad
camera. Crew-option photographs of the receding
Earth were taken before, during, and after the
transposition, docking, and ejection maneuvers.

FIGURE 4-.-The Apolo 16 launch vehicle lifts
off from pad A, launch complex 39, Kennedy
Space Center, Florida (S-72-35347).

FIGURE 4-2.—View eastward across the Pacific
waters to Southern Baja California Peninsula as
Apollo 16 approaches the coast of North
America on the first revolution in Earth orbit
{AS16-118-18859).

Lift-off of the Apollo 16 spacecraft is shown in
figure 4-1. Figures 4-2 and 4-3 are photographs taken
in Earth orbit. Typical TLC views are shown in
figures4-4 to 4-6, and figures4-7 to 4-10 are
photographs made from either the LM or the CSM
following the LOI burn.

Photographic activity was at a low level through
most of the iranslunar-coast (TLC) phase of the
Apollo 16 mission. Four sets of UV photographs of
the Earth and one set of the Moon were exposed at
scheduled times during TLC. Each set consists of a
color photograph and four frames recorded on special
spectroscopic film sensitive to the shorter
wavelengths; one frame was taken through each of
four filters that pass energy in different bands of the
UV spectrum. A special lens that transmits UV
wavelengths was used on the camera. The target was
photographed through a special command module
(CM) window that is transparent to UV radiation; the
window was covered with a shade or a UV filter when
not in use.

‘One Hasselblad magazine of high-speed,
black-and-white film was exposed while the
electrophoresis experiment was being performed after
the first rest period. Jettisoning of the SIM-bay door
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FIGURE 4-3.—View eastward from Earth
orbit across the coastal plain of Texas
and Louisiana. The thin band of blue
that separates Earth from the black-
ness of outer space along the gently
curved horizon (upper right corner)
graphically illustrates the limited na-
tuze of the Earth atmosphere. Coastal
features from Freeport, Texas (right
margin), to the Atchafalaya Bay south
of Morgan City, Louisiana, are readily
identified. Interstate Highway 10
extends from near the center of the
bottom margin to Houston, near the
center of the frame. Dense forests in
northeast Texas, central Louisiana,
and Mississippi make up the dark-
green area that dominates the upper
left quarter of the frame. The
Mississippi River flood plain crosses
the forest as an irregular, light-colored
band that roughly parallels the top
margin  (AS16-118-18860).

FIGURE 44.-This spectacular view of
North America was photographed
approximately 1 hr SO min after the
TLI burn. The solid white area at the
upper left is the north polar icecap
and snow-covered terrain in Canada.
A pronounced spiral cloud pattern
covers the upper Ohio Valley, the
eastern Great Lakes, and New Eng-
land. The western Great Lakes are free
of clouds, but western Lake Superior,
northern Lake Michigan, and westein
Lake Huron are ice covered. Snow in
the Sierra Nevada, the Cascade Range,
the Rocky Mountains, and other
mountain ranges combines with some.
clouds to conceal terrain at places in
western Canada and in the north-
western United States. The Yucatan
Peninsula and many of the islands
bordering the Caribbean Sea are
clearly visible, but most of Central
and South America is obscured by
clouds (AS16-118-18879).
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approximately 4.5 hr before lunar orbit insertion
(LOI) was documented by DAC photography. Before
the protective door was removed, the SIM camera
systems required liitle attention; the mapping and
panoramic cameras were cycled once to reduce the
chances of film set. After SIM-bay-door jettison, the
housekeeping requirements increased because the SIM
camera temperatures had to be maintained within
operational limits.

Following a nominal LOI burn, the Apollo 16
crew transmitted visual ijmpressions of features
observed during revolutions 1 and 2. Selected
crew-option targets were photographed with the

FIGURE 4-5.—-The LM before exiraction from the SIVB stage. The
CSM separated from the SIVB stage approximately 30 min after
the TLI burn. This photograph was taken after the vehicle
turned to permit examination of the LM before docking.
Abundant particles released from the vehicles during separation
shine against the blackness of space. The top hatch, used for
docking, is clearly visible in this photograph; but the docking
target is partly in shadow (AS16-118-18875).

FIGURE 4-6.-The SIVB stage after LM ejection. On command from the Mission Control
Center in Houston, the spent SIVB maneuvered away from the hard-docked CSM and LM.
The SIVB continued along the modified trajectory to impact on the lunar surface. Part of the
LM, including three of the four thrusters in a reaction control system thruster quad, can be
seen along the bottom edge of the frame (AS16-118-18881).



PHOTOGRAPHIC SUMMARY 4-5

Hasselblad EL c¢amera. Mapping- and
panoramic-camera operation was scheduled for
approximately 8 min near the end of revolution 3 and
the beginning of revolution 4 to photograph terrain
that would be crossed by the sunset terminator
during the first rest period in lunar orbit. Twenty-six
frames were exposed with the mapping camera;
however, only four frames were exposed with the
panoramic camera before it had to be switched to the
standby mode because of an electrical anomaly.
During revolution 11, the sunrise terminator was in
the vicinity of the Descartes landing area. By using
the CSM Hasselblad EL camera, the crew obtained
low-Sun-angle photographs of the landing site.
Undocking occurred on revolution 12.

After separation, the LM Hasselblad data camera
(DC) photographed the CSM during stationkeeping
and captured a prelanding earthrise sequence that
included both the Earth and the distant CSM. On the
last scheduled low-altitude pass over the landing site,
the DAC (mounted on the CSM sextant) documented
the tracking of a landmark near the landing target.

FIGURE 4-7.—Rugged far-side
terrain exhibits a wide dynamic
range from black shadows to
bright, Sunfacing slopes when
illuminated by a low Sun. This
mapping-camera frame, centered
between the Craters Zhukogvsky
and Stein nearolatitude 8.6 N,
longitude 1759 W, was exposed
before the first rest period in
lunar orbit. The sunset terminator
crossed this area before the next
scheduled period of camera
operation. North is at the top of
th% frame, which is alined within
10" of the selenographic grid
(Apollo 16 mapping-camera frame
0011).

FIGURE 4-8,—The LM prepared for lunar landing. After
separation from the CSM, the LM maneuvered to permit
inspection by the CMP, Both LM hatches, the round
docking hatch in the top surface and the square hatch at
the top of the ladder, are clearly visible in this Hasselblad
photograph {AS16-118-18897).
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FIGURE 4-9.-The CSM at close range
above far-side terrain. In this 60-mm
Hasselblad DC photograph, the CSM
is above 0the far-side terz%in near
latitude 8 N, longitude 172" E. The
double crater at the upper right
corner of the frame is unnamed. The
northwest rim of Valier Crater is at
the lower left corner. North is to the
right in this nearvertical view
(AS16-113-18294).

FIGURE 4-10.—Earthrise. In this 60-mm Hasselblad DC photograph from the LM, the CSM is to the left of the Earth. This
photograph was taken during the hold period before landing (A$16-113-18288).
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LUNAR MODULE/ILUNAR-SURFACE
PHOTOGRAPHY

The crew wused an enlarged inventory of
photographic equipment (table 4-I) to document the
LM-descent, surface-operations, and LM-ascent phases
of the mission and to support scientific experiments
on the surface. The new far-UV camera/spectrograph
gave the Apollo 16 crew the capability of recording
UV  radiation from distant sources that the
atmosphere blocks from Earth-based observatories
and that is below the threshold of detectability with
the short time exposures feasible in a
moving spacecraft.

The fifth lunar landing was unique in the manned
exploration of the Moon. The Apollo 16 mission has
been the only opportunity to explore and sample the
major geomorphic unit of the Moon, the lunar
highlands. The 71 hr 14 min stay time of the LM on
the lunar surface accommodated three EVA periods

for a total of 40.5 man-hr of lunar-surface activity.
The commander (CDR) and the LM pilot (LMP) took
1800 photographs, collected 95 kg of material, and
completed three traverses covering 21.7 km.
Throughout the stay at the Descartes site, a TV
camera mounted on the lunar roving vehicle (LRV)
provided real-time viewing of most of the crew’s
activity on the lunar surface. The crew was required
to aline the high-gain antenna at each station to
establish contact with the Mission Control Center;
but, once alined, the camera could be controlled
remotely from Earth. These TV transmissions enabled
observers to evaluate the operational capabilities of
the crew, to observe the Apollo lunar-surface
experiments package (ALSEP) deployment and the
collection of samples, and to select samples of special
scientific interest to be returned to Earth.
Approximately 4 hr into the first EVA period
(EVA-1), with ALSEP deployment completed, the
crew drove west to station ! near Flag and Plum

TABLE 4-I. —Phorographic Equipment Used in LM and on Lunar Surface

Camera Features

Film size and type

Remarks

Hasselblad DC, 2 Electric; 60-mm-focallength

lens; reseau plate

film,

Hasselblad DC Electric; 500-mm lens; reseau

plate

DAC Electric; 10-mm lens
Lunar DAC Electric; 10-mm lens; battery
pack and handle
Far-UV camera/ 3<in.  Schmidt electrono-
spectrograph graphic camera; external
batteries with connecting
cable, triped  mount,

leveling/pointing
mechanism, external
controls

70-mm; SO-168 Ektachrome EF
color-reversal film exposed
and developed at ASA 160;
3401 Plus-XX black-and-white

aerial exposure index

(AED 64

70-mm;
black-and-white film, AEI 64

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

16-mm; 50-368 Ektachrome MS
color-reversal film, ASA 64

NTB-3 electronographic film

Handheld within the LM;
bracket-mounted on the remote control
unit for EVA photography, used for
photography through the LM window
and for documentation of surface
activities, sample sites, and experiment
installation

3401 Plus-XX Handheld; used to photograph distant
objects from selected points during the
three EVA periods

Mounted in the LM right-hand window to
record low-altitude views of the landing
site one revolution before landing, to
record the LMP view of the lunar scene
during descent and ascent, and to
document maneuvers with the CSM

Handheld or mounted on the LRV to
document lunar-surface operations

Deployed and leveled on tripod in LM
shadow, with cable-connected batteries
in the Sun. Point camera with elevation
and azimuth adjustments for each target.
Activate automatic exposure sequencer.
Changes in EVA times because of delay
in landing forced the recalculation of all
pointing values
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Craters for geologic sampling. The stop at station 2
near Buster and Spook Craters confirmed the findings
at station 1; both stations had the same rock types.
The scientists had expected volcanic rocks, but the
crew found mostly impact breccias.

Back at the LM, the CDR put the LRV through a
series of “Gran Prix” maneuvers, which were
photographed by the LMP to document the
performance characteristics of the vehicle. After
closeout, the crew returned to the LM to eat, sleep,
and prepare for the second EVA period (EVA-2).
Representative EVA-1 photographs are shown in
figures 4-11 to 4-21. The far-UV camera/spectrograph
is shown in figure 4-22, and figure 4-23 is a color
enhancement of a far-UV photograph.

The second EVA period began with a drive to
Stone Mountain on a modified traverse. Station 7 had
been climinated from the original traverse to provide
more time at station 10. The first stop, at station 4,
was high on the side of Stone Mountain. The angular
blocks photographed at this location appeared to be
gjecta from South Ray Crater. In addition tfo
acquiring the usual 60-mm photography at station 4,
the ILMP used the Hasselblad camera with the
500-mm telephotographic lens to record details of
South Ray and Baby Ray Craters and of the North
Ray Crater-Smoky Mountain area.

The crew retraced the LRV tracks down Stone
Mountain and located station 5 on the rim of a
15-m-diameter crater. Photographs indicate that this
area contains the smallest amount of ejecta from
South Ray Crater of any station visited during
EVA-2. The crew turned west to find a fresh, blocky
crater for station6. A 10-m-diameter secondary
crater was selected, sampled, and photographed.

Station 8 was located on the east side of Wreck
Crater in a boulder field. The plan at station 8 was to
photograph a boulder and surrounding area and to
collect material from the boulder, from around the
boulder, and then from under the boulder.
Unfortunately, the first three boulders picked by the
crew were too deeply embedded to be rolled over.
These collections, together with the documenting

photography, however, provided examples of glass,
breccias, igneous rocks, and soils that are valuable in
the investigation of the petrology of the area. The
crew drove north and located a small boulder near
station 9. At this location, their efforts were
successful; a boulder was moved and the photography
and sample sequence completed. The crew stopped
near the ALSEP site, station 10, on the route back to
the IM for additional photography, samples, cores,
and penetrometer measurements. Figures 4-24 to
4-27 are photographs taken during EVA-2.

The third EVA period (EVA-3) was modified
extensively from the mission plan, both for time and
number of stops to be made. The crew drove first to
the eastern edge of North Ray Crater, station 11. The
usual 60-mm photography at station 11 was
complemented with a series of panoramas, using
polarizing filters, and with additional
telephotography, using the Hasselblad camera with
the 500-mm lens to photograph Smoky Mountain.
Samples from North Ray Crater and House Rock
were found to be impact breccias and not volcanic
rocks as anticipated. Closeup photography
documented the clastic texture of the breccia
boulders. Station 13 provided additional samples,
including samples from the shadowed area under
Shadow Rock. Material from the shadowed area
provided soil and rock samples that had been shaded
for millions of years. From station 13, the crew
returned to the LM area (station 10) to collect
additional samples, to complete activation of the
ALSEP, and to package the samples for return
to Barth.

The LRV was parked near the LM with the
high-gain antenna alined and with the TV camera on
and remotely controlled from Earth. From this
location, live coverage during final closeout and
during the lift-off of the ascent stage from the lunar
surface was provided by TV. The
LM-window-mounted DAC photographed the
receding lunar surface and provided detailed
photographic coverage of terrain west of the landing
point as the LM headed toward rendezvous with the
CSM. Figures4-28 to 4-36 are representative
EVA-3 photographs.
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FIGURE 4-11.-With a salute and a leap into space, the CDR FIGURE 4-12.—The LMP honors the flag, the Nation, and

honors the flag and the people of the United States of the American people in this salute to the Stars and Stripes.
America. Stone Mountain, 5 km in the distance and Note especially the astronaut’s position and shadow and
approximately 500 m higher than the landing site, forms compare with figure 4-11 (AS16-113-18341).

the skyline behind the astronaut. The LRV is parked near
the LM. The far-UV camerafspectrograph sits on a tripod
pattially shaded by the shadow of the LM. Note the
astronaut’s position and shadow and compare with
figure 4-12 (AS16-113-18339).

FIGURE 4-13.—Stone Mountain, approximately 5 km in the distance, forms the skyline behind the LRV in this view from
the ALSEP site. The white object in the foreground is part of the heat-flow experiment (HFE); the universal handling
tool, which is used to level the package, sticks up from the top of the package. The heat-flow probe in the bore stem at
the right margin of the photograph is connected by cable to the HFE electronics package. The golden tape in the
immediate foreground connects the HFE to the ALSEP central station. To the left rear of the electronics package is the
lunar-surface drill; the drill rack with core and bore stems is just behind the electronics package. In the distance to the
right rear of the drill rack is the treadle and core stem extractor. The horizontal splash of white above the extractor is
South Ray Crater, approximately 6 km in the distance (AS16-1 13-18366, 18367, 18368).



FIGURE 4-15.—The MBA (in the foreground) is part of the
acfive seismic experiment. The MBA contains four
grenades that are designed to be fired remotely by ground
control. The grenades, which explode on contact with the
lunar surface, provide a calibrated seismic-signal source to
the geophone line. The geophone line, which extends some
94 m out from the central station, can be seen in the upper
center and upper right in this photograph. (Eneigy from
the explosions is used to produce a seismogram, a record
of energy propagation through the crust of the Moon.
Seismograms provide scientists with information about the
internal structure of the Moon.) The golden, rectangular
object at the upper left is the ALSEP central station; the
gray, finned object is the radioisotope thermoelectric
generator; the three-armed, white-and-gold object is the
lunar-surface magnetometer (A$16-113-18379).
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FIGURE 4-14,—The gold-and-white object in the foreground

is the lunar-surface magnetometer. The CDR works with
the thumper, to provide energy to activate the geophones
of the active seismic experiment. The large, golden,
rectangular object is the ALSEP central station; the long,
white antenna extending from the central station
telemeters data to Earth from each of the experiments.
The dark, cylindrical object in front of the central station
is the radioisotope thermoelectric pgenerator, which
provides electrical power for the experiments. Objects to
the right of the central station include the passive seismic
experiment and the mortar box assembly (MBA), another
part of the active seismic experiment. The golden tape at
the upper right extends to the HFE (AS16-113-18373).

FIGURE 4-16.—The CDR bags a sample of the Moon at the

ALSEP station during EVA-1. Components of the ALSEP
cover the surface immediately behind the CDR. The
lunar-surface diill appeass behind the CDR’s lefi elbow.
The square box behind the drill is part of the HFE. The
dark object in the background is the radioisotope
thermoelectric generator. To the astronaut’s right is the
drill rack with bore stems. The three-sensor lunar-surface
magnetometer is in the background beyond the drill rack
(AS16-114-18388).
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FIGURE 4-17.—This partial panorama at station 1 shows the beauty and stark bleakness of the lunar surface. With antenna
pointed toward Earth, the LRV beams a TV picture to vicarious explorers atound the world. To the left, the LMP
stands near the rim of Plum Crater. The Hasselblad camera and documented sample bags hang from the remote contro]
unit on his chest. The sample collection bag hangs from the primary life support system on his back. The scoop is stuck
into the lunar surface near his left hand. The reflection of the CDR, the photographer for this pancrama, can be seen in
the LMP’s visor. To the right, the “second” astronaut is the LMP after he has moved during the photographic sequence.
The apparent change in shadow direction is an illusion caused by flat reproduction of the curved panoramic sequence.
Stone Mountain, some 500 m high and 5 km in the distance, forms the skyline to the right (AS16-114-1 8422,18423,
18425, 18427),

FIGURE 4-18.—The CDR, with hammer in hand, prepares to sample a boulder on the rim of Plum
Crater at station 1 during EVA-1. Plum Crater has an unusual morphology; there is a bench or
break in the slope along the inner wall of the crater. Smaller craters give a pock-marked appearance
to the inner slopes. The gnomon marks the area to be sampled. The Hasselblad camera is partially
visible above the CDR’s left hand. Sample bags, which are hanging from the camera bracket, appear
just below his left hand. Above the gnomon is the LRV. The flash of light in front of the visor is a
light reflection on the camera lens (AS16-109-17804).
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FIGURE 4-19.—-The LMP has collected two samples in the FIGURE 4-20.—The CDR, with Hasselblad camera and

immediate foreground near the scoop. This photograph,
which was taken to document the location of the samples,
catches the CDR (at the LRV) deeply involved with the
portable magnetometer experiment. The tripod-sensor
assembly is at the right margin of the photograph. The
large crater in front of the LRV is Spook Crater, which is
approximately 100 m in diameter. Stone Mountain,
500 m high and 5 km in the distance, forms the skyline.
Boot tracks and LRV tracks cross in the
foreground (AS16-109-17841).

documented sample bags hanging from the remote control
unit on his chest, folds up a sample bag with his left hand.
The LRV is partially visible above the astronaut’s left
shoulder. The large crater along the right margin of the
photograph is Plum Crater. The horizontal splash of white
just below the skyline is South Ray Crater and associated
ejecta. The gnomon with color chart, marking the
locations from which samples have been collected, sits in
the foreground {(AS16-109-17797).

22y

FIGURE 4-21.-The CDR races through a series of Gran Prix maneuvers to demonstrate the
performance of the LRV, The vehicle cannot be fully tested on Earth for operational constraints
because of the great differences in the environment of the Earth and the Moon. Motion pictures
and photographs help to define the performance characteristics of the vehicle in the lunar
environment. The bands of dark gray are LRV ftracks; bootprints cluiter the foreground

(AS16-115-18559).
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FIGURE 4-22.-The gold-colored far-UIV
camera/spectrogtaph stands in the shadow
of the LM. The far-UV camera/spectrograph
is a miniatuzre observatory that acquires
imagery and spectroscopy in the far-UV
range. The astronauts must initially deploy
the equipment and then periodically retar-
get the camera/spectrograph during their
stay on the lunar surface. At the end of
EVA-3, the CDR removed the film cassette
from the fop of the camera for return to
Earth. Behind the far-UV camera/
spectrograph is the LRV; to the teft is the
American flag. The LMP carries a boulder to
the footpad by the ladder. During the
EVA-3 closeout, this sample was bagged for
retumn to Earth (AS16-114-18439),

FIGURE 4-23.—Color-enhanced far-UV photo-
gtaph of the Magellanic Cloud. Ultraviolet
radiation from specific astronomical targets
was recorded on special spectroscopic black-
and-white film in the far-UV camera/
spectrograph. This photograph of the
Magellanic Cloud, the nearest neighboring
galaxy to the Milky Way, has been color
enhanced to facilitate interpretation. Areas
of simijlar intensity, recorded as a namow
range of gray tones on the black-and-white
image of the UV-sensitive film, are Iepro-
duced as a color. In this photograph, blue
areas indicate UV radiation levels below the
threshold of detectability. Several other
levels of UV intensity are indicated by
different colors, such as red (faint UV),
yellow (stronger UV radiation), and orange
(most intense UV radiation within this field
of view) (8-72-39660).
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FIGURE 4-24.— At station 4 during EVA-2, the astronauts parked the LRV in a crater to keep it from sliding down the
slope of Stone Mountain. A distinct band of boulders crosses this slope. Above the LRV, boulders are numerous; below
the LRV, the frequency of boulders is much less. The boulders are gjecta from South Ray Crater, a 600-m-diameter
crater that is approximately 4 km to the west of the location shown. The white object in the foreground is a sample
collection bag. This container is used to collect large samples and to carry documented sample bags
(AS16-107-17472, 17473).

FIGURE 4-25.—The LMP works near the LRV at station 4
high on the side of Stone Mountain. The high-gain antenna
appears above the astronaut’s head. The golden TV
camera, the white low-gain antenna, the dark-gray motion
picture camera, and the rectangular map package complete
the array of equipment on the front of the vehicle. The
gray, cylindrical object near the motion picture camera isa
penetrometer. The tool carrier with fongs, handtool
extension, and rake are attached to the rear of the vehicle.
The golden tape on the right rear of the vehicle is a power
cable for the lunar portable magnetometer. The gnomon
with color chart, a device to aid in sample documentation,
is in the center foreground (AS16-107-17446).
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FIGURE 4-26.—Much of the activity at
station 9 occurred near the boulder
shown in this photograph. This boulder
is a breccia, a rock made up of frag-
ments of other rocks. At least three
different types of rock fragments or
clasts can be identified in this boulder.
The scoop marks an area near which
soil has been collected. The CDR can
be seen in the right margin of the
photograph. The cuff checklist is on
his left arm; sample bags and the
Hasselblad camera hang from the re-
mote control unit. The knee pocket
produces the rectangular outline. The
LRV stands on the near horizon
(AS16-108-17741).

FIGURE 4.27.—The landing area is shown in this partial panorama that was taken by the CDR during EVA-2. Stone
Mountain, approximately 5 km in the distance, forms the skyline behind the LM. Below the “United States” sign on
the LM is the modularized equipment stowage assembly pallet, a storage area for experiments and tools. A white
insulation blanket protects the area from excessive heating and cooling. To the left is a white area with gold-colored
insulation draping to the surface. This is the quad III payload area, a storage area for the far-UV camera/spectrograph,
the lunar portable magnetometer, and handtools. The probes sticking up from the two landing pads are designed to
detect LM touchdown on the Moon and then to crush and bend out of the way during the completion of the landing
maneuver. The LRV is parked to the right of the LM. To the right of the American flag is the solar wind compaosition
experiment, which provides data on the elemental and isotopic composition of the solar wind. The dark areas on the
surface are boot and vehicle tracks (AS16-107-17435, 17438, 17440).
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FIGURE 4-28.—The LMP removes the 500-mm Hasselblad camera from the LRV during the stop at station 11. This
camera was used to obtain telephotographs of North Ray Crater and Smoky Mountain. The LRV is parked on the rim
of North Ray Crater; boulders in the foreground and on the horizon are ejecta from this crater (AS16-116-18607).

FIGURE 4-29.—Station 11 is characterized by an abundance of
white breccia boulders. An aphanitic, black rock was col-
lected from the fillet area near the tongs. The CDR carries
the rake and sample bags in his left hand. Smoky Mountain
forms the skyline; the large boulder in the background is
House Rock (AS16-106-17336). -

FIGURE 4-30.—The tongs are used to measure
the distance between the camera and the
boulder for this closeup photograph. The
depth of field is approximately 4 ¢cm at this
lens seiting. This photograph illustrates the
fragmental texture of most of the rocks
found during the Apollo 16 mission
(AS816-106-17328).
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FIGURE 4-31.—The LMP inspects House Rock
at station 11 before sampling the area. This
rock is composed of crushed rock fragments
set in a fine-grained matrix. In the area by
the astronaut’s hands, bands of black glass
that have been injected into the bouldex can
be seen. The intense brecciation and
injection suggest a complex history for this
boulder. A sample bag is held in the LMP’s
right hand; the cuff checklist on his left arm
indicates the tasks to be performed at each
station (AS16-116-18649).

FIGURE 4-32.—The CDR rakes with his right hand and helds
a sample bag in his left hand. The tongs mark the area to
be sampled. Because of mobility permitted by the suit,
raking is a one-arm operation. The rake is used to collect a
comprehensive sample, a selective collection of rocks
ranging in size from 1to 3 cm in diameter. These
walnut-sized fragments along with the sand-sized material
present a more complete history of the area than do
isolated rock samples. The LRV sits over the rise in this
view 4t station 11. Note the boulder on the skyline
behind the LRV (AS16-106-17340}.

FIGURE 4-33.—The stop at station 13 was to collect a series of samples from a permanently shadowed area. Shadow Rock,
a 4-m-diameter boulder to the right in the photograph, was the location of the sampling. Permanently shadowed areas
act as cold-traps, or arcas where volatile and semivolatile components collect. Studies of samples from these
permanently shadowed arecas permit scientists to identify volatile components that are present in the Junar
environment. The CDR works at the front of the LRV, adjusting the high-gain antenna. The high-gain antenna must be
pointed at the Earth before ground contzol can receive TV. The hill above the LRV is the rim of North Ray Crater; to
the right of Shadow Rock on the skyline is Smoky Mountain, approximately 1 km in the distance (AS16-106-17390,
17392, 17393).
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FIGURE 4-34.—-The CDR prepares to sample material from the permanently shadowed area under the overhang at Shadow
Rock. Close observation of the photographs indicates that Shadow Rock is a multirock breccia, a rock made up of
other rock fragments that have been recombined to form a new rock. The holes or vesicles in the rock are much more
elongated than previously observed; they appear to be more like vesicle pipes produced by venting gas. The rock also
shows the presence of lineations, lines, ox bands along the upper and right margin of the boulder. These bands may be
caused by differences in lithology or may represent zones where the rock has been fractured and faulted
(AS16-106-17413,17415).

FIGURE 4-35.—This photograph was taken by
the LMP from the LRV as the astronauts
drove toward the LM near the end of the
third EVA period. The dark areas around the
LM are vehicle and boot tracks, which reflect
the intense activity associated with the vehi-
cle, ALSEP deployment, and sample collec-
tion. The ALSEP station can be seen along
the right margin of the photograph. The white
area just above the ALSEP station is com-
posed of South Ray and Baby Ray Craters
approximately 6 km in the distance. The light
color is from the blanket of material that was
ejected from the craters when they were
formed. Just to the left of the LM is a crater
that is approximately 25 m in diameter. The
CDR flew the LM over this crater just before
landing. Stone Mountain forms the skyline
along the upper left in the photograph. The
golden object in the foreground is the TV
camera that provided the Earth with real-time
coverage of the mission (AS16-117-18799).
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FIGURE 4-36.—~The CDR prepares to take samples
at station 10 near the end of EVA-3. The
gnomon minus the central staff marks the area
to be sampled. Sample bags are held in the
CDR’s left hand, the cuff-card checklist is on
his left arm, and the Hasselblad camera is
mounted on the remote control unit on his
chest. The sample collection bag, which is
attached to the primary life support system, is
seen behind the CDR’s left axm. The LRV, with
only a partial right rear fender, stands in the
background. Light penetrates the woven wire
tires. The tool carrier, handtools, the penetrom-
eter, and the magnetometer extend upward
from the rear of the vehicle. The low-gain
antenna, the map packet, and the motion
picture camera occupy the center of the vehi-
cle. The disk of the high-gain antenna and the
TV camera protrude from the front of the
vehicle (AS16-117-18825).

COMMAND AND SERVICE MODULE
ORBITAL PHOTOGRAPHY

of the complex SIM camera systems (table 4-IIT). The
dominant CMP photographic task, measured in terms
of both time and budgeted film, was lunar-surface
photography. Other tasks included the documenting
of operations with the LM and the photographing of
Earth and deep-space targets in support of specific
scientific experiments.

During the period of separate operation of the LM
and the CSM, the CM pilot (CMP) completed
photographic assignments covering a wide range of
targets and requiring the use of various combinations
of cameras, lenses, and films (table 4-IT) or operation

TABLE 4-11. —Photographic Equipment Used in Command Module

Camera Features Film size and type Remarks

Hasselblad EL Electric; interchangeable 70-mm; SO-368 Ektachrome MS Used with 80-mm lens and color film to

lenses of 80-, 105-, and
250-mm focal length. The
105-mm lens will transmit
UV wavelengths

color-reversal film, ASA 64;
3414 high-definition aerial
film, AEI 6; 2485
black-and-white film, ASA
6000; 11a-0 spectroscopic film
(UV sensitive)

document operations and maneuvers
involving more than one vehicle. Used
with appropriate lens-film combinations
to photograph preselected
orbital-science lunar targets, different
types of terrain at the lunar terminator,
astronomical phenomena, views of the
Moon after TEI, Earth from various
distances, and special UV spectral
photographs of Earth and Moon

Nikon Mechanically operated; 35-mm; 2485 black-and-white Used for dim-light photography of
through-the-lens  viewing film, ASA 6000 astronomical phenomena and
and metering; 55-mm lens photography of lunar-surface targets

illuminated by earthshine

DAC Electric; interchangeable 16-mm; SO-368 Ektachrome MS Bracket-mounted in CSM rendezvous

lenses of 10-, 18- and
75-mm focal length;
variable frame rates of 1, 6,
12, and 24 frames/sec

color-reversal film, ASA 64;
S0-368 Ektachrome EF
colorreversal film, exposed
and developed at ASA 1000,
2485 black-and-white film,
ASA 6000; AEl 16
black-and-white film

window to document maneuvers with
the LM and CM entry; handheld to
document nearby objects such as SIM
door after jettison and to photograph
general targets inside and outside the
(SM; bracket-mounted on sextant to
document landmark tracking




420

APOLLO 16 PRELIMINARY SCIENCE REPORT

TABLE 4-1ll. - Photographic Equipment in the Scientific Instrument Module

Camera Features Film size and type Remarks

Mapping Electric; controls in CSM; 457.2 m of 127-mm film type The 11.4- by 1ll4-cm frames with
7.2cm-focgl-length lens; 3400 78-percent forward overlap provide
74 by 74 field of view;a photographs of mapping quality. Data
square array of 121 reseau recorded on the film and telemetered to
crosses, eight fiducial Earth will permit reconstruction of
marks, and the camera lunar-surface geometry with an accuracy
serial number recorded on not available with earlier systems.
each frame, with auxiliary
data of time, altitude,
shutter speed, and
forward-motion control
setting

Steliar Part of mapping-camera 1554 m of 35-mm film type A 3.2-cm circular image with 2.4-cm flats
subsystem; 7.6cm olens; 3401 records the star field at a fixed point in
viewing angle at 96 to space relative to the mapping-camera
mapping-camera view; a axis. Reduction of the stellar data
square array of 25 reseau permits accurate determination of
crosses, four edge fiducial camera orientation for  each
marks, and the lens serial mapping-camera frame.
number recorded on each
frame with binary-coded
time and altitude

Panoramic Electric; controlsoin CSM; 1981.2 m of 127-mm film type The 11.4- by 114.8-cm images are tilteg
61-c°m lens; 10 46’ by EK 3414 alternately forward and backward 12.5
108" field of view; fiducial in stereo mode. Consecutive frames of
marks printed along both similar tilt have 10-percent overlap;
edges; IRIG B time code stereopairs, 100-percent  overlap.
printed atong forward edge; Panoramic photographs provide
data block includes frame high-resolution stereoscopic coverage of
number, time, mission a strip approximately 330 km wide,
data, velocity/height, and centered on the groundtrack.
camera-pointing altitude :

After the LM was cleared to remain on the lunar
surface, the CMP turned to a heavy schedule of solo
tasks. Revolutions 17 and 18 were used almost
exclusively for photographic tasks. A 3-hr operating
period for the mapping camera and two 30-min
periods of panoramic-camera operation provided
terminator-to-terminator coverage by both camera
systems. Hasselblad targets that had slipped from
earlier revolutions were photographed during these
revolutions, and the CMP provided a running
commentary on visual observations between and
during the periods of camera operation.

The first full day of sclo operations covered
revolutions 23 to 30. Mapping-camera operations
totaled approximately 6 hr on five successive
revolutions (25 to 29) to provide vertical and oblique
coverage of the lighted lunar surface and to provide

stellar orientation for the laser altimeter during one
pass across the unlit lunar surface. Panoramic-camera
operation was limited to a 14-frame burst over the
landing site on revolution 28. The CSM Hasselblad EL
camera, used on most of the revolutions,
photographed one orbital-science target and several
targets of opportunity. Terminator photography
scheduled in the Davy Rille area on revolution 23 was
bypassed because the feature was still on the dark
side of the terminator. As the terminator advanced,
parts of the rille were photographed on each of the
two following revolutions; two additional terminator
targets were covered during this operating day.
Highland terrain near the Descartes landing site was
photographed on revolution 27 with the special lens,
film, and filters specified for the UV photography
experiment. Astronomical dim-light targets and
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photography of the lunar surface illuminated by
earthshine occupied the Nikon camera on three
revolutions. During revolution 31, the CMP entered a
rest period that lasted until revolution 35.

The second full day of solo operations included
approximately 7 hr of mapping-camera operation that
provided 429 frames of lunar-surface imagery on
three successive revolutions (37 to 39). Operation
during the intervening dark-side passes provided
stellar-camera attitude data to support laser-altimeter
data analysis. During 32 min of panoramic-camera
operation on two revolutions, 284 frames were
exposed. The Hasselblad camera was used to
photograph two orbital-science photographic targets
and two sets of terminator images. Visual descriptions
accompanied taking of the photographs. During
revolution 41, more than one-half magazine of DAC
film was exposed at slow frame rate while the
deployed mass spectrometer boom was monitored.
Gegenschein, solarcorona, and Gum Nebula
photographs were taken with the Nikon 335-mm
camera during the dark-side portions of three
revolutions. The CMP entered a rest period during
revolution 43.

The fourth rest period in lunar orbit ended during
CSM revolution 46. Flight-plan changes read up to
the CMP consumed much of the communication
periods on several subsequent revolutions. After
scheduled terminator photography and an
orbital-science visual description on revolution 47
were canceled, the CMP requested assignment of two
periods on several subsequent revolutions. After
scheduled terminator photography and an
orbital-science visual description on revolution 47
were canceled, the CMP requested assignment of two
DAC magazines for photographing the scene passing
the CM window on the following light-side pass.

The mapping camera was turned on in the far-side
darkness of revolution 46 to begin a 3.5-hr operation
period that yielded 196 frames of lunar imagery from
light-side passes on revolutions 47 and 48. Starting
near the far-side terminator, the panoramic camera
operated for 32 min on revolution 47; close to the
near-side terminator, the CMP briefly described
extensive benches around positive features near the
Riphaeus Mountains. On revolution 48, a solar-corona
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sequence was exposed and a large water bubble that
had formed in the onboard gas separator was
photographed. The requested DAC magazines
recorded the lunar scene visible out the CM window
throughout most of the lightside pass of
revolution 48.

From the plane-change ! burn shortly after acqui-
sition of signal on revolution 49 to 1M lift-off on
revolution 52, operational tasks and flight-plan
modifications occupied most of the CMP’s time.
Gegenschein photography near the end of revolu-

- tion 49 and sextant-mounted DAC documentation of

landmark tracking during revolution 51 were accom-
plished as scheduled. An area near the Riphaeus
Mountains, where the CMP had described low
benches around most positive features, was photo-
graphed during revolution 50 as a target of oppor-
tunity. Figures4-37 to 4-50 are representative
photographs from the orbiting CSM.

The remotely controlled, LRV-mounted TV
camera permitted earthbound viewers to watch the
LM lift-off from the lunar surface during CSM
revolution 52. A special photographic and visual
survey of the LM followed the revolution 53
rendezvous because flying debris seen during lift-off
suggested to some observers a possible failure of the
1M insulation.

Sample and equipment transfer, LM shutdown
tasks, and extensive flight-plan changes occupied the
remainder of the working day after the successful
docking. As the crew rested during revolutions 53 to
59, the planning teams reevaluated priorities and
modified experiment schedules in terms of the
shortened mission and the decision to drop the
plane-change 2 maneuver. The final wakeup in lunar

orbit began a day of extensive updates to the
flight plan.

Mapping-camera operations totaled 2 hr 20 min of
revolutions 59 and 60. To document possible
anomalies in the rates of cover movement or camera
extension, the mapping camera was started a few
seconds before opening the cover and was stopped
after cover closing was completed. Detailed analysis
of positions relative to the image of the gamma-ray
boom in frames near the ends of the sequence will
document the regularity of movement.
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FIGURE 4-37.—West wall of the far-side Crater Lobachevsky.

The CMP described a black flow associated with a small
crater in the wall of a large far-side crater. This oblique
telephotograph northwestward across terrain in and
northwest of Lobachevgky, an 80-km-diagneter crater
centered near latitude 9 N, longitude 113" E, shows a
2.5-km-diameter crater near the top of the west wall of
the large crater. A tongue of low-albedo material extends
approximately 2 km down the steep wall of Lobachevsky
from the low point on the rim of the small
crater (AS16-121-19407).

FIGURE 4-39.—Highland terrain fllaminated by a low
Sun. Anderson, the large crater that extends across
the frame, is centered near latitude 16 N,
longitude 171° E, in terrain that is typical of the
far-side highlands. Sun elevations in this oblique
view toward R the northwest range from
approximat%ly 6 at the lower right corner of the
frame to 12" at the far rim of Anderson. The high
proportion of shadow in Thighland terrain
demonstrates the abundance of slopes exceeding
the Sun elevations (AS16-118-18%05).
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FIGURE 4-38.—Alpetragius Crater. Shadows are rare in this

high-Sun, oblique view southward across Alpetragius. This
35-km-diameter neighbor of the Crater Alphonsus has a
conspicuous, dome-like centml peak larger than 10 km in
diameter, The southwest rim of Alphonsus cuts the lower
left corner of the frame (AS16-119-19057).
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Jettison of the LM on revolution 62 was
documented by DAC photographs. Operating periods
of 1hr for the mapping camera and 35 min for the
panoramic camera during revolution 63 completed
the SIM-bay camera orbital photography; a long strip

FIGURE 440.—Typical mare terrain illuminated by a
high Sun. The smooth suface of the Sea of Clouds
approximately 20 km west of the Crater Lassell C
is pocked by craters as large as 6 km in diameter. A
conspicucus 3-km-diameter crater and scattered
craters less than 200 m across eg(hibit tgright halos
when illuminated by a Sun 35 to 40 above the
eastern horizon. The craters without halos appear
almost as sharp as the bright-halo craters;
Sun-facing crater walls commonly are brighter than
adjacent rim deposits. Most craters have low,
narrow rims that merge imperceptibly with the
adjacent mare materials. An anomalously dark
3-km-diameter crater in the lower right quarter of
the frame has no detectable halo, either light or
dark. The Sun-facing wall is approximately as dark
as the adjacent mare materials; the rim does not
merge with the surrounding mare because of a
sharp change in slope along its outer margin
(AS16-119-19071). (Compare with fig. 4-42
(AS16-120-19223).) :

of 250-mm Hasselblad photographs documented
terrain south of the SIM camera coverage from Vogel
Crater to the near-side terminator. Preparations for
the TEI burn occupied revolution 64, the last in lunar
orbit. Figures 4-51 and 4-52 are views of the LM
ascent stage after lunar lift-off.

FIGURE 4-41.—Mixed mare and highland terrain
illuminated by a low Sun. In this oblique view
westward across the mareflooded Crater Legronne,
Sun elevations range frgm approximately 6 at the
lower right corner to 0 near the upper left corner.
This low illumination shows the ropy features
mapped as mare ridges to be superimposed on
gentle swells generally 5to 10 ki wide; vyet,
except within craters, shadows are rare on the mare
materials. By comparison, large areas of the
highland materials are shadowed at elevations as
great as 6° in the lower half of the photograph.
Approximately half the rim of the
110-km~diameter Crater Letronne isoexposed. The
crater is centered near latitude 10 8, longitude
42.5 W (AS16-122-19553).
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FIGURE 4-42.—Mare terrain illuminated by a low
Sun. The Sea of Rains west of the Crater
Lassell C is illuminated by an extremegy low
Sun. Sun elevation ranges from 3~ to 4 o along
the left margin of the frame and from 1 to 2
along the right margin. (Compare the upper
right quarter of this figure with the lower right
quarter of fig. 441 (AS16-119-19071). Four
prominent craters permit correlation of the two’
figures.) The low Sun enhances the detect-
ability of faint slopes. Numerous linear patterns
similar to features that have been described as
flow fronts or faint mare ridges cross the
surface that appeared smooth under the higher
Sun. The crater population appears to have
increased because the faint depressions that
were inconspicuous at higher Sun now are
matked by hard shadows. The prominent bright
halo of the 3-km-diameter crater has faded.
Although not conspicuous, the dark 3-km-
diameter crater retains its anomalously dark
Sun-facing inner wall and the break in slope at
the outer margin of the rim which set it apart at
higher Sun (AS16-120-19223).

FIGURE 4-43.—Southeastern Alphonsus Crater.
The dark-halo crater and the rilles near the
bottom of the frame are in the southeastern
quarter of the floor of Alphonsus. Grooves or
irmegular vaileys, like the conspicuous feature
extending upward from the base of the wall
near the dark-halo crater, are the dominant
crater wall structures in the eastern half of
Alphonsus. These features are radial to the
Imbrium Basin and are part of that family of
widespread structures called Imbrium sculpture.
Terraces, which are more typical of the walls of
large craters, predominate on the northern wall
of Arzachel Crater at the extreme top of the
frame (AS16-119-19050).
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FIGURE 4-44.—Oblique view southeastward
along the southwestern rim of the Crater
Alphonsus. Smooth terrain at the right side
of the frame is the eastern Sea of Clouds.
Deep shadows at the top of the photograph
are in the Crater Alpetragius. The dark-
halo-crater area on the western floor of
Alphonsus, considered as a candidate site
during the selection of the landing sites for
the Apollo 16 and 17 missions, is at the
lower left corner of the photograph. The
albedo contrast between the normal
Alphonsus floor and dark-halo material is
not striking at this viewing angle and low
Sun elevation. The dark-halo material is
approximately 100 km south of the ground-
track as this photograph was exposed. Note
the large pockets of flat terrain similar to
the Alphonsus floor that are perched at
intermediate levels up the terraced western
wall of Alphonsus (AS16-120-19222),

FIGURE 4-45.—Gassendi Crater. Low Sun illu-
mination enhances the contrast between the
rough and cracked surface on the floor of
Gassendi and the smoother surface of the
Sea of Moisture beyond the low crater rim
at the top of the frame. The high northern
1im of Gassendi is at the lower right corner
of this oblique view southward across the
110-km-diameter crater. Gassendi was one
of three candidate sites for the Apollo 17
lunar landing mission; sampling and study of
the central peak complex would have been
the scientific objective of the proposed
mission. The shadow at the lower left corner
of the frame conceals the floor of the Crater
Gassendi A (AS16-120-19293),




4-26 APOLLO 16 PRELIMINARY SCIENCE REPORT

FIGURE 4-46.—The Apollo 16 landing site and surrounding terrain is illuminated by a moderately high Sunoin this
mapping-camera frame exposed on CSM revolution %7. North is at the top of the frame, which is alined grithin 5 of the
selenogtapgic grid. Sun elevation ranges through 6 across the 180- by 180-km surface area, from 49 along the east
side to 43 along the west. The Apollo 16 landing site is within the rectangular outline, which indicates the area of
figure 447. The mass spectrometer boom, mounted behind the mapping camera in the SIM bay, extends into the field
of view from the east side of the frame. Selected craters are identified by the letters n to z. The 11-km-diameter Crater
Alfraganus C (1) near the northeast corner is one of several sharp craters with minor accumulations of floor materials.
Others include Taylor D (o), Zolines E (v), Dollond (z), Dollond E (y), and Dollond M (x). Other craters have smooth
to slightly degraded walls and abundant filling that forms floors ranging from textured to smooth. Examples are
Alfraganus (s), Zollnex D (u), Taylor E (@), and Kant B (w). The three named craters larger than 30 km in diameter,
Taylor (p), Zollner {t), and Doliond B (n}, are highly degraded. Dollond B (n) has a flat, filled floor; the other two have
sparse floor deposits. The north rim of Descartes Crater is approximaiely 20 km south of Dollond E (¥), just outside
the south boundary of the photographed area (Apollo 16 mapping-camera frame 2179).
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FIGURE 4-47.—Position of the landed LM is
shown on this panoramic-camera image of the
landing site. The Sun was only 17° above the
eastern horizon when this frame was exposed;
western slopes on Smoky (A} and Stone (B)
Mountains are shadowed. Rays extending
outward from South Ray (C) and Baby Ray (D)
Craters aze sharp but not conspicuous; the rays
of North Ray Crater (E) are hardly detectable
in this low-Sun illumination (part of Apollo 16
pan-camera frame 4563).

FIGURE 4-48.—Herigonius Crater. The 16-km polyg- FIGURE 4-49.—Telephotographic view southward
onal _crater Herigonius is centered near latitude across the Sea of Clouds to the Mercator Scarp.
13.5° S, longitude 34.0° W, near the southern Bullialdus, a 60-km-diameter crater centered near
margin of the Ocean of Storms. Part of the latitude 21° S, longitude 22° W, and the two
irregular crater floor and the extensive ejecta smaller craters, Bullialdus A and B, dominate the
blanket west of the crater can be seen with foreground. Ejecta deposits associated with the
greater clarity in this photograph than in any three craters are extensive (AS16-119-19094).

available before +the Apollo16 mission
(AS16-119-19156).
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FIGURE 4-50.—Oblique view scuthward along the
western margin of the Sea of Moisture. The
sharp contact between smooth mare deposits
and rougher highland materials has been
mapped as Mersenius Rille Number IH. Note
that the mare deposits stand higher than the
highland block near the center of the photo-
graph, whezreas the highlands stand higher along
both sides of the frame (AS516-120-19323).

FIGURE 4-51.—-The LM ascent stage approaches rendezvous FIGURE 4-52.—-The LM ascent stage over the Sea
above rugged highland terrain east of the Foaming Sea. of Fertility. Before docking, the LM ascent
The LM conceals terrain near latitude 1° S, longitude stage maneuvered to permit complete
70" E, in this view westward across heavily cratered inspection by the CMP. The distinctive Craters
highlands between Smyth’s Sea and the Sea of Fertility. Messier and Messier A are near the right edge of
High Sun illumination enhances the albedo difference. At this view westward across the Sea of Fertility.
the horizon, smooth mare deposits in the northeastern Extensive ray systems, bright crater walls, and
Sea of Fertility are broken by ridges and craters bright halos stand out sharply because of the
northwest of the Crater Langrenus (AS16-122-19530). high Sun angle. Highlands separating the Seas of

Tranquility and Nectar fo the west of the Sea
of Fertility form the irregular horizon beyond
the LM (AS16-122-19536).
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TRANSEARTH PHOTOGRAPHY

As the CSM came around the Moon headed
toward the Earth, the crew photographed earthrise
(fig. 4-53), the first TEC earthrise sequence
documented by an Apollo crew, Hasselblad
photographs of the lunar surface (figs. 4-54 to 4-57)
were exposed over an extended period as the Moon
receded. Many frames have provided significant
supplementary coverage; some provided the best
coverage of far-side areas north of the equator that
have been obtained. The mapping camera exposed
442 frames during 2.5 hr of operation. After TEL, the
panoramic camera exposed 171 frames (fig. 4-58)
before the film was exhausted. This sequence could
provide basic data for evaluating the use of similar
camera systems in a whole-Moon photographic survey
when lunar exploration is revived. An hour after TEL
a sequence of UV photographs of the Moon ended
the Moon phase of the UV photography experiment.
Approximately 3 hr into TEC, the crew shared views
of the receding Moon (fig. 4-59) with the Earth by
way of television. A 9-hr rest period began 3.8 hr
after the TEI burn.

4-29

FIGURE 4-53.—Crescent Earth rises as the Apollo 16 crew
heads home. This frame is from the first earthrise
sequence photographed after TEI by an Apollo crew. The
large crater in the lower left quarter of the frame is Chang
Heng, a 35-km-d1ameter crater centered near latitude
18.5° N, longitude 111.5° E (AS16-122-19563).

FIGURE 4-54.--Post-TEI v1ew of King
Crater near iatitude 5.5° N, longitude
120.5° E. King has an unusual central
peak. The crater was the subject of
visual observations and photography
on more than one revolution during
the Apollo 16 mission. Oblique views
from orbit show specific features in
and near the crater in greater detail.
See also figures 4-55
(AS16-120-19268) and 4-56
(AS16-120-19273). North is to the
right in this near-vertical view
(AS16-122-19580).
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After the initial period of high activity,
photographic tasks were minimal throughout TEC.
Following completion of the first rest period, the
mapping camera was operated with the cover closed
until the film supply was exhausted. The CMP
recovered film cassettes from the mapping-camera
system and from the panoramic camera during a 1-hr
EVA period approximately 18 hr after the TEI burn
(fig. 4-60). Television and DAC photography
documented the activity outside the depressurized
spacecraft. Sequences of still and DAC photography
during the second day of TEC documented
experiments supporting the Skylab Program. The
final sequence of UV photographs of Earth was
exposed during the third day of TEC, approximately
3 hr before splashdown. Reentry,; documented by the
window-mounted DAC, closed this successful
photographic mission. Splashdown is shown in
figure 4-61.

FIGURE 4-56.—Partly filled crater north
of King. The smooth, flat filling
resembles mare material except that
it is lighter in color. Note the numer-
ous small “ponds™ with similar filling
materials that are perched at various
levels above the floor in rim deposits
of the crater. Similar ponds have
been described near Tycho and
Copernicus Craters. The north rim of
King Crater extends into the left side
of this oblique view westward
(AS16-120-19273).
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FIGURE 4-55.—-Oblique view southwestward across King
Crater. The wishbone-shaped central peak and the ter-
raced southern wall are clearly visible in this 250-mm
Hasselblad photograph. The crater near the upper left
corner of this frame is Abul Wdfa, which is centered near
latitude 1.5° N, longitude 116.5° E (AS16-120-19268).
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FIGURE 4-57.—Post-TEl view northwestward across far-
side terrain. The irregular, shallow crater with a flat
floor to the left of frame center is the 70- km-diameter
Crater Artamonov located near latitude 26° N, longi-
tude 104°E. A straight chain of craters trends
northwest farther than 170 km, with minor interrup-
tions, from near the lower edge to the center of the
frame. At the upper left corner of the frame, the
crater with the smooth, dark floor is the 95-km-
diameter Crater Lomonosov (AS16-122-19575).

FIGURE 4-58.—Panoramic-camera frame
exposed after TEL The frame is
centered near latitude 13° N, longi-
tude 93° E, and spans the lunar disk
with its long axis oriented northwest-
southeast. The frame has been cut in
half; the northwest half is on the left
side of this figure, the southeast half
is on the right. Approximate seleno-
graphic coordinates are indicated on
each half of the figure. Near the
-southeastern limb, an extremely low
Sun illuminates the crater
Tsmlkovsky, which is centered near
latitude 20° S, longitude 129° E. The
Crater Hercules, centered near lati-
tude 47° N, longitude 39° E, is illu-
minated by a high Sun near the
northwest limb. The large area of
mare material near the northwestern
limb is in the Lake of Dreams north-
cast of the Sea of Serenity (Apollo
16 pan-camera frame 5586).
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FIGURE 4-59.—Post-TEl view of the Moon. This FIGURE 4-60.—Transearth coast extravehicular activity. The CMP
Hasselblad EL photograph was exposed after left the depressurized CM during the TEC to recover film from
the TEC trajectory had carried the CSM high the SIM camera systems. The CMP is assisted by the LMP, who is
above a point hear the lunar equator at standing in the open CM hatch. This view is a frame from DAC
approximately 55 E longitude. Near-full-Moon motion pictures of the EVA (8-72-37001).

illumination accentuates the difference in
albedo and permits detailed examination of the
extensive ray patterns associated with craters
that are near or beyond the eastern imb when
the Moon is viewed from the Earth
(AS16-121-19451).

FIGURE 4-61.—Apolto 16 splashdown. The CM
entered the central Pacific Ocean approxi-
mately 215 miles southeast of Christmas
Island to successfully conclude the
Apollo 16 mission 265 hr 51 min after
launch. Television cameras on board the
U.S.S. Ticonderoga and its helicopters trans-
mitted real-time coverage of the landing to
the world by way of communication satel-
lites (8-72-36293).




5. Crew Observations

John W. Young,?® Thomas K. Mattingly,® and Charles M. Duke?

The Apollo 16 expedition to the Descartes region
was the second of the series of advanced manned
lunar missions designed to enhance the scientific
exploration of the Moon both from lunar orbit and
on the surface. Although these advanced missions are
very demanding, previous experienice with the me-
chanical aspects of Apollo missions permitted us to
devote 40 percent of our training time to the study of
experiment objectives and operations. During this
training period, a stimulating and fruitful relationship
grew between the scientific investigators and the
crew; by the time of the mission, we were confident
that we could perform our share of the exploration.
The great breadth of instruction they gave us was
rewarded by a reasonably adequate documentation of
both the expected and unexpected found at
Descartes.

A close coordination between experimenter and
crew aids in building and revising a viable flight plan.
Because of hardware requirements and limited discre-
tionary time available on an Apollo mission, the crew
is committed to follow a preplanned, extremely
complex, and relatively inflexible sequence of opera-
tions outlined in this flight plan. The peculiar
requirements of each experiment must be considered
in developing the flight plan, and, because of the
interdependence of each element, real-time changes
become difficult and sometimes even hazardous.
Hardware failures during our mission prompted many
real-time revisions to the flight plan. The cooperative
efforts of the experimenter and the operations teams,
and our long association with both, resulted in the
achievement of nearly all scientific objectives.

A key to a successful mission is close coordination
among the experimenters, the hardware manufac-
turers, the operations teams, and the crew. To be
most effective, this communication must begin with
experiment definition and continue through post-
flight data reduction.

ANASA Manned Spacecraft Center.

5-1

LUNAR ORBIT AND LUNAR LANDING

Because of the problem with the command and
service module (CSM) engine, we remained for three
revolutions in low lunar orbit with an 8-n.mi.
perilune centered on the landing site. As we had
anticipated, the landing site was easily recognized.
Most prominent were the bright rays from South Ray
Crater. By using these as keys, we quickly identified
Stone Mountain, North Ray Crater, Gator Crater,
Palmetto Crater, and the inverted V of craters
Stubby, Wreck, Trap, Cove, Eden Valley, and Spook.
The right leg of the V points to the landing site. We
were surprised at the amplitude of the undulations in
the Cayley Plains. “Plains™ is definitely a misnomer.

During lunar module (LM) descent, at approxi-
mately 20 000 ft, the commander (CDR) could lean
forward and see South Ray Crater and its distinctive
ray pattern. By 11 000 ft, the entire landing site was
visible. At approximately 6000 ft, the lunar module
pilot (LMP) remarked on the absence of boulders
along the planned traverse route to North Ray Crater.
The LM computer was guiding the spacecraft north
and west of the intended landing spot, so we
manually corrected our descent. As we approached
touchdown, we saw that the landing area had a few
blocks as large as 1 m in diameter. At 200 ft, we
became increasingly aware of the hummocky local
terrain. The LM exhaust plume began blowing dust at
80 ft. However, blocks and small craters remained
visible all the way to touchdown. The good visibility
may have been due in part to our having descended
from 150 ft to 30 ft over a 16-m crater. At 30 ft, we
translated forward to a level area and landed. We
could not detect slopes during the descent, except in
those regions such as crater rims where shadows were
cast. A survey after landing reveated that although we
had landed in a level area, a touchdown 25 m in any
direction would have placed the LM on local slopes of
from 6° to 10°.

The LM landed in a subdued old crater, approxi-
mately 75 m in diameter. In general, the landing area
is saturated with these old craters so that the few
young sharp-rimmed craters provide a notable con-
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trast to the pervasiveness of the old craters. In the
immediate vicinity of the LM, a few 1- to 2-m craters
have glass-coated boitoms. This glass is cracked and
wrinkled so that it looks like dried mud. A low
percentage of the surface is covered by subrounded to
subangular blocks. To the north, the Turtle Mountain
ridge shields the traverse route of the third period of
extravehicular activity (EVA-3). To the south, except
between the many 5- to 10-m ridges, we could see the
EVA-2 traverse route as far as station 4. The surface
sloped to the south an estimated 100 m, where a
gentle rise marked the beginning of Stone Mountain.

SURFACE EXPERIMENT
DEPLOYMENT

The Apollo lunar surface experiments package
(ALSEP) was deployed approximately 100 m west-
southwest of the IM in a similarly blocky, cratered,
and hummocky terrain. There is a small boulder
between the passive seismic experiment and the
central station, and another approximately 2 m south
of the lunar surface magnetometer. No significant
problems were encountered with the hardware during
the ALSEP deployment. Unfortunately, the cable to
the heat flow experiment had looped, became
snagged on a boot, and tore free from the central
station. This rendered the experiment useless.

Aiming the far UV camera/spectrograph was more
difficult than we had anticipated. Because of high
friction in the azimuth adjustment, the camera often
needed re-leveling after a new target was selected.
Recause of this friction, the uneven and sloping
surface, and the occasional camera moves to keep the
camera in the LM shadow, we used more EVA time
than we had anticipated.

The cosmic ray experiment is deployed by pulling
a lanyard. During deployment, this lanyard broke.
Because we had never seen the experiment deployed,
we could not tell whether the lanyard broke at the
end of its normal travel or at an intermediate point.
The experiment used in training was not functional
and the flight hardware could not be cycled. We
believe that, in training, the crew should operate a
functional replica of every experiment. By the begin-
ning of EVA-2, the temperature labels indicated that
the experiment was reaching its upper temperature
limit. The experiment was removed from the LM and
was placed on the -Y footpad so that it faced away
from the Sun.

Because of improvements to the lunar surface
drill, the LMP had little difficulty in drilling or
extracting the deep core. Very little soil was lost
during capping of the core stems.

LUNAR TRAVERSE GEOLOGY

Premission Photography

The premission topographic and geologic maps of
the Descartes site were based on 20-m-resolution
photographs from the Apollo 14 mission. Although
these maps are excellent considering the limited
resolution of the source photographs, several interpre-
tations are misleading. The maps do not show the
true hummocky character of the plains but do depict
many north-south trending, 10- to 15-m scarps that
are in fact not found. In addition, the small crater
distribution, the block distribution around North Ray
and South Ray Craters, the local slopes on Stone
Mountain and on the North Ray Crater rim, and the
subdued craters that saturate the Cayley Plains were
surprises that could have been avoided if high-
resolution photography had been available. Because
the Cayley Plains are so uniformly gray and feature-
less, except near sharp-rimmed craters and on bright
rays, it is possible that several craters even larger than
the resolution limit are not plotted on the topo-
graphic map. We observed a few such craters between
stations 8 and 10 and along the route from the LM to
station 11.

EVA-1 and EVA-2

During the first two EVA periods, we noticed that
the abundance of blocks is essentially the same along
the east-west line from the LM to Flag Crater, except
in the lighter albedo rays where blocks are larger and
more numerous. To the south, Survey Ridge has a
10- to 25-percent cover of subangular blocks, some as
large as 2 m. The dominant size is 25 to 35 cm. The
southwest stope of Survey Ridge appears to be
saturated with secondary craters; the source is un-
doubtedly South Ray Crater. From station4 on
Stone Mountain, a major ray can be traced from
Survey Ridge into South Ray Crater. However, the
albedo contrast between ray- and non-ray-covered
surface is subtle and cannot be detected at close
range.
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Both South Ray and Baby Ray Craters are clearly
visible from Stone Mountain. The stark bright rays
from Baby Ray lie on top of rays from South Ray.
South Ray has both white and black rays. Within a
white ray, white boulders are dominant; within a
black ray, such as the one north from South Ray,
black boulders are dominant. All rays from South
Ray Crater appear to extend over the rim and into
the crater. The block concentration increases signifi-
cantly near the South Ray rim; it would have been
very difficult or perhaps even impossible to drive to
the rim. The blocks are typically subangular and
angular, although approximately 10 percent of those
near the LM in the ray from South Ray are rounded.
These rounded rocks are more friable and may have
simply eroded rapidly, or they may have had a

different source.
The slope at the base of Stone Mountain is a

gentle 6° to 10°. Those surfaces of the mountain that
face northeast, away from South Ray Crater, are
noticeably less block covered than the west-facing
slopes. Nothing in the apparent color or albedo of the
soil on Stone Mountain distinguishes it from that on
the Cayley Plains. Although we had noted lineations
on Stone Mountain from the LM, these were not
detected at close range. We could not identify any
rocks on Stone Mountain that were different from
those on the Cayley Plains. However, if distinctly
different material were returned, it will likely be in
the rake samples from the inside slopes of two 15-m
craters. The slopes facing the northeast were selected
to maximize the chance of sampling true Descartes
material rather than South Ray ejecta. One rake
sample was collected from a crater at station 4; from
the asymmetric distribution of nearby blocks, this
crater was clearly caused by ejecta from South Ray
Crater. The second crater from which we took a rake
sample is more subdued than the first, but we believe
it too is a secondary. For the most part, the rake
samples appear to contain friable clods of soil.

EVA-3

There were gradual changes in block distribution
as we traversed from the LM to North Ray Crater.
North of Palmetto, there are very few blocks, the
crater rims are rounded, and the craters are generally
subdued. The blocks and cobbles are rounded and
partially buried in the regolith. The impression is one
of a very old and relatively undisturbed surface. From

orbit, the command module pilot (CMP) had the
impression that this area north of Palmetio is
distinctly different and, in fact, represents a map-
pable unit.

We observed and photographed two shallow,
100-m-diameter, rimless depressions that may well
have been endogenic. North of Palmetto is a gentle
slope leading to a broad valley. After crossing the
valley, we began the climb toward the rim of North
Ray Crater. The route was free of obstructions so
that the Rover easily reached the rim crest.

The inner slope of North Ray Crater is gentle for
the first 50 m. Beyond that, it steepens so rapidly
that the bottom of the crater cannot be seen. We
collected rocks and soil along the southeast rim.
Many rocks are well rounded, nearly buried in the
soil, and characteristically white and shocked. Farther
east on the rim near House Rock, the blocks are
subrounded, are not buried in the soil, and show little
filleting. House Rock itself is a huge breccia (esti-
mated to be 10 m high by 20 m long) that contains
both black and white clasts, some as large as 2 m. The
rock is complex, with no obvious organization; it is
shocked and fractured and has glass veins through it.
One face shows what we thought was either a shatter
cone or spall zone.

Those inner walls of North Ray that we could see
are covered by boulders as large as 5 m. As at South
Ray Crater, blocky rays extend up the inner walls,
across the rim, and radially outward (in this case, as
far as the top of Smoky Mountain). These rays are
also both black and white.

Sample Description

The overwhelming majority of sampled rocks are
breccias. In hand specimens, there appear to be two
types: one with black clasts in a white matrix and
the other with white clasts in a black matrix. A few
of the breccias contain veinlets of glass. All breccias
show some stage of shock metamorphism. A few
contain recognizable crystals of a gray-white feldspar.

Several soil samples were collected at each station.
With few exceptions, the soils appear to be identical.
The exceptions are from those areas like station 1
where a white soil appeared under 5 cm of the typical
gray surface material. Nearly all surfaces are loosely
compacted so that our boots compressed the soil 3 to
4 cm and raking was easy. On areas of the rim of
North Ray Crater, the soil is definitely firmer. Our
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bootprints were only 2cm deep, and the rake was
nearly useless.

The permanently shadowed soil sample was col-
lected from under a ledge on a boulder approximately
1 km from the North Ray rim. The boulder, Shadow
Rock, appears to be of the same material as House
Rock.

ASCENT

The ascent was smooth and without problems
from lift-off to lunar orbit insertion. We had a little
time to observe the Cayley Plains west of the landing
site. These plains are ridged, hummocky, and gener-
ally appear identical to the area at the landing site.

ORBITAL OBSERVATIONS

Visual observations of the lunar surface from orbit
received a great deal of attention throughout the
training and execution of this mission. Specific details
and impressions are recorded in section 28.

One of the most intriguing orbital observations
was made at approximatety 123:07 GET (3:01 cs.t.,
April 21, 1972). The CMP was watching the stars rise
over the approaching sunrise horizon while he was
waiting to execute one of the zodiacal light photo-
graphic sequences. While in a totalty darkened cock-
pit, he noticed a bright flash that appeared to the
south of the ground track and several degrees below
the horizon. This flash was of very short duration and
did not remain long enough to permit recording a
geographical position.

Several times during lunar orbit, the CMP could
see small particles that were apparently in orbit with
the spacecraft. These sightings were not related
directly to the periodic effluent dumps from the
spacecraft. The best time to view these objects was
the period between the time the spacecraft crossed
the lunar surface terminator and the time of
spacecraft sunrise or sunset.

Although he did not view lunar sunsets because of
the revisions to the flight plan, the CMP observed
several sunrises. The horizon could be discerned
approximately 17 min before sunrise and gradually
increased in definition as the sky took on a radiance
near the ecliptic. The actual sunrise was very abrupt
with an apparent step function increase in intensity as
the disk of the Sun came into view. The CMP looked

for, but failed to see, any asymmetry in the solar
corona or evidence of streamers or prominences.

Barthshine provided a rather well-illuminated
lunar surface during the early portions of the mission.
The lunar surface appeared much like a snow-covered
scenie on the Earth when illuminated by a full Moon,
but the lunar surface was considerably brighter. As
the mission progressed and the effective reflective
area of the Earth decreased, the lunar detail quickly
faded. The attempt to photograph the lunar surface
in earthshine was postponed because of the delay in
LM landing. This technique ought to provide some
very useful data about the western areas that Apollo
spacecraft have not and will not see in sunlight.
However, these photographs ought to have been
taken when the Earth provided the maximum reflec-
tive area.

In an attempt to resolve the question of the colors
of the Moon, we were provided with a wheel with
color chips for comparison. We were to hold the color
chip- and compare it with the lunar surface. There
were two difficulties. First, we could not agree on the
color chip that was closest in color. We did agree that
none really matched. The second problem was the
impossibility of viewing the color chip and the lunar
surface under the same lighting conditions. The CMP
saw very obvious tonal differences on the lunar
surface, especially in the western maria, but could not
quantitatively describe them. The color impressions
of an area of far-side highlands changed as the Sun
angle changed.

Craters on lunar photographs often appear as hills;
a similar problem exists in viewing the Moon through
a spacecraft window. This reversal occurs almost
always over the more nondescript areas of the
far side.

The Moon is exceptionally bright, almost painful
to the eyes. After the first 2 days in lunar orbit, the
CMP’s eyes were fatigued; however, after the third
day, they seemed to have adjusted enough to make
visual observations comfortably. Looking through the
sextant and the telescope at the surface presented a
similar problem. The CMP could actually feel the heat
coming through the optics.

There is very little on the lunar surface to act asa
scale for determining the size of objects. Because the
Moon is so heavily cratered at all scales, it looks very
similar from 15-km (8 n. mi.) and 111-km (60 n. mi.)
distances. The difference is really in the types of
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features that can be detected at different ranges. For
instance, the small-scale lineations, which are typicat
of all of the Moon except for the mare surfaces,
cannot be seen by the unaided eye at 111 km
(60 n. mi.), but they begin to appear at approxi-
mately 46 to 55.5 km {25 1o 30 n.. mi.).

The hardware for the low-light-level astronomical
photography includes three filters. The filters were
also used for visual observation of lunar features from
orbit. The first was a polarizing filter that showed
only a slight change in lunar brightness as the filter
was rotated 90°. There were no selective changes in
feature brightness or in image enhancement. The
other two filters are blue (420 to 510 nm) and red
(610 to 700 nm) and are used in the photography of
areas that had been shown as color anomalies in
Earth-based telescopic observations. Again, no visual
differences were noted.

GENERAL OBSERVATIONS

One characteristic that has been mentioned jok-
ingly on previous flights is that loose objects seem to
collect eventually in the LM/CSM tunnel area. This
phenomenon was evident throughout the flight. Also,
we noticed that there was a preferential resting place
for a tool which was tethered to a handhold.
Invariably, we would find the tool with the strap
nearly taut, oriented towards the tunnel and away
from the handhold. The phenomenon was independ-
ent of the attitude of the spacecraft. In an attempt to
evaluate the contributing effect of cabin gas circula-
tion, a set of hoses was placed in the tunnel adjacent
to the hatch with the exhaust hose open and the
intake hose alternately capped and uncapped. This
action seemed to have no effect on the phenomenon.
No attempt was made to evaluate a time dependency.
However, we did note that the tunnel area was almost
always cooler than the rest of the spacecraft cabin.

A particularly puzzling phenomenon occurred
when the CSM initially docked with the LM. As the
CSM closed to approximately 10 ft, we could hear
the sound of the CSM attitude control jets impinging
on the light skin of the LM, even though the two
vehicles were undocked. After docking, the sound
was the same except for an increase in volume.

Previous Apollo crews have reported seeing water
dump particles approaching the spacecraft. Therefore,
special attention was directed toward observation of
this phenomenon. We never saw any indication of

curved trajectories, except when a particle would
rebound off the surface of the LM or off another
particle that had previously bounced off the LM.
Several times during the mission, we had the
opportunity to look down-Sun after a water dump.
Although there was never a visible cloud, there was an
obvious increased luminance in the direction of the
antisolar point.

Observation of liquids in the absence of accelera-
tion is a fascinating pastime. One experiment that had
been suggested was to try to project one sphere of
water into another. Water was shot from the drinking
gun at a 2.54-cm (1 in.) sphere that had formed on
the food preparation panel. The projectile appeared
to hit the target with a minimum of deformation,
followed almost immediately by a discharge of water
from the opposite side of the target. The target
bubble vibrated slightly but remained stable in
position and, apparently, in volume. It was impossible
to discern whether the projectile had passed through
the target or had displaced some portion. One major
difficulty in conducting this experiment is in trying
to release a bubble with essentially no relative
velocity. In fact, it is very difficult to release even a
solid object without imparting some motion.

Mass measurement in an unaccelerated environ-
ment is another challenging problem in space flight.
We attempted to make a rough measure of mass by
recording accelerations induced by a known force.
The scheme was to use a spring to accelerate a mass
across a grid while we photographed the translation
with a sequence camera. This technique had been
evaluated on an air table with encouraging results.
The major source of error seemed to be the difficulty
in obtaining repeatable initial conditions. In flight,
the experiment was dynamically evaluated but not
photographed because of poor lighting conditions.
Qualitatively, the mass could be smoothly accelerated
with little or no rotation. That is, we obtained
relatively stable and repeatable initial conditions.

The Apollo light flash moving emulsion detector
was to be worn by the CMP. However, by the time
the experiment was to be conducted, the CMP had
not seen any light flashes and the LMP had
consistently observed them. Therefore, the LMP wore
the detector. The CDR saw a few flashes, although
not with the frequency experienced by the LMP.
Throughout the mission, the CMP looked for, but
never saw, a light flash, even though he tried various
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locations and orientations. The LMP did not notice
any demonstrable frequency variation associated with
his location within the spacecraft. The LMP also saw
the flashes while he was in the LM on the lunar
sinface, The only related physical difference among
crewmen was a qualitative judgment that the CMP
had relatively poor night vision.

One salient impression we have of our journey was
the variety of lunar terranes and geologic structures.
We suspect that there is a general lack of appreciation
for the complexity of lunar processes and probably of
lunar geologic history. We believe that lunar studies
will prove fascinating and rewarding for many years
and through many programs.
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SUMMARY OF RESULTS

The Apollo 16 landing site in the lunar central
highlands encompassed terra plains and adjacent
mountainous areas of hilly and furrowed terra. These
morphologic units, representing important terrane

types in the lunar highlands, had been interpreted as _

volcanic on most premission geologic maps. However,
it became apparent during the mission that there are
indeed few or no volcanic rocks or landforms at the
site but rather that the area is underlain by a wide
variety of impact-generated breccias.

During the three extravehicular activity (EVA)
traverses of the mission, 95 kg of rocks and soils were
collected, 1774 surface photographs were taken, and
a traverse length of 20.3 km was covered. These data
and the observations and geologic descriptions of the
astronauts provide a wealth of basic data for analysis
and synthesis.

Ray materials derived from North Ray and South
Ray Craters are the two most apparent sources of
surface debris on the Cayley Plains. Ejecta from
South Ray Crater also appear to mantle much of the
surface of Stone Mountain in the vicinity of stations
4 and 5, so that it is still uncertain whether Descartes
materials were, in fact, sampled. Size distribution
studies of fragments on the lunar surface suggest that
the ejecta units of these two craters differ in
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character. Rock fragments are much less abundant in
the North Ray ejecta blanket, which suggests that the
North Ray impact may have excavated more frizble
material, that the length of time since the cratering
event has been sufficient for subsequent impacts to
destroy the smaller blocks, or both. South Ray ejecta,
as mapped, include bright and dark areas, but the
only surface differences observed are that the bright-
est areas have larger block sizes and a greater
abundance of blocks. The mapped interray areas have
no tunar surface characteristics that distinguish them
from adjacent South Ray ejecta. Both ray and
interray areas show a progressive northward decrease
in total rock abundance and in relative abundance of
the coarser sizes.

The regolith present on the ejecta blanket of
North Ray Crater is only a few centimeters thick.
Where ejecta blankets or ray deposits are not identifi-
able, the regolith is 10 to 15 m thick. The surface of
the tegolith is medium gray, but high-albedo soils are
present at depths of | to 2 ¢cm in most of the traverse
area.

The Cayley Plains in the region of the lunar
module (LM) and the Apollo lunar surface experi-
ments package (ALSEP) are smooth but broadly
undulating with a maximum reliel of several meters.
Two percent of the surface is covered by 2- to 20-cm
fragments. Subdued craters between 150 and 240 m
in diameter are present together with many smaller,
more youthful craters, including abundant 0.5- to
2.0-m secondaries and some primary craters as large
as 30 m in diameter.

Station 1 is near the rim of Plum Crater, a
30-m-diameter crater on the rim of the 300-m-
diameter Flag Crater. Flag Crater is approximately 50
m deep and probably penetrates through the regolith
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into the underlying bedrock. The crater is subdued
and no rocky exposures are visible in its walls or
floor. The eastern part of the station 1 area appears
to be crossed by a very faint ray from South Ray
Crater, but rock fragments larger than approximately
10 cm cover less than 1 percent of the surface. A
number of slightly buried, angular rocks in the
photographs are interpreted to be cjecta from South
Ray Crater. Because of the depth of penetration by
Flag Crater and the relative scarcity of South Ray
ejecta, samples from station 1 have the highest
probability of being material representative of the
upper units of the subjacent Cayley Formation.

Station 2 is located just north of Spook Crater
(400 m in diameter) on the south rim of Buster
Crater (90 m in diameter). The area is crossed by a
faint ray that is apparenily derived from South Ray
Crater. Fragments, most of which are 5 to 10 cm,
cover 2 to 3 percent of the surface. Scattered craters
as large as 2 m in diameter are generally subdued, but
a few small fresh ones have sharp rims and associated
ejecta. Spook Crater is symmetrical with a slightly
raised rim. No rock exposures occur in the walls and
no deposits of ejecta were seen. In contrast, the floor
and part of the walls of Buster Crater ate covered by
blocky debris with angular rocks as large as 5 m
ACTOSS.

Stone Mountain is a westward projection of the
Descartes highlands into the southeastern part of the
landing area. The mountain rises approximately 340
m above the Cayley Plains and is domical in form.
Major though subtle step and bench topography
parallels the slope of Stone Mountain. Stations 4 and
S were located on Stone Mountain; station 6 was on
the Cayley Plains near the foot of its lowest bench.
Approximately 2 percent of the traverse area is
sprinkled with blocks 10 cm and smaller. Blocks
range from well rounded to angular but most are of
intermediate shape. Local concentrations of blocks
are found especially on the east sides and rims of
craters facing away from South Ray Crater. It is
presumed that these blocks were contributed largely
from South Ray Crater and that an appreciable fines
fraction accompanied them. The majority of craters
on Stone Mountain range from 50 m down to the
limit of resolution. The crater density is approxi-
mately that seen in the adjacent Cayley Plain, but
craters larger than 100 m are more abundani in the
Cayley Plain than on Stone Mountain.

The lunar surface in the vicinity of stations 8 and
9 is gently undulating with a northeasterly slope of a
few degrees. Between 1 and 3 percent of the surface
is covered by fragments 1 cm and larger. The largest
blocks (1 to 2 m) are few and scattered. The blocks
increase in size and abundance between stations 8 and
9 but decrease again at station 9, where blocks are
somewhat less abundant than at station 8. There are
many subdued craters as large as 3 m in diameter in
this area. Most have slightly raised, rounded rims.
Several craters at station 8 have concentrations of
blocks on the northeast rims, and a few of these are
somewhat elongate in a northeast-southwest direc-
tion, suggesting that they are South Ray secondaries.

At stations 11 and 13, a large young crater was
investigated along its rim crest, walls, and continuous
gjecta blanket and was extensively photographed and
sampled. North Ray Crater, 900 to 950 m in
diameter, is on a 50-m-high ridge at the western edge
of Smoky Mountain near the eastern boundary of the
Cayley Formation in this area. The geologic impor-
tance of North Ray Crater lies in iis youth and in the
depth of penetration (160 to 200 m) into materials
underlying the Cayley Plains. The abundance of
blocks on the rim of North Ray Crater was less than
had been anticipated, although the size of some of
the blocks makes them the largest investigated on the
Moon so far. The distribution of craters superposed
on North Ray Crater is apparently random and the
density is very low. Few craters larger than 25 m are
observed, and very few are recognized in the surface
photographs. The random distribution and low den-
sity presumably reflect the relative youth of the
crater and, for the smaller craters, probably result
from a thin regolith over a hard subunit.

The total returned net sample weight is approxi-
mately 95.33 kg. Of the total sample weight, almost
75 percent consisis of rock fragments larger than 1
¢m in diameter, nearly 20 percent consists of soil or
residue fines, and the remainder consists of core and
drive tube samples. The Apollo 16 rocks may be
divided into three broad groups: (1) fine- to coarse-
grained, mostly homogeneous crystalline rocks; (2)
rocks composed substantially of glass; and (3) frag-
mental rocks (breccias). The proportion of fragmental
rocks in the returned samples exceeds 75 percent.
Twenty-five rocks are classified as crystalline rocks.
Of these, seven appear to be igneous rocks. Although
all the igneous rocks have been shattered and de-
formed to some extent, the predeformation textures
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are substantially intact. The two largest samples
returned are coarse-grained, nonvesicular rocks com-
posed largely of plagioclase. These rocks resemble
Apollo 15 anorthosite sample 15415 but are probably
more severely shock deformed. Three are fine-
grained, highly feldspathic rocks with crystallined
vugs. Eighteen crystalline rocks appear to be met-
aclastic rocks with generally small proportions of
lithic debris. These are hard, angular rocks charac-
terized by fine-grained sugary textures. Five samples
largely composed of glass were returned. Two of

these are glass spheres, one hollow and one solid. The
remaining three glass samples are irregular, coarse,
vitric agglutinates with numerous small lithic inclu-
sions. The fragmental rocks have been divided into
five main groups on the basis of proportions of light
and dark clasts and matrix color. All five groups are
varieties of impact-generated breccias; none appear to
be of volcanic origin. The majority of the rocks are
polymictic breccias, but a substantial minority are
monomictic. Two types of clasts are clearly dom-
inant: (1) dark, aphanitic to finely crystalline met-
aclastic rocks and (2) white, partly crushed to pow-
dered feldspathic rocks. Less common clast types
include light-gray or white rocks with granoblastic
textures, a variety of gabbroic to anorthositic rocks
with medium to coarse grain size, and rare feldspar-
poor basaltic rocks. Matrices of the light- and
medium-gray-matrix breccias are, for the most part,
friable and not visibly altered by subsequent thermal
events, whereas those of dark-matrix breccias are
coherent and annealed or fused.

The rock distribution suggests that the section
underlying the Cayley Plains is stratificd, with an
upper unit of medium-gray breccia and lower units
composed mainly of light- and dark-matrix breccias.
The areal extent of the supposed upper unit is not
known but presumably extends at.least between
stations 1 and 6; considering the relative scarcity of
the medium-gray breccias, the unit is probably not
more than a few meters thick. Evidence derived from
the photographs, astronaut descriptions, and samples
coflected at station 11 suggests that light-matrix
breccias overlie dark-matrix breccias, whereas the
color of ejecta on the rims of South Ray and Baby
Ray Craters suggests that dark-matrix breccias overlie
light-matrix breccias in the vicinity of those craters.
Such a stratigraphic sequence in the South Ray area is
consistent with the dominance of dark-matrix brec-
cias described and photographed in South Ray ejecta
between the LM site and station 8.

The Cayley Formation at the Apolio 16 site is a
thick (at least 200 and possibly more than 300 m),
crudely stratified debris unit, the components of
which are derived from plutonic anorthosites and
feldspathic gabbros and from metamorphic rocks of
similar composition. The Formation has an elemental
composition similar to that observed over large
regions of the lunar highlands by the orbital X-ray
experiments of the Apollo 15 and 16 missions. The
observed textures and structures of the breccias
resemble those of impact breccias. They do not
resemble those of volcanic rocks nor do the plutonic
or metamorphic source rocks of the breccias have the
textures or compositions of terrestrial or nearly all
previously sampled lunar volcanic rocks,

The nature of the materials comprising the Des-
cartes highlands remains, at this time, unknown.
Available sample data indicate that the Descartes
highlands differ from the adjacent Cayley Formation
more in physiographic expression than in actual
lithologic character. Whether it is a stratified unit, as
suggested by several subtle topographic benches, has
not been established.

The character of the Cayley Formation emerging
from the Apollo 16 site studies supports considera-
tion of an impact-related origin. The sources of the
debris that might be considered include (1) ejecta
from the Imbrium Basin (ref. 6-1), (2) ejecta from the
Nectaris Basin, or (3) some combination of ejecta
from various local and more distant sources accumu-
lated over an extended time interval. Each possibility
has a very different historical implication. Isotopic
age studies on samples of the various breccia types
and their included clasts should permit a test of these
possibilities.

The incomplete characterization of the Descartes
materials on Stone Mountain makes extended geolog-
ical speculation premature. Materials of the same
morphological unit partially fill the crater Descartes
to the south. These steep-sloped, relatively uncra-
tered, high-albedo uplands have been interpreted as
relatively youthful, volcanic constructional features.
If work in progress confirms that the Descartes
Mountains are composed of breccias similar in lithol-
ogy and composition to materials of the Cayley
Formation, the postulated volcanic origin will require
reassessment. Additional petrologic information, soil
analyses, and possibly age studies of the returned
samples are necessary to conduct such an evaluation.
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INTRODUCTION

The lunar module, Orion, landed at the western
edge of the Descartes Mountains approximately 50
km west of the Kant Plateau, part of the highest

- topographic surface on the near side of the Moon (fig.
6-1). The Apollo 16 mission accomplished the first
landing in the central lunar highlands, and the crew
successfully explored and sampled a kind of terrane
never before visited on the lunar surface. The landing
site was selected as an area characteristic of both terra
plains and rugged hilly and furrowed terra. The
consensus of premission photogeologic interpretation
was that both units were of probable volcanic origin.
However, it became apparent during the mission that
there are indeed few or no volcanic rocks or
landforms at the landing site but rather that the area
is underlain by a wide variety of impact-generated
breccias.

FIGURE 6-1.—Regional physiography of the Apollo 16
landing site (Apolic 16 metric camera frames 439 and
440).

The Apollo 16 mission is the only manned landing
accomplished or planned in the central lunar high-
Jands. The geologic diversity and significance of the
site; the extended traverse capability provided by
three EVA periods and by the lunar roving vehicle
(LRV); the real-time television coverage of the site
and of crew activities; the large suite of returned

samples and surface photographs; and, especially, the
fine performance of the crew contributed to a very
successful mission. A summary of lunar surface
photographic activities is given in appendix A of this
section. The Apollo 16 mission has proved to be
exceedingly important from the standpoint of under-
standing the evolution of the terra and in providing
data that ultimately may be extrapolated over wide
areas of the lunar surface.

PREMISSION GEOLOGIC STUDIES

The central highlands region surrounding the
Apollo 16 landing site represents a major geologic
province that has long attracted attention because of
its distinctive densely cratered appearance and its
unique position between dark maria (fig. 6-2). Three
main geologic units have been recognized in the
area: the Cayley Formation, materials of the Des-
cartes highlands, and materials of the Kant Plateau.
The first two units form clearly distinct terranes with
some transitional facies; the last unit shares some
morphologic characteristics with the first two. At the
beginning of the lunar mapping program, these units
were interpreted as facies of the Imbrium ejecta
blanket (ref. 6-1) but later were considered as
probable volcanic deposits (refs. 6-2 to 6-10). Im-
brium sculpture is not pronounced or is absent on the
three units, and Imbrian trends were expressed as
basement control on the topography of overlying
units. The relative abundance of craters 300 m to 2
km in diameter on the Cayley Formation suggests
that the Formation is older than the maria. There-
fore, the maximum inferred age of the deposits was
Imbrian. Most photogeologic maps show the three
units as emplaced in approximately the same span of
time so that locally determined age relations between
them may not be valid over wide areas. If these
interpretations are correct, then the Cayley Forma-
tion and Descartes and Kant materials were deposited
during the relatively narrow time interval between the
Imbrium event and the filling of the mare basins with
basalt. However, Milton (ref. 6-2) suggested that
Descartes materials in an area approximately 50 km
south of the landing site might be as young as
Copernican. More recently, Head and Goetz (ref.
6-11) presented multispectral data of this area that
support a Copernican age assignment.
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FIGURE 6-2.—Near side of the Moon showing relation of the
Descattes area to the surrounding maria.

Terra plains-forming units, of which the Cayley
Formation is an example, cover approximately 7
percent of the near side of the Moon and occupy
more area than any other identifiable unit except
mare material. Characteristically, the Cayley Forma-
tion forms low-relief plains of light albedo that lie in
the floors of older depressions (fig. 6-1). Small craters
(300 m to 2 km in diameter) are abundant on most of
its surface; positive landforms such as ridges and
domes like those on the maria are generally absent.
Near the landing site, the Formation is divided into
smoath and irregular subunits (refs. 6-5 and 6-6), but
only the less representative irregular unit was within
the planned traverse area. Impact and volcanic origins
have been the main interpretations advanced for the
Cayley Formation. Eggleton and Marshall (ref. 6-1)
showed a zone of “continuously hummocky Apen-
ninian material” (interpreted as Imbrium ejecta)
extending from the rim of Mare Imbrium to about
the distance of the crater Fra Mauro. Farther out, and
concentric to Mare Imbrium, they identified a
smooth facies with an easily recognizable outer limit,
crossing the northwest corner of the Theophilus
quadrangle some 80 km northwest of the Apollo 16
site. Still farther out, they concluded that “isolated
hummocky patches of probably Apenninian material
may be exposed over much of the intervening area.”

However, Milton (ref. 6-12) separated a “plains-
forming unit” (subsequently called Cayley Forma-
tion) from the Fra Mauro Formation and believed
that he saw evidence of its superposition on Fra
Mauro deposits. A volcanic origin was tentatively
suggested. He also specifically rejected Eggleton and
Marshall’s idea that what is now called Descartes
material is Imbrium ejecta and considered it another
volcanic unit. This interpretation was subsequently
preferred by Wilhelms (ref. 6-13), Trask and
McCauley (ref. 6-10), and Elston et al. (refs. 6-5 to
6-7). Most workers, however, have reserved the
possibility that some of the terra plains consist of
deeply churned fragmental debris derived by mass
wasting and ballistic transport from nearby topo-
graphic highs.

Materials of the Descartes highlands form hilly
and mountainous regions that are topographically
higher than the Cayley Formation (fig. 6-1). The
Descartes unit is one of the better examples of a type
of material that occurs in several places in the lunar
terrae as patches of rugged terrain not obviously
related to craters or. multi-ring basins. Based on
low-resolution (1 to 2 km) telescopic photographs,
the unit was interpreted by Eggleton and Marshall
(ref. 6-1) to be an isolated outlier of Imbrium ejecta.
Their analysis depended on the morphologic similar-
ity between the Descartes highlands and the hum-
mocky deposits nearer to the Imbrium Basin. Milton
(ref. 6-2) noted that the unit forms a deposit of
considerable thickness, pethaps about a kilometer,
and that its relief is targely intrinsic. Both Milton (ref.
6-2) and Trask and McCauley (ref. 6-10) interpreted
positive landforms in the Descartes highlands to be
volcanic, although the latter pointed out morphologic
similarities to one of the depositional facies of the
Orientale blanket. The broad domes, generally 2 to 8
km across, were thought to be analogous to terrestrial
shield volcanoes. Some domes appear to have funnel-
shaped summit craters with convex interior slopes
rather than the concave-upward interior slopes char-
acteristic of most lunar craters. Milton (ref. 6-3)
suggested that these features are a form of caldera

_produced by slumping into a void caused by with-

drawal of material at depth. He further suggested that
as individual domes broaden, they coalesce into
plateaus cut by irregular furrows. Some of these
furrows were thought to be areas between construc-
tional features, but most were interpreted to be either
grabens or sites of fissure eruptions.
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The Kant Plateau occupies much of the central
region of the Theophilus quadrangle (ref. 6-2, fig.
6-1). Materials of the Plateau were not believed to
underlie the Apollo 16 site, but exotic blocks derived
from the Plateau might be present in the traverse
area. Materials of the Kanl Plateau were interpreted
by Milton (ref. 6-2) to be volcanic, although he noted
a lack of distinctive volcanic landforms.

The Fra Mauro Formation and the similar Nectaris
Basin ejecta (the Janssen Formation) were shown in
cross section as underlying both the Cayley Forma-
tion and the Descartes Mountains in the Apollo 16
landing area (ref. 6-4). In another cross section (refs.
6-5 and 6-6), the surface of a highly cratered
pre-Imbrian hill, approximately 25 km southwest of
the landing site, was projected beneath the Cayley
Formation to where it lay less than 1 km below the
surface at the landing site.

Ray materials from North Ray and South Ray
Craters, both situated on the Cayley Formation, were
mapped as mantling a considerable part of the
traverse area, both within the plains and within the
adjacent highlands (refs. 6-4 to 6-6). Impact craters of
Imbrian to late-Copernican age are scattered through-
out the region. In addition,.rimless to low-rimmed,
irregular depressions of unknown origin were noted
and mapped. Topographic benches were mapped on
the flanks of Stone Mountain. In the walls of several
craters, albedo bands and ledges suggested lithologic
layering. Lineaments in photomap units locally con-
stituted as many as four intersecting sets (refs. 6-5
and 6-6).

GEOLOGIC OBJECTIVES

The geologic objectives of the Apoltlo 16 mission
were to understand better the nature and develop-
ment of the highland area near the Descartes Moun-
tains and to study processes that have modified
highland surfaces. The objectives were to be met
through the study of geologic features documented
both on the surface and from orbit and through
subsequent analysis of the returned samples.

The three traverses were designed to investigate
two distinct highland morphologic units, the upland
plains mapped as Cayley Formation and the moun-
tainous Descartes highlands. Specifically, the study of
the Cayley Formation was planned to yield the lateral
variation of the straiigraphic section between North

Ray and South Ray Craters (fig. 6-3), the petrology
of the Formation throughout the area, and the
characteristics of the upland plains regolith. The
prime Cayley sampling areas were located at Flag and
Spook Craters and the ALSEP, where crater dimen-
stons suggested that the unit might be sampled to
depths of approximately 60 m. Deeper parts of the
Cayley Formation were expected to have been
excavated by the larger North Ray and South Ray
impacts and exposed near the rim of North Ray
Crater (stations 11, 12, and 13) and in the ray
deposits of South Ray Crater.

Stations 4, 5, and 6 on the flank of Stone
Mountain were the principal sampling sites for Des-
cartes highland materials (fig. 6-3). These stations
were located on benches recognizable on the topo-
graphic map. An additional station (14) was planned
on the lower slopes of Smoky Mountain to compare
the two mountain units.

Several special procedures were used with the
objectives of (1) supporting studies of the surface
character of the regolith, the optical properties of the
lunar surface, the unabraded surfaces of lunar rocks,
boulder erosion and filleting, the adsorption in
shaded areas of mobile elements, cosmic ray tracks in
large boulders, and chemical homogeneity throughout
single units, and (2) supporting future studies on
uncontaminated lunar soil. (See part B of sec. 7 of
this report.)

PHYSICAL DESCRIPTIONS

The Site and Traverse Routes

The Apollo 16 landing-site area included a portion
of the Cayley Plain and two areas of mountainous
terrain to the south and north. The Plain is a heavily
cratered surface that slopes to the south-southwest.
The presence of craters and their rim deposits gives
the appearance of hummocks and swales with inter-
vening relatively flat areas of limited extent. The
Stone Mountain area to the south is terraced.

The LM landed approximately 210 m north and
60 m west of the nominal landing site (fig. 6-4) in a
large swale that is relatively flat and that may be the
floor of a very subdued old crater. The maximum
local relief is several meters. Stations 1 and 2 (fig.
6-4) were traversed at their nominal locations. Both
stations were located on rim material of a moderately
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FIGURE 6-3.-Preplanned traverses and geologic objectives,

large crater adjacent to a younger small crater.
Station 2 was more blocky because of the relative
freshness of Buster Crater.

During EVA-2, the nominal traverse required a
climb of approximately 200 m up the stope of Stone
Mountain. Station 4, the highest point reached on the
mountain, was located short of the nominal station
and approximately 75 m lower on the slope. The
station was on a steep slope that is more blocky than
expected because of the presence of ray material
from South Ray Crater. Station 5 was lower on the
slope and approximately 0.5 km north of station 4.
The station was on a gently sloping bench near a
15-m crater in an area sparsely covered with blocks.
Station 6 was located on the edge of the Cayley Plain
at the base of Stone Mountain. A subdued 10-m
crater and several small craters are present in the

station 6 area, and small blocks are fairly common.
Nominal station 7 was bypassed, and station 8 was
located somewhat north of nominal in a rocky area
considered part of a ray from South Ray Crater.
Station 9 was positioned somewhat to the east of its
nominal location in an area with less South Ray
eiecta.

The third EVA was shortened and station tasks
were concentrated principally on areas near North
Ray Crater (fig. 6-4). Station 11, an elongate area on
the southeast rim of North Ray Crater, was blocky
with a few exceedingly large blocks. Station 13 was
located on the ejecta blanket of North Ray Crater at
a distance approximately equal to three-fourths of
the diameter of North Ray Crater to the southeast of
station 11. The station 13 area had few blocks
projecting above its gently south-sloping surface.
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FIGURE 6-4,—Traverse map (Apollo 16 pan camera frame 4618).
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Surficial Deposits

Ray deposits.—Ray materials derived from North
Ray and South Ray Craters are the two most
apparent sources of surface debris on the Cayley
Plains. Ejecta from South Ray Crater also appear to
mantle much of the surface of Stone Mountain in the
vicinity of stations 4 and 5. The wide extent of the
1ays greatly increases the possibility that ray material
rather than local bedrock was sampled at many of the
traverse stations. It is therefore important to attempt
to distinguish ray material and, if possible, to
differentiate between North Ray and South Ray
ejecta.

On orbital photographs, rays from South Ray
Crater can be observed to extend at least 9 to 10 km
from their source into areas west and southeast of
North Ray Crater, overlapping older North Ray rays
(fig. 6-5). This suggests that South Ray ejecta
probably occur in at least small quantities on the rim
of North Ray Crater itself, on the surface or mixed
into North Ray ejecta. Most of the interray areas
within 3 to 4 km of South Ray Crater were not
separately outlined at the scale of map compilation
(1:12,500). Radially outward, interray areas are more
extensive, until only a few strong rays are recog-
nizable at distances of 6 km or more. The traverses
included the area of this transition.

The mapped ejecta of North Ray Crater extend
shorter distances outward (less than 3 km south into
the traverse area) than do those of South Ray Crater
and are less streaked with strong rays. This apparent
difference in distribution presumably is mainly the
result of the greater age of North Ray Crater and the
greater amount of “weathering” of the ejecta. One
may guess from orbital and surface photographs that
North Ray Crater is more than twice as old as South
Ray Crater and that North Ray ejecta have undergone
more than twice as much modification. Because
North Ray Crater is larger than South Ray Crater, its
ejecta blanket should originally have been at least as
extensive as that of South Ray Crater. Recognizable
amounts of North Ray ejecta probably were de-
posited on Stone Mountain, though now obscured by
downslope mass wasting and by covering by South
Ray ejecta.

Rays from Baby Ray Crater are draped across
those of South Ray Crater. Other, still smaller,
younger craters are scattered across the map area, Of

these, only the ejecta of WC Crater are shown on the
map.

Discrimination of ray material from South Ray
and North Ray Craters on the lunar surface is a
difficult task. Rocks exposed on the lunar surface
tend to become more rounded, more deeply buried,
and more filleted with age. Because of the relative
youth of South Ray Crater, these characteristics are,
in some cases, helpful in distinguishing South Ray
from North Ray ejecta. Boulders in the vicinity of
South Ray Crater and on its mappable rays are more
angular than those in the vicinity of North Ray Crater
and on North Ray ejecta (shape terminology from
ref. 6-14). A preliminary study of the Apollo 16
samples, however, shows that the surfaces of many
are eroded, whether they were collected from South
Ray or North Ray ejecta. Chips from South Ray
boulders are also eroded on the exposed surfaces.
Angularity appears to be consistently preserved only
on the largest rocks from South Ray Crater. Small
rocks, even those from South Ray ejecta, are prob-
ably sufficiently eroded so that angularity alone is
not a unique identification of the source of any single
small sample. The amount of apparent erosion is, of
course, also dependent on friability, structure, and
other rock characteristics. Angularity as a means of
identifying South Ray from North Ray ejecta is
probably useful in individual cases only for boulder-
sized blocks of similar tensile strengths.

To characterize the ray materials further, there-
fore, it proved necessary to investigate the size
distribution of fragments along the Apollo 16 traverse
routes. Frequency and size of fragments were meas-
ured in 324 surface photographs with the aid of a
perspective grid. The smallest size class, 2 to 5 cm,
was measured within 6 m of the camera. Larger
fragments, in classes increasing by a 5-cm increment
(e.g., 5to 10, 10 to 15, 15 to 20), were measured to
10 m from the camera. Size and frequency data were
converted to percentage of surface area covered by
fragments of each size class (fig. 6-6). For simplicity,
fragments larger than 15 c¢m have been grouped in a
single class.

Most fragments range from 2 to 40 cm, but a few
larger fragments (as large as 90 cm in diameter) were
measured. Larger blocks are present locally but were
too far from the camera io be included in the
measurements. The most abundant fragments are in
the 2- to 5-cm class, which typically makes up 25 to
90 percent of the area covered by fragments in a
photograph. Fragments in the 5- to 10-cm size class
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olid Tines - outermost visible extent of discontinuous ray materials
Long dashed lines - boundaries of conspicuous rays within ejecta;
mapped only near traverses
hort dashed linas - boundaries of cantinuous high-albedo ejecta near
South Ray and younger craters
H Dotted lines - inferred houndaries
N - North Ray ejecta S - South Rayejecta B - Baby Ray ejecta

FIGURE 6-5.—Map of egjecta distribution in the Descartes landing site area. Derived from
second-generation film positives of Apollo 14 orbital photographs AS14-69-9520 and 9522 (500

mm), using stereographic analytiic plotter.
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are second in abundance. In general, the frequency of
2- to 5cm fragments and of larger fragments varies
with the total fragment abundance.

The abundance of fragments larger than 2 cm in
diameter increases progressively from north to south
over the entire traverse area. Typically, fragments on
the ejecta blanket of North Ray Crater cover consid-
erably less than 1 percent of the surface area, whereas
abundances as high as 7 percent are common south of
the LM area in rays from South Ray Crater. Abun-
dances increase locally in the vicinity of fresh craters
(c.g., approximately 200 m north of station 13) and
in some of the bright rays from South Ray Crater.
The most extreme abundance (nearly 16 percent) was
measured in photograph AS16-115-18533, taken ap-
proximately 600 m south of the LM. This area is near
WC Crater, which may have excavated fragments
from beneath the South Ray ejecta.

Ejecta from South Ray Crater are characterized
by a relative abundance (generally 2 to 7 percent
surface cover) of angular fragments that are com-
monly perched on the surface. Fragments are gener-
ally less than 0.5 m in diameter and most are 2 to 10
cm. Large, worn boulders like those in the North Ray
ejecta blanket are absent; the angular nature of the
larger blocks emphasizes the relative youth of South
Ray ejecta. In addition, the surface is pocked by
abundant small craters approximately 2 m or less in
diameter. In relatively dark areas of South Ray ¢jecta
(fig. 6-7), fragments ordinarily cover 4 percent or less
of the surface (fig. 6-6). Most areas with a.higher
percentage of fragments occur in bright ray patches.
Figure 6-8 is a photograph taken on Survey Ridge, a
bright northeast-trending ray patch approximately
1500 m north of station 5. Approximately 7 percent
of the surface at this location is covered by frag-
ments, and the larger sizes are more abundant than in
the area shown in figure 6-7.

The edge of the continuous ejecta blanket from
North Ray Crater was crossed approximately 400 m
south of station 13. The surface of the ejecta blanket
(fig. 6-9) is characterized by the extreme paucity (less
than 1 percent surface cover) of rock fragments and
by the scarcity of small secondary craters. Widely
scattered, worn-looking, partly buried blocks, many
several meters in diameter, dot the surface. These
larger blocks seem especially characteristic of the
North Ray blanket and presumably were ¢jected from
North Ray Crater; their eroded character demon-
strates that the North Ray event preceded the South
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Ray event. The generally fine grain size of the surface
materials also suggests that North Ray ejecta are older
than South Ray materials, that much of the North
Ray blanket may have been derived from relatively
friable materials, or both.

FIGURE 6-7.—South Ray Crater ejecta near station 3. No
bright ray deposits are visible in the immediate area.
Fragments cover almost 3 percent of the surface (“driv-
ing” photograph AS16-110-17925).

FIGURE 6-8.—South Ray Crater ejecta in bright ray area on
Survey Ridge approximately 1500 m north of station 5.
Fragments cover 7 percent of the surface (“driving”
photograph AS16-110-17895).
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FIGURE 6-9.-Typical North Ray Crater ejecta blanket
surface. Fragments cover 0.2 percent of the surface. The
large block to the right is approximately 2 m in diameter
(*“driving™ photograph AS16-111-18146).

Interray areas not mapped as North Ray or South
Ray ejecta are shown at several localities in figure 6-5.
In size distribution, frequency, and shape of frag-
ments and in occurrence of small craters, these areas
resemble adjacent areas not mapped as South Ray
gjecta.

In summary, ejecta from North Ray and South
Ray Craters have been distinguished and mapped on
orbital photographs (fig. 6-5). Size distribution
studies of fragments on the lunar surface suggest that
the two ejecta units differ in character. Rock frag-
ments are much less abundant in the North Ray
ejecta blanket, which suggests that the North Ray
impact may have excavated more friable material,
that the length of time since the cratering event has
been sufficient for subsequent impacts to destroy the
smaller blocks, or both. Large blocks are considerably
more rounded in the North Ray blanket, which also
suggests that the debris is older than that of South
Ray Crater. South Ray ejecta, as mapped (fig. 6-5),
include both dark and bright areas. The size and
frequency data show that the brightest surfaces, such
as that of Survey Ridge, are characterized by a greater
abundance of fragments and a relative increase of
fragmenis in the coarser sizes. Generally, areas
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mapped as interray areas on orbital photographs are
indistinguishable from nearby South Ray ejecta in the
surface photographs or in the size distribution data
frem nearby South Ray ejecta. It seems likely that
South Ray ejecta lightly cover the mapped interray
areas. Both ray and interray areas show a progressive
northward decrease in total rock abundance and in
relative abundance of the coarser sizes. Size and
abundance of fragments are inversely related to
distance from South Ray Crater. Distribution of fines
(less than 2 cm) from North Ray and South Ray
Craters has not been determined from the surface
photographs. The core samples may serve to identify
fine-grained ejecta units.

Regolith.—The lunar regolith is defined as a layer
of fragmental debris of relatively low cohesion that
overlies a more coherent substratum (ref. 6-15). At
the Apollo mare sites, the regolith averapes 3 to 6 m
thick and was derived primarily from underlying
basaltic units, Analysis of nonmare areas has been
difficult because of the lack of high-resolution photo-
graphs and the apparent modification of craters by
downslope movement in rolling terrain.

The regolith formed on the “hard” ejecta blanket
of North Ray Crater is only a few centimeters thick
as was demonstrated by astronaut activities (rake
sampling, footprints, LRV tracks). The scarcity of
blocks on the ejecta blanket is notable (fig. 6-6) and
may be the result of (1) the crater event e¢jecting
fine-grained, disaggregated material that filled the
interstices of the blocky ejecta blanket and added a
very thin surface mantle, and (2) micrometeorite
erosion of the surface rocks, which, judging from the
boulders remaining, were generally friable. The “hard-
ness” of the underlying ejecta blanket indicates that
it is either continuous, overturned layers of coherent
material or, more probably, contiguous blocks the
interstices of which are filled with finer debris.

Soil breccias are rare at this site compared to
previous Apollo sites, probably because most of the
Apollo 16 stations were deliberately located on ejecta
blankets of fresh craters where the regolith would be
thin so that the underlying bedrock units could be
best sampled. The part of an ejecta blanket that is
composed of earlier regolith should contain soil
breccias. Because of the relative ease of fracturing,
however, these older soil breccia fragments should be
small in size and may be concentrated in rake samples
rather than in larger documented samples.
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Where ejecta blankets or ray deposits are not
identifiable, the average thickness of regolith in this
area should be many meters. The following discussion
is concerned with the identification of average rego-

lith thickness in the landing-site area as deduced from
crater shapes.

The Apoilo 16 high-resolution panoramic camera
photographs show that fresh craters in the 40- to
60-m-diameter range commonly are characterized by
flat, blocky floors or terraces (figs. 6-10(a) and

Albedo

High Low

(d ! 150m —‘J|

FIGURE 6-10.-Typical crater shapes at the Apollo 16
landing site. All illustrations are at the same scale. (a) Flat
bottomed — Sunset Crater. (b) Concentric — terraced
unnamed crater 1.3 km northeast of Haystack Crater.
(c) Multiple terrace — fresh Baby Ray Crater. (d) Sche-
matic profile through Baby Ray Crater. (e) Multiple
tesrace eroded — Haystack Crater. (f) Multiple terrace
eroded — unnamed crater 2.8 km northeast of Haystack
Crater. Refer to figure 6-4 for locations.
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6-10(b)). Flat-floored craters take the form of a
truncated cone and some of the floors are hum-
mocky, suggesting the presence of blocks (ref. 6-16).

m

{f)
FIGURE 6-10.—Concluded.
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These craters are approximately 50 to 200 m in
diameter, the smaller ones having the sharper rims
and more hummocky floors. The Apollo 16 crew
visited only one crater that, from orbital photo-
graphs, appears to be flat botiomed (station 2, Buster
Crater). The floor and part of the wall of Buster
Crater are covered with angular to subangular blocks
that may be derived from the substrate. This suggests
that at least a local source for angular blocky material
exists within approximately 10 to 15 m of the surface
at this station. Terraces in craters in this size range
commonly are about halfway between the floor and
the rim. There are no obvious albedo changes that
might be attributed to compositional differences.

A number of sharp-rimmed craters between 125
and 175 m in diameter have at least one, and locally
several, concentric rings or terraces. Figure 6-10(c)
illustrates Baby Ray Crater (approximately 150 m in
diameter), which is the sharpest crater of this size in
the region, postdating even the formation of South
Ray Crater. Baby Ray is a sharp-rimmed blocky
crater with apparently two terraces nested within the
rim (fig. 6-10(d)). A small, sharp 25-m crater centered
in the floor of Baby Ray Crater is surrounded by
lower albedo deposits to the base of the first scarp,
approximately 25 to 30 m from the crater center.
The second terrace has a higher albedo and ranges
from 10 to 20 m in width. A number of similar size
craters with more subdued rims and less distinct
remnants of multiple terraces appear to be more
eroded versions of Baby Ray Crater (e.g., Haystack
Crater, fig. 6-10(e), and the crater approximateiy 2.8
km northeast of Haystack Crater, fig. 6-10(f)). The
topographic and albedo variations in Baby Ray Crater
suggest that there may be as many as three layers
within the upper 20 m of material at this site. This
apparent layering may be the result of successive
penetration of South Ray ejecta, local regolith, and
underlying bedrock. Other examples showing that
blocky ejecta blankets over regolith apparently pro-
vide layers of sufficiently different physical proper-
ties to produce terraces and concentric craters occur
near the rims of craters almost 1 km in diameter such
as those on Kiva, Palmetto, and Gator Craters.

Crater morphology thus suggests that the thick-
ness of the regolith over the landing site is approxi-
mately 10 to 15 m (depth to blocky substrate).
Active seismic data in the ALSEP area (sec. 10 of this
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report) indicate a thickness of approximately 12 m,
which is in good agreement with estimates based on
crater shapes.

Station Descriptions

The LMJ/ALSEP station.—The LM/ALSEP station
was located in five general areas (LM, ALSEP, station
10, station 10', and the LRV parking site) ranging
from approximately 70 m east to 140 m southwest of
the LM (figs. 6-11 to 6-13), All five areas lie within
distinct ray material ejected from South Ray Crater
(fig. 6-5).

The Cayley Plains in the LM/ALSEP region are
smooth but broadly undulating with a maximum
relief of several meters. Approximately 2 percent of
the surface is covered by 2- to 20-cm fragments, and a
relatively large number of blocks as large as 0.5 m are
present (fig. 6-14). The largest boulder in the LM/
ALSEP sample area is several meters across. The rocks
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area at a slightly higher elevation than that of the LM,
Stations 10 and 10" were on the western rim crest of
the 160-m-diameter crater in which the LM rested.
Smaller, more youthful craters are common in the
LM/ALSEP area and range from abundant 0.5- to 2-m
secondaries {probably from South Ray Crater) to less
frequent primary craters as large as 30 m in diameter.
Samples! collected in the LM/ALSEP area include
coarse- and fine-grained crystalline rocks; glass; light-
matrix, dark-clast breccias; and dark-matrix, light-
clast breccias. Four of the five documented crystal-
line rocks collected at the LM/ALSEP station were
from the LM and the LRV parking site areas and may
be ejecta from the 30-m crater just east of the LM
(fig. 6-13). Rocks sampled at the ALSEP site (fig.
6-16) include glass and white-matrix breccias. Station
10 and 10" (figs. 6-17 and 6-18) samples were
restricted to fine-grained crystalline rocks and light-
and dark-matrix breccias.
17427

17426 17428
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FIGURE 6-11.—Panoramic view taken north of the LM.

are fairly uniformly distributed, appear to be buried
less than one-fourth of their height, and are poorly
filleted; indeed, some appear not to be buried or
filleted at-all. The poorly filleted rocks are thought to
represent gjecta from South Ray Crater. However, the
fillet is well developed on a large rock approximately
33 m north of the ALSEP central station; this
boulder may have been ejected from North Ray
Crater.

The LM was situated on the western wall of a very
subdued crater approximately 160 m in diameter and
was 10 m west of a moderately subdued crater
approximately 30 m in diameter. There are six
additional very subdued craters between 150 and 240
m in diameter within a radius of 450 m from the LM
(fig. 6-15). The ALSEP was situated in an intercrater

Many samples in the LM/ALSEP area are at least
partly glass coated. Rocks range from very angular to
subrounded. In general, the fine-grained chalky and
crystalline rocks are smaller {6- to 12-cm range) than
most breccia fragments and represent approximately
5 percent of the rocks observed.

Documentation photographs of the samples col-
lected at the LM/ALSEP station show that the great
majority of the rocks were either perched or parily
buried. It is therefore assumed that most LM/ALSEP
samples represent South Ray material. However, the
deep core, rake, and double core samples taken at the
LM/ALSEP station may contain material more repre-
sentative both of North Ray Crater ejecta and of the
Cayley Plain beneath the LM/ALSEP station site.

IRake fragments are not included in these summaries.
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The soil in the LM/ALSEP area is generally
medium gray, but scattered areas of high-albedo soil
are present near the ALSEP area. White soils are more
abundant to the west and underlie a thin, darker
layer. The soil in the 1M/ALSEP area generally is
moderately to very firm except in the vicinity of the
ALSEP where it is exceptionally loose and powdery.
‘This. may be explained by the fact that the LM,
station 10, and station 10 are situated on the wall
and rim crest ol the 160-m subdued LM site crater
while the ALSEP was placed on a more level
intercrater area (fig. 6-15). The intercrater regions
associated with very subdued 200- to 300-m craters
typically have a less compact soil than the walls and
rim crests of such craters (ref. 6-17).

Station I.—Station 1 was approximately 1400 m
west of the LM near the rim of Plum Crater, a
30-m-diameter crater on the rim of the 300-m-
diameter Flag Crater (figs. 6-19 to 6-21). Flag Crater
17431
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is approximately 50 m deep and probably penetrates
through the regolith into the underlying bedrock. The
crater is subdued, with only a slightly raised rim, and
no rocky exposures are visible in its walls or floor.
The eastern part of the station 1 area appears to
be crossed by a very faint ray from South Ray Crater
(fig. 6-5), but rock fragments are less abundant than
at station 2 or at the I.M area (figs. 6-14, 6-22, and
6-23). Lineaments such as those in the station 2 and
LM areas that are visible from orbital photographs
and that are radial to South Ray Crater are absent at
station 1. These observations suggest that South Ray
ejecta, if present, is thin. Small, subdued craters as
large as 10 m in diameter are common in the area.

Rocks larger than approximately 10 cm cover less
than 1 percent of ihe surface. A number of rocks in
the photographs appear to be angular to subangular
and are only slightly buried; these are interpreted to
be ejecta from South Ray Crater. A number of the
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FIGURE 6-12.—Partial panorama taken from the LM windows.
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FIGURE 6-13.-Planimetric map of the LM/ALSEP arca.
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FIGURE 6-14.—Rock distribution within 10 m of the pano-
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FIGURE 6-15.—The LM/ALSEP area showing moderately
fresh to very subdued craters that may have influenced
the distribution of samples collected (part of Apollo 16
pan camera frame 4618).
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returned samples, however, appear rounded and
eroded; these were probably ejected from older
craters in the area. Both angular and eroded samples
were collected (figs. 6-24 and 6-25).

The documented samples collected at station 1
include fine- and coarse-grained crystalline rocks;
glass; light-matrix, dark-clast breccias; dark-matrix,
light-clast breccias; and breccias containing nearly
equal proportions of light and dark clasts in a
medium-gray matrix. Sample 61295, a medium-gray-
matzix breccia, was collected from a 1-m rounded and
filleted boulder (fig. 6-26). Because of the large size
of the boulder and its proximity to the rim, Flag
Crater is the most likely source. The boulder may be
representative of the local bedrock.

At two places on the rim of Plum Crater, the
astronauts noted white regolith beneath a top layer of
gray material 1 to 2 cm thick. At one of these places,
the light material lay beneath the gray on the fillet of
the large boulder (fig. 6-27). This suggests that the
fillet was formed by either of two mechanisms:
(1) deposition of light material followed by postfillet
deposition of a thin, dark layer; or (2) deposition of
light material followed by a period of time during
which the upper part of the light material was
darkened.

A distinct but smooth and somewhat subdued
bench occurs in Plum Crater approximately 3 m
below the surface. No outcrop is visible, but the
bench is sufficiently distinct that it probably repre-
senis a change in cohesion of the materials in the
walls of the crater. It may reflect the contact between
Flag ejecta and raised bedrock in the eroded rim of
Flag Crater.

Because of the depth of penetration by Flag
Crater and the relative scarcity of South Ray ejecta,
samples from station 1 have the highest probability of
being material representative of the upper units of the
subjacent bedrock of the Cayley Plains. However,
some South Ray material is present, and the contribu-
tion of ray material from older large craters such as
North Ray and Palmetto cannot presently be
assessed. '

. Station 2.-Station 2 was located approximately
550 m west of the LM just north of Spook Crater,
which is approximately 400 m in diameter, and on
the southern rim of Buster Crater, which is approxi-
mately 90 m in diameter (figs. 6-28 and 6-29).
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FIGURE 6-16.—Panoramic view taken near the central station of the ALSEP.
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FIGURE 6-17. —Panoramic view taken at station 10.
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FIGURE 6-18.—Panoramic view taken at station 10",



PRELIMINARY GEOLOGIC INVESTIGATION OF THE LANDING SITE 6-21

18352 18354 18356 18358 18360

Smoky Mountain

MPA

Station 10 behind ridge
Penetrometer tests 4
60135 .~
60018 -

DT 60010/60009

60510 (rake}

60500

FIGURE 6-16.—Concluded.

18817 18818 18819 18820 18821 18822 18823

|
Stone Mountain 5
!Station 10 CIS behind rock
[samples behind . CGRTG hSM
LRVi el .

FIGURE 6-17.—-Concluded.

18459 18460 18461 18462 18463 13464 18465 18466

[|£ _ ) Stone Mountain Deep core

T LRGN e s Lok
! N . X a " a0n
DTE0010/60009, . - S Rig @ MPA

FIGURE 6-18.—Concluded.



6-22 APOLLO 16 PRELIMINARY SCIENCE REPORT

AS16-109-17775 17776 1w s 179 17781 17782 s 1 17785

FIGURE 6-19.—Panoramic view taken northeast of station 1.

AS16-114-18473

Stone Mountain { South Ray Crater

X 61016 - "y Area? of 61015

FIGURE 6-20.—Panoramic view taken southwest of station 1.

{Symbols same as in fig. 6-13) x 61510 (rake)
l‘ 61500 (soil)
[
!
/
Northeast panA 61175, 61160
.L X
Flag I X 61155
// 6“151'186;195' X Trench: 61240, 61245 to 61249,
X 61255, 61220
/ \ LRV ;
[ Plum 61016 :
/ :
61295, 61280 / =
, / :
7 ® x Lineation photographs LRV tracks ! y
A e — N ! 17790 17789 N
Southwest pan 1 AS16-109-17775 1
| I W N -
L ! | | 1 ) 012345
@61015 0 10 20 30 4 50 m
{61017 not located) m (Symbols same as in fig. 6-14)
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FIGURE 6-25.—Sample 61175, an eroded rock (S-72-39285).

The area is crossed by a faint ray of light albedo

material that is apparently derived from South Ray -

Crater. Subdued, grooved lineaments radial to South
Ray Crater also cross the area (fig. 6-15). Fragments
as large as 0.5 m but mostly 5 to 10 cm are scattered
more or less evenly around the station area and cover
2 to 3 percent of the surface (fig. 6-23). Most
fragments are angular and are perched on the surface
or buried only slightly. Fillets are not abundant; the
overall impression is that the fragment population is
fairly young. The faint ray, the lineaments, and the
apparent freshness of the fragment population suggest
that the area is blanketed by South Ray Crater ejecta.

Rock types as represented by surface textures of
the fragments appear to include both friable and
coherent rocks. The hand-sample-size rocks collected
at station 2 include fine-grained crystalline rocks and
light-matrix breccias.

The soil is medium gray except for an underlying
light-colered material where the LRV was parked.
The compaction and granularity are typical of most
of the lunar soil elsewhere in the area. Small craters as
large as 2 m in diameter are distributed fairly
uniformly; they are generally subdued but a few,
small, fresh ones have sharp rims with identifiable
ejecta.

Spook Crater is symmetrical with a slightly raised
rim but is otherwise subdued, with no apparent rock
exposures in the walls and no visible deposits of
ejecta. Buster Crater is approximately 100 m north of
Spook Crater and is superposed on its outer rim. The
rim of Buster Crater is fairly sharp and Buster ejecta

APOLLO 16 PRELIMINARY SCIENCE REPORT

FIGURE 6-26.—Large, filleted boulder showing location of
sample 61295 (AS16-114-18412).

FIGURE 6-27.—Large, filleted boulder showing white rego-
lith kicked by asironauts (AS16-109-17802).
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are barely visible in the panoramic photographs (fig.
6-28). The floor and part of the walls of Buster Crater
are covered by blocky debris that the crew reported
trends northeast across the floor of the crater. The
rocks are as wide as 5 m and are angular in shape.
There is a suggestion of northeast-trending planar
structures within the blocks (fig. 6-30) and a parallel
organization of the blocks. Both structures appear to
have a northward dip.

Buster Crater appears too young to be a secondary
from any primary crater in the region, with the
possible exception of South Ray Crater. Its relatively
large size, compared to South Ray Crater secondaries,
and its long distance from South Ray Crater make a
secondary origin for Buster Crater unlikely. It is
therefore interpreted to be a primary crater.

The distribution of blocks in Buster Crater sug-
gests that it either penetrated a large block in the
regolith in the eastern part of the crater or that it
penetrated bedrock (fig. 6-31). If it is bedrock, the
northward dip of the structures in the blocks may be
related to expecied radial dips in the flanks of Spook
Crater. The bench in the blocky part of the wall of
Buster Crater may represent a strength change be-
tween regolith and bedrock. Small, shallow, irregular

gouges in the crater wall were probably formed as a-

result of impact uplift of blocks to small heights (fig.
6-30). Samples collected near the rim of Buster Crater
may be either South Ray or Buster ejecta or both.

Stations 4, 5, and 6.—Stone Mountain (fig. 6-32)
is a westward projection of the Descartes highlands
into the southeastern part of the landing area. The
mountain rises approximately 540 m above the
Cayley Plains and is domical in form.'Major though
subtle step and bench topography parallels the slope
of Stone Mountain, and a north-northwesterly trend-
ing crease interrupts its domical form. The Apollo 16
panoramic photographs show linear features trending
parallel to the major crease.

Albedo contrasts appeared to coincide with the
benches in premission studies. Such contrasis were
not corroborated in the oblique photographs from
surface operations, probably because of the low angle
of incidence of the Sun combined with low contrast.
The regolith is loosely packed and is characterized by
the “‘tree bark” texiure seen in many other areas
studied on the Moon. This texture is commonly
enhanced out of proportion to its real scale (fig.
6-32(a)). In places, a shadow reinforcement effect is
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seen as closely spaced lines on oblique photographs
(fig. 6-32(b)).

The largest craters on Stone Mountain include
Crown (100 m in diameter) and two unnamed craters.
One of the unnamed craters, 2.3 km to the east of
Crown Crater, is 80 m in diameter and the other, 1.3
km to the south-southeast, is 140 m in diameter (fig.
6-4). The majority of craters, however, range from 50
m down to the limit of resolution. The crater density
on Stone Mountain is qualitatively the same as that
seen in the adjacent Cayley Plain, but craters larger
than 100 m are more abundant in the Cayley Plain
than on Stone Mountain (fig. 6-4). Furthermore, no
resolvable primary craters on Stone Mountain appear
to be younger than South Ray and Baby Ray Craters.
Crown is a relatively youthful crater, but the re-
mainder, in all size populations, are notably degraded.

As much as 2.3 percent of the traverse area (and
of the adjacent area photographed in detail) is

.sprinkled with blocks in the 10- to 100-cmn size range

(table 6-I, figs. 6-33 and 6-34) and with smaller
blocks down to the limit of resolution (4 cm). The
crew observed that blocks in the less-than-30-cm size
range are the most abundant. Their observation is
confirmed by block counts made from the station
panoramic surface photographs (figs. 6-35 and 6-36).
The plots of differential distribution of blocks (fig.
6-35) and cumulative size frequency (fig. 6-37)
indicate that blocks in the less-than-10-cm size range
are the most abundant at stations 5, 6, and probably
4; however, anomalous distribution is indicated for
station 4 that is probably attributable to a relatively
heavy concentration of ray material there. The
number of blocks at all stations is inversely propor-
tional to size (fig. 6-35). At station 5, the blocks
appear to be distributed bimodally into 5- to 10-cm
and 10- to 30-cm ranges. Blocks range from well
rounded to angular, but most are of intermediate
shape (fig. 6-36). Block angularity (shape)} and size,
estimated from surface panoramic photographs, when
considered on a direct-count basis, have an apparent
spatial relationship to the stations that are disposed
more or less radially to Stone Mountain (table 6-1, fig.
6-36). Local concentrations of blocks are found
especially on the east sides and rims of craters facing
away from South Ray Crater (fig. 6-34). It is
presumed that these blocks were contributed largely
from South Ray Crater and that an appreciable fines
fraction accompanied them.
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TABLE 6-I. —Block Density and Shape Distribution in the Size Ranges of 10 to 20, 20 to 50,
and 50 to 100 cm at Stations 4, 5, and 6
Size range, cm Shape
Parameter
10 to 20 20 to 50 | 50 to 100 Inter-
(0.01 76)“ (0.0962)a (0'4420)‘, Total | Angular mediate Rounded | Total

Station 4
No.ofblocks ............. 122 32 1 155 40 71 44 155
Area,m? ... ... ... 2.1472 3.0784 4420 | 5.6676 ,
Percent of surface area ... ... .75 1.08 15 2.0 25.8 45.8 28.4 100
Area seen, m2. ... ... 282.67
Blocks/m2 X100 .......... 43.2 11.3 3

Station 5
No.ofblocks ............. 189 21 1 211 30 113 68 211
Area,m? ... ... ..., 3.3264 2.0202 4420 | 5.7886
Percent of surface area ...... 1.34 .81 17 2.3 14.2 53.6 32.2 100
Areaseen, m2 ... ..ereeann. 246.87 -
Blocks/m2 X100 .......... 76.6 8.5 4

Station 6
No.ofblocks ............. 104 8 1 113 12 71 30 113
Area,m2 ... ..., 1.8304 7696 4420 | 3.0420
Percent of surface area ...... .66 27 .16 1.1 10.6 62.8 26.6 100
Areaseen, m2............. 275.87
Blocks/m2 X 100 .. ........ 37.7 2.9 4

4Mean circumferential area in square meters.

samples from the block-free rim of the crater may
thus have been partly derived from underlying Des-
cartes materials and reworked by local impacts;
however, cursory sample examination shows no ob-
vious differences between these rocks and larger
samples collected near the LRV.

Station 5, downslope and approximately 0.5 km
from station 4, was on a topographic bench that was
approximately 50 m wide and that sloped north
approximately 5°; the LRV was parked near the rim
of a 20-m crater (figs. 6-40 and 641).

Large angular blocks are scattered sparsely around
the crater, but 10- to 15-cm cobbles and smaller
fragments are abundant (fig. 6-42). Block shapes are
mainly subangular to subrounded, but some cobbles
and small fragments are well rounded and a few very
angular, platy fragments are also present. Fillets occur
around some rounded cobbles; some rocks are partly
buried, others perched. Among the samples collected
at station S are fine-grained crystalline rocks; light-
matrix, dark-clast breccias; a single dark-matrix,
light-clast breccia; and a glass sample. All but two of
the rocks from station 5 have significant glass rinds,

and vesicular glass forms a major component of some
samples. Such glass is thought to be impact melt, and
these samples probably were ejected from South Ray
Crater. Soil samples are characteristically gray, al-
though lighter soils were present beneath a gray
surface at one locality. Blocks are asymmetrically
distributed within the crater. There are very few
blocks on the southwest wall, which apparently was
shielded from South Ray ejecta. The gray soil samples
from steep paris of this walt may include regolith
derived from underying Descartes materials, but the
fragments are apparently similar to the larger samples.

Station 6 was near the base of Stone Mountain on
the Cayley Plain (figs. 6-43 and 6-44). The surface is
scarred by numerous small shallow craters, with only
a few as large as 10 m. Angular blocks as large as 0.5
m are scattered throughout the area, but rocks and
cobbles of 5 to 15 cm are most common (fig. 6-45).
The rock distribution within the subdued 10-m crater
at the LRV is apparently asymmetric; in the crater at
station 5, rocks are very sparse on the southwest wall.
The rocks described and photographed exhibit a wide
variety of shapes and sizes, ranging from angular io
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FIGURE 6-33. -Planimetric map of station 4.

rounded and from pebble size to as large as 0.5 m.
Angular, glass-coated blocks are strewn over much of
the surface. White clasts are common in many of
these rocks, suggesting that breccias are predominant.
Fillets are moderately developed around some rocks,
and several rocks appear to be partly buried whereas
others are clearly perched. A unique white “splotch”
of indurated soil was collected from the southwest
wall of the crater, but the regolith elsewhere was
apparently gray throughout. The large, angular blocks
in this vicinity are probably ejecta from South Ray
Crater. Medium-gray-matrix breccias closely resemble
those collected at station 1.

The apparent prevalence of ray materials from
South Ray Crater at stations 4 and 5 and the
similarities of the samples to those collected else-
where within the ejecta of South Ray and North Ray
Craters suggest that the specimens from Stone Moun-
tain may represent only the Cayley Formation and
that underlying Descartes bedrock may not have been
sampled. Alternatively, both plains and highlands
may be accumulations of similar breccias.

Stations 8 and 9.—Station 8 was located near two
15- to 20-m craters (figs. 6-46 and 6-47) on a bright
ray from South Ray Crater approximately 2.8 km
south-southwest of the LM. Station 9 was just south
of a 50-m crater (figs. 6-48 and 6-49) northeast of
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station 8 in an area of lower albedo. The surface in
the station 8 and 9 area is gently undulating with a
northeasterly slope of a few degrees. The regolith is
moderately firm away from small crater rims. The
depth of penetration of the bootprints and LRV
tracks is generally 2 ¢m or less. The soil is medium
gray throughout, with no noticeable light layer under
the surface.

Between 1 and 3 percent of the surface at station
8 is covered by fragments 1 cm and larger. The largest
blocks (1 to 2 m) are few and scattered (fig. 6-50).
The blocks increase in size and abundance between
stations 8 and 9 but decrease again at station 9 (fig.
6-6). In the station 9 area, the abundance of blocks is
somewhat less than at station 8 (fig. 6-51).

Four meter-size boulders were sampled in the
station 8 and 9 area. Samples from two boulders at
station 8 are dark-matrix breccias, and samples from a
third boulder are fine-grained crystalline rocks (fig.
6-52). The metersize boulder at station 9 is a
dark-matrix, light-clast breccia. A chip collected from
the bottom of this boulder is a coarse-grained
crystailine rock (fig. 6-53). A small fragment col-
lected from the surface at station 8 is a light-matrix
breccia with dark clasts.

The dark breccias, which comprise approximately
75 percent of the blocks at both stations 8 and 9, are
generally rounded, although some subrounded to
subangular blocks are preseni. Most are partly buried,
although they range from perched to nearly com-
pletely buried. A few blocks have poorly developed
fillets on all sides. Well-developed fillets can be seen
on the uphill side of blocks lying on the inside walls
of larger craters. The light-colored crystalline rocks in
the station 8 and 9 area are generally subrounded,
with a number of rounded smaller fragments. Most
rocks are partly buried although several appear to be
perched on the surface. Fillets are generally absent to
poorly developed.

There is an abundance of subdued craters as large
as 3 m in diameter in this region. Most have slightly
raised, rounded rims. Several of the craters at station
8 have concentrations of blocks on the northeast
rims, and a few of these are somewhat elongate in a
northeast-southwest direction (fig. 6-54). A 15-m
crater southeast of the panorama site at station 8 has
a concentration of blocks that begins in the center
and continues out of the crater in a northeast
direction for at least one crater diameter (fig. 6-55).
The same pattern occurs in a slightly larger crater to
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FIGURE 6-34.—Panoramic view taken south of station 4.

1.5 the north. Because of their large size and subdued
rims as compared to the fresh block trains, both
craters appear to predate overlying South Ray ejecta.

The general appearance and distribution of blocks
and secondary craters at both stations strongly
suggest that most of the surface material is ejecta
from South Ray Crater. However, there is evidence
for both younger and older material in the region. A
few small, very fresh craters can be seen that may be
secondaries from the Baby Ray event, and several
small, angular fragments (both light and dark) that
may have been derived from Baby Ray Crater are
perched on the surface. A few very well-rounded and
well-filleted blocks are probably older than South
Ray Crater. Therefore, it seems probable that the
drive tube at station 9 penetrated the South Ray
ejecta and sampled older regolith-below.

Stations 11 and 13.—For the first time in lunar
exploration, a large young crater was investigated
along its tim crest, walls, and continuous e¢jecta
blanket and was extensively photographed and sam-
pled. North Ray Crater, 900 to 950 m across, lies on
a S50-m-high ridge at the western edge of Smoky
] | . | | Mountain near the eastern boundary of the Cayley
0 10 20 40 20 160 Formation in this area (fig. 6-56). The geologic

Size, cm importance of North Ray Crater lies in its youth and
in the depth of penetration (160 to 200 m) into

Percent surface coverage in 10-m-radius circle

FIGURE 6-35.—Differential distribution of blocks in the size

materials u ing the Cayley Plains.
ranges of 10 to 20, 20 to 50, and 50 to 100 cm at stations EIe‘Ea Sb ndgrlylng £ bl ky Y th S £ North R
4, 5, and 6. Numbers near symbols show number of ¢ abuncance ol blocXs on the rim o1 Not ay

blocks counted in size range; numbers on curves show Crater was less than had been anticipated, although
actual areas within 10-m-radius circles counted. the size of some of the blocks makes them the largest
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FIGURE 6-34.—Concluded.

investigated so far on the Moon. The blocks are as
large as 12 m high by 25 m long (fig. 6-57) and are
coarse breccias of two general types. Dark-matrix
breccias have pronounced jointing and angular edges
(figs. 6-57 and 6-58); light-matrix boulders are dis-
tinctly more rounded, more pootly jointed, and
deeply filleted (fig. 6-59). Boulders larger than several
meters are rare and stand out in far-field views
because of the very small population of boulders one
to several meters in size. Blocks smaller than 1 m are
relatively abundant with notable increases around
fresh craters 25 m in diameter and larger. A sharp
increase in boulder density (1 meter and less in
diameter) occurs at the rim crest and continues down
the crater walls as illustrated in figure 6-60.

The distribution of craters superposed on the
North Ray Crater rim is random and the density is
very low (fig. 6-61). Few craters larger than 25 m are
observed and very few are recognized in the surface
photographs even in the several-meter class. The
random distribution and low density presumably
reflect the relative youth of the crater. The paucity of
smaller craters, however, may reflect both the youth-
fulness of the crater and a thin regolith over a
coherent subsurface unit. This suggests that hyper-
velocity impacts have sufficient energy to form a
crater in the resistant substrate and that secondary
impacts would not.

Samples collected on North Ray Crater rim (figs.
6-62 to 6-65) and outlying ejecta (figs. 6-66 to 6-68)
consist of a variety of breccias, some of which are
glass coated and glass veined, and a few crystalline

rocks. Surface photographs [;ermit separation of most
rocks in the near field into light and dark rocks, some
having recognizable fragmental textures. Most of the
light rocks are breccias with light matrices, and the
dark rocks are breccias with dark matrices. Other
types include light-gray crystalline rocks and glass-
coated and glass-veined rocks. The glass coating
covers 80 to 100 percent of some rocks and doubtless
obscures the real character of some rocks seen in the
surface photographs. The relative proportions of

Intermediate,
50 to 100 ¢m

Station 4~
Station 57 .-
Station 6 -

Angular,
201050 cm

Rounded,
10t0 20 cm

FIGURE 6-36.—Variation diagram showing block angularity
{solid symbols) and size (open symbols) for stations 4, 5,
and 6 on Stone Mountain.
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dark- and light-colored rocks, as determined from the
photographic panoramas at stations 11 and 13, are
shown in figure 6-69. The conclusions that can be
made from the more than 800 blocks counted are
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FIGURE 6-37.—Cumulative size frequency distribution of
rack fragments coarser than 10 cm at stations 4, 5, and 6.
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(1) that light-colored rocks (mostly white-matrix
breccias) are strongly predominant everywhere on the
rim and ejecta blanket of North Ray Crater and
(2) that the percentage of dark rocks (dark-matrix
breccias and glass-coated rocks) increases from 8 to
10 percent in the western part of the southeast rim to
28 percent eastward toward House Rock. The dark
rocks make up approximately 18 percent in the
Shadow Rock area.

Four localities were sampled, described, and pho-
tographed on the rim and ejecta of North Ray Crater.
The locations and rock types collected are illustrated
in figure 6-70, omitting the rake and soil samples for
which Lunar Receiving Laboratory (LRL) photo-
graphs were not available. Areas near the white
breccia boulders and at a location between there and
House Rock (200 m to the northeast) have a high
proportion of light-matrix breccias. Figures 6-59 and
6-71 show the typical textures of these boulders. In
the House Rock area (fig. 6-57) and at Shadow Rock
(fig. 6-58), dark-mairix breccias are relatively more
abundant. These are typically hard and have angular
shapes and vesicular textures as shown in figure 6-72.

At the boulder sampled adjacent to House Rock,
the crew observed, photographed, and sampled the
largest impact spall zone seen thus far on any lunar
rock. The feature was described as a shatter cone, and
in the photographs (AS16-106-17345 and 17346,
AS16-116-18647 to 18649, and AS16-116-18653), it
appears to be a percussion cone surrounded by a
roughly circular spall zone with a diameter of
approximately 40 to 45 cm (figs. 6-57 and 6-73). The
energy required to produce this size crater was
calculated by H. J. Moore? to be on the order of 1 to
2 X 1012 ergs, depending on the depth/diameter
ratio, which is unknown. In any case, the energy
calculated permits either primary or secondary origin
for the impact feature.

The geometry of the photographs taken of the soil
sample area beneath the overhang of Shadow Rock
(the “permanently shadowed sample”) is inadequate
to determine whether the deep niche sampled is still
shadowed in the late afternoon Sun. It seems likely
that the sample area is exposed to direct sunlight for
part of each lunar day.

The soils traversed in the vicinity of North Ray
Crater are mostly firm, light-colored, and apparently
very thin. The bootprints and LRV tracks form

201al communication.
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depressions of a centimeter or less almost everywhere
except ai three areas: (1) near the white breccia
boulders (fig. 6-59) where the crew reported sinking
15 cm (6 in.) into fillets developed around the
boulders; (2) near the LRV where 2- to 3-cm-deep
tracks are observed; and (3) in the vicinity of Shadow
Rock 0.7 km southeast of the rim crest, where the
LRV tracks are 2 to 3 cm deep within approximately
100 m of the station and bootprints as deep as 4 to 5
cm may be observed.

The occurrence of overhangs and poorly devel-
oped fillets around House Rock (fig. 6-57) and
Shadow Rock (fig. 6-58) probably indicates that
these dark-matrix breccias are more resistant to
erosion than the white-matrix breccias. Concentric
ridges of fines around the overhanging edges are
evidence for the slow “wearing down” of these rocks.
In contrast, the white breccia boulders (fig. 6-59) are
surrounded by deep fillets, which can be attributed to
the friability of these rocks. A different type of fillet
is illusirated by ihe concentration of fines on the
uphill sides of boulders prominent on the walls of
North R}]y Crater (fig. 6-60). These occur most
notably ‘pn uphill sides of well-rounded boulders and
are remarkably sparse on more angular rocks, regard-
less of size. This evidence points to a partial contribu-
tion from the boulders to their own fillets, although
active downslope movement must be the contributing
cause of uphill fillets.

The upper part of the regolith on the rim of North
Ray Crater is a darker gray tone than the underlying
material. The distribution of the darker soil provides
one of the most convincing examples of mass wasting
yet documented on the Moon: dark tongues of gray
material on the north crater wall are perched at the
angle of repose and apparently have moved down-
slope as debris slides during comparatively recent
times (fig. 6-60). These tongues are concave upward,
draping over the crater rim, and locally show break-

away scarps where they have moved as relatively =

coherent slabs.

The geology of the materials exposed in the walls
of North Ray Crater, at this early stage of investiga-
tion, is interpreted to be a grossly tayered sequence of
breccias exposed only in the east wall and largely
obscured elsewhere by recently active debris slides
(figs. 6-60 and 6-61). Beneath 20 to 30 m of rim-flap
debris, the “upper layer,” which is approximately 70
m thick, is predominantly white-matrix breccias with
some mixed dark rocks. The more coherent materials
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form discontinuous rows or benches, indicating sub-
layering at 5 to 10 m intervals. The absence of blocks
on the west wall and the heavy concentration on the
east wall and in the ejecta extending up Smoky
Mountain are suggestive of a steeply dipping disconti-
nuity between the east and west sides of the crater
that separates two major units. These asymmetrical
relations also can be explained as lenticular variations
in induration within the same rock unit. A low-angle
impact by the projectile that formed North Ray
Crater is not likely because it would not explain the
asymmetry of large-rock distribution in the crater
walls nor the radial symmetry of the main ejecta
blanket on the crater rim.

The next underlying unit is a light-colored slope
of possibly unconsolidated material approximately
100 m thick. The rugged floor mound is a dark,
rubbly material that may be represented by House
and Shadow Rocks, which were sampled on the ejecta
blanket. The large size (25 m) and the angularity of
House Rock reflect the strength, or coherence, and
the wide spacing of joints of the rock mass from
which it was derived. In terrestrial analogs such as
Meteor Crater, Arizona, the largest blocks on the
crater rim reflect the more coherent and thicker-
bedded rock units peneirated, regardless of depth.
Therefore, because House Rock is similar both in size
and appearance to the coarse, dark rubble forming
the crater floor and because it and Shadow Rock are
very similar in composition but represent the least
abundant rock type on North Ray Crater rim, they
are interpreted as coming from a stratigraphic horizon
exposed in the deepest part of the crater.

The principal results of the North Ray Crater rim
traverse are as follows.

(1) Extensive sampling of the rim and of a small
area on the ejecta blanket

(2) Extensive photographic documentation of
the samples collected, of the fragmental textures in
large rocks on the surface and those exposed in the
crater wall, and of optical properties of materials
exposed on the crater walls

(3) Determination of terrain characteristics on
the crater from astronaut observations and photog-
raphy, including the general thinness of the regolith,
the remarkably fow density of large blocks that were
expected to cover a large part of the rim, the
unburied or perched nature of many blocks and
fragments on all scales, and the general lack of smaller
craters.
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FIGURE 6-38.—Panoramic view taken north of station 4.
LRV shadow

AS16-110-17952 8.7 m2
" 1790

17957
17961
20 .Q 17962

’.0' —64420 itrench)

field of view
22 m2

113
012345
m

(Symbols same as in fig. 6-14)

FIGURE 6-39.—Rock distribution within 10 m of the station
4 north panorama.
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FIGURE 6-40.—Panoramic view taken at station 5.
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FIGURE 6-45.—Rock distribution within 10 m of the station
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FIGURE 6-46.—Panoramic view taken at station 8.
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FIGURE 6-49. —Planimetric map of station 9.

Samples

Sample summary.—The total returned net sample
weight is 95.33 kg (=210 1b). The EVA-1 net weight
was 29.84 kg (=66 1b); EVA-2, 30.16 kg (=66 1b);
and EVA-3, 3533 kg (=78 1b). These figures are
based on the inventory list from the Curator of the
LRL, dated June 30, 1972. They do not include the
minor amounts of sample lost by attrition during
processing. Of the total sample weight, almost 75
percent consists of rock fragments larger than 1 ¢m in

LRV and astronaut

17669 shadow
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17671

17665

17672

veoo"
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17675

': 17679
AS16-108-17663 17678 N
N | T
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{Symbols same as in fig. 6-14)

FIGURE 6-50.—Rock distribution within 10 m of the station
8 panorama.

diameter, nearly 20 percent is soil or residue fines,
and the remainder consists of core and drive tube

samples.

The 111 rock samples larger than 25 g are listed in
table 6-II, which shows the container number, sta-
tion, EVA on which collected, weight, and classifica-
tion used in this report. Rake fragments are identified
but not classified. Those rock samples for which the
lunar orientation at the time of collection is known
are listed in table 6-II1. Orientations were determined
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FIGURE 6-51.—Rock distribution within 10 m of the station
9 panorama.

in the laboratory by comparing presample phofo-
graphs taken on the lunar surface with the same
samples lighted by a collimated source. The table lists
45 oriented rocks as well as 52 other rocks that have
not been oriented because of small size, breakage,
lack of lunar surface photographs, or lack of time. No
attempt was made to orient rake fragments. The
comparisons between oriented samples in the labore-
tory and photographs taken on the lunar surface are
shown in appendix B of this section. The figures are
in order of the ascending sample number.

FIGURE 6-52.—Fine giained, crystalline, igneous rock (sam-
ple 684152) from a 0.5-m boulder at station 8
(5-72-39590).

FIGURE 6-53.—Coarse-grained, crystalline, igncous rock
(sample 69955) from a 0.5-m boulder at station 9
(S-72-40124).
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FIGURE 6-54,—Block concentration at station 8. (a) South Ray block distribution in a 15-m crater
(AS16-108-17674 and 17676). (b) Sketch map. )
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FIGURE 6-56.—A 500-mm partial panorama looking north
from station 4 (AS16-112-18270 to 18276),

FIGURE 6-55.~Light-colored igneous and dark-colored brec-
cia rocks in the vicinity of station 8 (AS16-108-17678). !
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FIGURE 6-57.—Partial panorama of House Rock (right) and South Boulder (left), east exposure,
showing typical dark-matrix breccia textures. Note tack of fillets at base and angular, jointed faces
{AS16-116-18653 (left) and AS16-106-17349 to 17354 (right)).
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FIGURE 6-58.—Shadow Rock at station 13. (a) Partial panorama of south face, approximately 5 m
wide, showing steep to overhanging boulder sides and rough surface texture of typical dark-matrix

breccias (AS16-106-17413 to 17416). (b) Sketch of fracture patterns, clast and matrix features,
and rock/soil interface.
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Samples 67455 and 67475 These samp!e lists gnd doc‘umentatlon. photf)-

taken from distant boulder graphs update information previously published in
. \ the Apollo 16 preliminary sample documentation
report (ref. 6-18).

Sample classification.—Farly in the first EVA, the
crew recognized the dominance of breccias in the
regolith of the Descartes area. Subsequent activities
demonstrated the abundance of breccias throughout
the area traversed, and the proportion of fragmental
vocks among the returned samples (table 6-1V)
exceeds 75 percent. Indeed, special effort was made
to find crystalline rocks, and the proportion in the
returned samples probably exceeds the true propor-

FIGURE 6-59.-White breccia boulders showing typical 119n at the ]?escartes site. T‘he crew further recog:
dark-clast population, rounded, unjointed surfaces, and nized two main types of breccia: (1) fragmental rocks
well-developed fillet (AS16-106-17325 and 17326). with dark clasts in a friable white matrix, and

= 8550 s
Achvg debris ,,Crater Possible stratification Far horizon
slidess. __/ o T
T A T —
Lo L ST N TTT— N
T <ALzl T, . :
== VPR 4 -zl T - s ,Crater rim
: /{—_7 LTSS ~ T . ;
Stable 77 { ¢ Fig. 6-60lc). " -7 T~

[ - foan~]
talus == et >
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————n s
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,// < -
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"\ - e I -
(b *Near horizon 2 .

FIGURE 6-60,—North Ray Crater wall partial panorama and
telephotographic detail seen from 25 m inside the
southeast rim. (a) Left polarization panorama (AS16-
106-17251 to 17262). (b) Sketch map showing possible
stratification, products of mass wasting, and location of
figure 6-60(c). (c) Telephotograph of light-matrix breccia
blocks in area shown in figure 6-60(b) (AS16-105-17172;
purposely underexposed to illustrate details in shadow).
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(2) fragmental rocks with white clasts in a very
coherent dark matrix. These observations form the
basis of the preliminary classification.

The Apollo 16 rocks may be divided into three
broad groups (fig. 6-74): (1) fine- to coarse-grained,
mostly homogeneous crystalline rocks; (2) rocks
composed substantially of glass; and (3) fragmental
rocks (breccias). The crystalline rock and breccia
groups have been subdivided on the basis of mega-
scopic properties described in the following para-
graphs. In table 6-1V, samples examined as of June
15, 1972, are classified into one of eight categories.
Two groups (Cy and C,) represent subdivisions of the
crystalline rocks, one group (G) consists of glass, and
five groups (By to Bg) represent subdivisions of the
breccias.

. -
‘- Rim crest
Y% \
Base of overturned
{Norim flap?

N
Y
\ /, House Rock:

\
\
~
\
\\
/
\ / V.
\ . - -
N S~ - Station 11 pan
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T \\\ [+ ° 7 ’//
. /l’_,-'.r"
Ty’ \
White breccia boulders Approximate outer edge
of hummocky, locally
blocky crater rim
L 1 1 L 1 L | 1 i | J
0 5 1.0

»* Large blocks within inferred outcrop areas
O  Fresh craters

/ Active debris slide of
predominantly dark fines material

Less active, light-colored talus slopes
TvT Scarp; ticks point downslope

FIGURE 6-61.—Geologic map of North Ray Crater.
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Twenty-five rocks are classified as crystalline
rocks. Of these, seven (group C;) appear to be
igneous rocks. Although all the igneous rocks have
been shattered and deformed to some extent, the
predeformation textures are substantially intact. The
two largest samples returned (60015 and 61016) and
a small one (69955) are, as recognized by the crew,
coarse-grained, nonvesicular rocks composed largely
of plagioclase. These resemble Apollo 15 anorthosite
sample 15415 but are probably more severely shock
deformed, Three of the remaining four igneous rocks
(68415,1, 684152, and 68416) were taken from a
single boulder and are fine-grained, highly feldspathic
rocks with crystal-lined vugs; the rocks are texturally
inhomogeneous and contain large (to 1 cm), irregular
inclusions of plagioclase. The seventh igneous rock
(67956) is a small piece of medium-grained gabbroic
rock containing approximately 25 percent mafic
silicates. A very small proportion of the rake samples,
as yet unnumbered, also are igneous rocks: one rock
from the LM site is similar to sample 68415, and one
rock from station 1 is coarse-grained anorthosite. The
rake samples also contain igneous rocks not seen in
the larger documented samples. Among these are a
few basaltic rocks with ophitic textures, brown
pyroxenes, low plagioclase contents, and compara-
tively abundant ilmenite.

Eighteen crystalline rocks (group C,) appear to be
metaclastic rocks with generally small proportions of
lithic debris. These are hard, angular rocks charac-
terized by fine-grained, sugary textures, some with
megascopically recognizable poikiloblastic texture.
The rocks are typically inequigranular with variable,
but usually small, proportions of irregular mineral
fragments, mostly plagioclase. One sample, 650553,
appears to be transitional between the C, and C,
groups; it closely resembles sample 68415 in texture
in its vuggy parts but elsewhere has a sugary,
granoblastic texture with relict irregular plagioclase
and mafic mineral grains. A substantial proportion of
the rocks in some rake samples is metaclastic; these
probably are concentrated in the raked fragments
because of their toughness and resistance to break-
down compared to many breccia matrices.

Five samples largely composed of glass were
returned. Two of these are glass spheres, one hollow
and one solid. The remaining three samples are
irregular, coarse, vitric agglutinates with numerous
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FIGURE 6-63.—Rock distribution within 10 m of the station 11 panorama.
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FIGURE 6-70.—Distribution of rock types on the North Ray
Crater continuous ejecta blanket (excluding rake and soil
samples).

FIGURE 6-71.—Typical white-matrix breccia, sample 67015,
showing variety of dark-clast sizes and shapes
(S-72-37216).

APOLLO 16 PRELIMINARY SCIENCE REPORT

FIGURE 6-72.—Typical dark-matrix breccia, sample 60017,
from House Rock and Shadow Rock with white irregular
clasts and vesicular texture (S-72-36943).

FIGURE 6-73.—Percussion cone surrounded by a circulax
spall zone on Scuth Boulder (AS16-106-17345).

rocks in this category range from 2 to 4307 g (ref.
6-18). The abundance of clasts in these rocks is
generally much higher than in By rocks (fig. 6-75),
and a substantial number of the rocks contain both
light and dark clasts (fig. 6-76). Mineral fragments
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larger than I mm are common and, as in B, rocks, are
mainly plagioclase. Most of the rocks are polymictic
breccias but some contain only a single kind of clast;
in contrast to By breccias, comminution of the clasts
in these breccias cannot give rise to the matrix
materials. Group B, breccias are typically friable, and
the matrices appear to be unmetamorphosed frag-
mental debris.

Group By rocks are intermediate types having
more or less equal proportions of light and dark clasts
and medium-gray matrices. These are subdivided into
two groups, By, and By, mainly on the basis of
coherence.

The four rocks in the B;, group range from 1.4 to
2.8 g (ref. 6-18). These rocks have very low clast
abundances. They closely resemble typical soil brec-
cias returned by other Apollo missions: they are very
soft and friable, have a brownish cast due to an
abundance of matrix glass, and contain fragmental
glass and glass beads. Small pieces of similar rocks are
present in most of the rake samples. Some of these
rocks also are grooved and display poorly developed
slickensides probably formed during weak lithifica-
tion of soil. Some consist of clusters of clods loosely
cemented by glass. Both these features are common
in soil breccias returned by previous Apollo missions.

The six rocks in the B3y group range from 4 to
510 g (ref. 6-18), although sample 61295 was broken
from a large boulder. The abundance of clasts is
moderate {fig. 6-75), and all six rocks contain both
light and dark clasts (fig. 6-76). Mineral fragments
larger than I mm are not as abundant as in By and B,
rocks. All these rocks are polymictic breccias and
contain a notably wider range of lithologies as clasts
than any other type of breccia. Although these rocks
contain fragmental glass like the B;, samples, they
are much more coherent (though still not apparently
annealed) and lack the other features typical of soil
breccias described previousty.

Group B, rocks are fragmental rocks containing
light lithic clasts in excess of dark ones and having
dark matrices. The 33 rocks in this category range
from 1.3 to 2559 g (ref. 6-18). The abundance of
clasts ranges from low to high (fig. 6-75), and most
contain only light clasts with few or no dark clasts
(fig. 6-76). It should be emphasized, however, that
dark clasts in a dark matrix are quite difficult to
discern, and the relative proportions of such clasts
may be changed with more detailed study. Mineral
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fragments larger than 1 mm, though still widespread,
are considerably less abundant than in By to Bj
breccias. Most of these rocks are monomictic breccias
or have a narrow range of clast types. The intergran-
ular coherence of these rocks is high, and most appear
to have finely annealed matrices.

Group Bg rocks are fragmental rocks containing
dark lithic clasts in equal or greater proportion than
light lithic clasts and having dark matrices. The three
rocks in this category range from 65 to 1789 g (ref.
6-18). The clast abundance is high (fig. 6-75), and all
three rocks contain both light and dark clasts (fig.
6-76); the dark clasts differ only slightly from the
matrix. Mineral fragments larger than 1 mm are
present but sparse in all three breccias. These rocks
are polymictic breccias, but the range of lithologies
among light and dark clasts is not great. The
intergranular coherence of the breccias is high, and
the matrices appear finely annealed. Gas cavities are
spectacularly developed in the matrices of the two
larger rocks.

Field petrology and areal distribution of
samples.—The field distribution of documented sam-
ples classified according to the scheme described in
the preceding paragraphs is shown in figures 6-77 and
6-78. Only samples larger than 50 g are plotted
because smaller fragments are more likely to have
been transported long distances and breakdown of
the breccias yields small samples not representative of
the source rocks. Two stations, the LM/ALSEP site
and station 11, were much more thoroughly sampled
than other stations. Of the eight categories of rocks
described in the preceding section, only two — B,
and Bs type breccias — were not found at these two
stations. This suggests that more thorough sampling
at other stations would likely have expanded the
range of rock types found there.

The stations can be divided into four main groups.
The members of each of these groups have similar
settings: (1) the LM/ALSEP site, stations 8§ and 9,
and probably station 2, which were located on the

- Cayley Plains and covered by South Ray ejecta; (2)

stations 4 and 5, which were located on Stone
Mountain and also covered by South Ray ejecta; (3)
stations 11 and 13, which were located on the
continuwous ejecta blanket of North Ray Crater; and
(4) stations 1 and 6, which were located on the
Cayley Plains in areas lacking extensive blocky ray
material.
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TABLE 6-11. -Apollo 16 Rock Samples Larger Than 25 g (Including Rake Fragments)
Sample no. Documentc;:;;on bag no. St(%t)ton EVA Welfc};t, g Classz{;jatzon
60015 (FSR-3)° SCB-5 10/LM 1 5574.0 Cy
60016 (FSR-12) SCB-7 LM 3 4307.0 By
60017 (FSR-9) SCB-7 13 3 21020 By
60018 (FSR-10) SCB-7 10 3 1501.0 By
60019 (FSR-11) SCB4 10’ 3 1 887.0 By
60025 (FSR-4) SCB-3 LM 2 1 836.0 By
60035 351 ALSEP 1 10520 By
60055 355 ALSEP 1 34.5 Bq
60075 373 ALSEP 1 183.8 By
60095 4 ALSEP 1 46.6 G
60115 381 10 2 132.5 By
60135 430 10 3 137.7 C2
60215 13 10 3 385.8 B,
60235 15 LM 3 70.1 Cy
60255 17 LM 3 871.0 B,
60275 18 LM 3 255.2 By
60315 20 LM 3 787.7 Cy
60335 331 LRV parking 3 317.8 Cy
site

60615 347 1o 3 33.0 Rake
60619 347 10’ 3 28.0 Rake
60625 347 10’ 3 117.0 Rake
60636 347 10’ 3 35.6 Rake
60639 347 10’ 3 175.1 Rake
60645 347 10’ 3 33.5 Rake
60665 347 10° 3 90.1 Rake
61015 (FSR-1) SRC-1 1 1 1 803.0 B,
61016 (FSR-2) BSLSS bag 1 1 11 729.0 C
61135 362 1 1 245.1 B,
61155 371 1 1 47.6 By
61156 371 1 1 58.5 C,
61175 364 1 1 542.7 B,
61195 2 1 1 587.9 G
61295 353 1 1 187.0 Bj
61536 372 1 1 86.0 Rake
61546 372 1 1 110.7 Rake
62235 5 2 1 319.6 Cy
62236 5 2 1 573 B
62237 5 2 1 62.3 B;
62255 7 2 1 1192.0 B,
62275 9 2 1 443.0 By
62295 10 2 1 250.8 Cy
63335 428 13 3 65.4 By
63355 429 13 3 68.2 By
63538 345 13 3 35.1 Rake
63549 345 i3 3 26.6 Rake
63585 345 13 3 32.6 Rake
64435 394 4 2 1079.0 By
64455 397 4 2 56.7 Cy
64475 398 4 2 1032.0 Bs
64476 398 4 2 1251 B,
64535 395 4 2 256.6 Rake
64336 395 4 2 177.5 Rake
64537 395 4 2 124.3 Rake
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TABLE 6-I1. —Apollo 16 Rock Samples Larger Than 25 g (Including Rake Fragments) — Continued

Sample no. Document?at;'on bag no. St;l.;j‘on EVA Weifgci;t' g Classification
64538 395 4 2 30.0 Rake
65015 (FSR-5) SCB-3 5 2 1802.0 Cy
65035 404 5 2 446.1 B,
65055 337 5 2 500.8 Cy
65056 337 5 2 64.8 By
65075 403 5 2 107.9 By
65095 336 5 2 560.1 B,
65315 405 5 2 300.4 B, (rake)
65325 405 5 2 67.9 Rake
65326 405 5 2 36.4 Rake
65515 332 S 2 50.2 Rake
65715 334 5 2 31.4 Rake
65757 334 S 2 26.2 Rake
65786 334 5 2 83.0 Rake
66035 407 5 2 211.4 B3
66055 408 6 2 1306.0 B,
66075 409 [ 2 347.1 By
66095 410 6 2 1185.0 Cy
67015 (FSR-7) SCB-7 11 3 1194.0 B2
67016 (FSR-8b) BSLSS bag 11 3 4262.0 B,
67035 382 11 3 245.2 B,
67055 383 11 3 221.9 By
67075 384 11 3 219.2 By
67095 385 11 3 339.8 G
67115 386 11 3 240.0 B2
67210 PSCB-1 11 3 276.9 Special sample
67230 PSCB-2 11 3 938.3 Special sample
67415 387 11 3 174.9 By
67435 415 11 3 3535 By
67455 416 11 3 942.2 By
67475 418 11 3 175.1 B4
67515 420 11 3 60.8 Rake
67549 420 11 3 43.1 Rake
67556 420 il 3 82.1 Rake
67559 420 11 3 329 Rake
67605 422 11 3 44.5 B, (rake soil)
67627 421 11 3 79.6 Rake
67628 421 i1 3 49.7 Rake
67629 421 11 3 32.8 Rake
67647 421 11 3 47.7 Rake
67718 423 11 3 41.0 Rake
67729 423 11 3 73.2 Rake
67915 (FSR-8) SCB4 11 3 2 559.0 By
67935 339 11 3 108.9 Cy
67936 389 11 3 61.8 C2
67937 389 11 3 59.7 Cy
67955 425 11 3 162.6 Bl
67975 392 11 3 446.6 B3
68115 340 & 2 1190.0 Bs
68415 f341, 342 & 2 371.2 cl
68416 341 8 2 178.4 Ci
68515 411 8 2 236.1 Rake
68516 411 8 2 34.0 Rake
68518 411 8 2 29.8 Rake




6-52

APOLLO 16 PRELIMINARY SCIENCE REPORT

TABLE 6-I1.—Apollo 16 Rock Samples Larger Than 25 g (Including Rake Fragments) — Concluded

Sample no. Document;zatj‘on bag no. Stt(;:;ion EVa Weiﬁ.h)t, z Ctassi(féjation
68525 411 8 2 39.0 Rake
68815 (FSR-6) SRC-2 8 2 1 826.0 B5
69935 378 9 2 127.6 B4
69955 380 9 2 75.9 Cl

Ag(CB, sample collection bag; SRC, sample return container; BSLSS, buddy secondary life support system; PSCB, padded

sample collection bag.

bEor station maps, refer to station descriptions.

CWeight given to the nearest 0.1 g based on the inventory listing from the Curator of the LRL dated June 30, 1972.

d(assification by H. G. Wilshire and E. D. Jackson.
€FSR, football size rock.
frwo fragments in different bags.

Although the proportions of rock types vary from
station to station and in part depend on thoroughness
of sampling, there are no distinctive differences in
rock populations between the first two station
groups. Figure 6-5 shows an extensive cover of all the
station areas of groups 1 and 2 by blocky ray material
trom South Ray Crater. It is therefore likely that all
these samples represent Cayley materials derived from
South Ray Crater. Hence, if materials from Stone
Mountain differ from those excavated by South Ray
Crater, they were not sampled. Lithologies repre-
sented include all major types except B breccias, but
breccias with light clasts in a dark matrix (By) and
those with dark clasis in a light matrix (B,) are
clearly dominant. Clasts resembling the lighter gray
metaclastic rocks (C,) occur in some breccias, and a
breccia source for all of them is not unlikely. A
sample of igneous rock (coarse-grained anorthosite)
was collected from a dark-matrix breccia boulder at
station 9, so that at least some of the igneous rocks
originally occurred as clasts in breccias.

Group 3 stations, on North Ray Crater ejecta,
yielded samples that do not appear to differ in any
significant respect from those of groups 1 and 2. This
is important because North Ray Crater excavated
material from a low ridge rather than from smooth,
plains-forming material more typical of the Cayley
Plains and excavated by South Ray Crater. The
dominant rock types are again B, and By type
breccias. There is a much higher proportion of By
breccias in samples collected at the northeastern part
of station 11 near House Rock, itself a large boulder

of dark-matrix breccia. These are presumed to be
derived from lower in the section than the abundant
B, breccias observed and collected at the south-
western end of the traverse area. Small, dark-matrix
breccias are concentrated in the rake sample at
station 13, and, although these are classified as By
breccias, they generally have adhering films of white
clastic material and are probably clasts derived by the
breakup of B, breccias.

Group 4 stations, which occupy interray areas on
the Cayley Plains, also yielded B, and By breccias as
well as the usual small proportion of crystalline rocks.
These stations, however, are the only sources of By,
breccias. These rocks, characterized by a wide range
of clast types, may therefore represent the uppermost
materials of the Cayley Plains, which are mantled by
North Ray and South Ray Crater ejecta elsewhere in
the traverse area.

The rock distribution suggests that the section
underlying the Cayley Plains at the Apollo 16 site is
stratified, with an upper unit of B, breccia and
lower uniis composed mainly of B, and B, breccias.
The areal extent of the supposed upper unit is not
known but presumably extends at least between
stations 1 and 6; considering the relative scarcity of
B4, breccias, the unit is probably not more than a
few meters thick. Evidence derived from panoramic
photographs and astronaut descriptions at station 11
suggests that B, breccias overlie By breccias, whereas
the color of the ejecta on the rims of South Ray and
Baby Ray Craters suggests that B, breccias overlie B,
breccias in the vicinity of those craters. Such a
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TABLE 6-11I. — Lunar Orientation of Apollo 16 Rock Samples
{2) Samples for which the orientation at the time of sampling has been established by correlation with

tunar surface photographs
Lunar top Lunar north Lunar top Lunar north
Sampie no. (aj (a) Sample no, fa) fa)
60016 T E 62275 B w
60018 S T 62295 B w
60019 B S/wW 64435 S/E T
60025 N B/W 64475 B E
60035 B N/W 64476 T WiN
60115 S/B S/E 65035 B E
60215 N w 65055 w/s B
60255 S T 65095 T E
60275 B N/E 66035 B N
60315 T E/N 66055 W/B Ry
60335 S TIW 66075 T w
61015 T 8 66095 B S
61016 T E 67016 B W
61135 N E/B 67055 SIT S/E
61155 T S 67435 B S/E
61156 S E/B 67915 B/E Bb
61175 T w ©68035 B/S E
61195 T E 68115 E N
61295 B/W WIT 68415,1 ST T/E
62235 W/B W/N 68415,2 8T T/E
62236 S E/T 68416 E N
62237 S E 63815 S/T/E 8
62255 T S/E

ADirections are those of the identification cube used in orthogonal and stereoscopic photography (LRL mug shots):
north, south, east, west, top, and bottom.

bNot exposed.
COrientation obtained from LRL photographs compared with surface photographs; sample not lighted using
collimated light.
(b) Samples deleted from orientation attempt
Sample no. Reason Sample no, Reason

60015 Lack of surface photographs 67015 Breakage
60017 Lack of surface photographs 67025 Small size
60055 to 60059 Small size 67035 Breakage
60075 Breakage 67075 Breakage
60095 Small size 67095 Unsuccessful attempt
60135 Lack of time 67115 Breakage
60235 Lack of time 67215 Padded bag sample
61157 and 61158 { Small size 67235 Padded bag sample
63335 Breakage; lack of surface photographs 67415 Breakage
63355 Breakage; lack of surface photographs 67455 Breakage
63505 to 63509 Small size 67475 Lack of surface photographs

64455
64477 and 64478
65015 and 65016
65056
65075
65315
66036 and 66037
66085 and 66086

Small size

Small size

‘Lack of surface photographs
Breakage

Breakage

Lack of surface photographs
Small size

Small size

67935 to 67937
67955 to 67957
67975

69935
69955

Small size; breakage; lack of
surface photographs

Small size; breakage; lack of
surface photographs

Lack of surface photographs

Small size

Small size
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TABLE 6-1V.—Classification of Samples

Crystalline Breceia?
a ) Glass® Light-matrix | Light-matrix Meduam-gray matrix Dark-matrix | Dark-matrix
Ig ';5.0'}‘5 Metz;gajtw (G) light-clast dark-clast Friable Coherent light-clast dark-clast
! 2 (B) (By) Bz | (Bap (By) (Bs)
60015 60135 60095 60025 60016 ©62247 61175 60017 63335
61016 60235 61195 60035 60075 ©62248 61295 60018 68115
67956 60315 65016 260055 60215 €62249 66035 60019 68815
684151 60335 67095 €60056 61015 63507 66036 60115
68415,2 61156 €67486 €60057 61135 66037 60255
68416 62235 €60058 €61157 66075 60275
69955 62295 61226 €61158 61155
64455 62236 62255 61225
65015 62237 €64425 €62245
65055 €62246 64475 63353
65905 62275 64476 63505
65906 67075 65035 63506
66095 67415 65075 63508
67025 67705 65095 63509
67935 67948 65315 63515
67936 67955 €65907 64435
67937 66055 64477
67945 €66085 64478
£66086 65056
67015 67435
67016 67475
67035 £67485
67055 67487
67115 €67488
67455 €67489
©67605 67915
67975 67946
68035 67947
67957
€68505
69935
69945
69965

AAll medium- and coarse-grained rocks in this group are somewhat deformed cataclastically but comparatively large parts
of their original textures remain intact.

Dincludes breccias with matrices annealed to coarser-than-aphanitic grain size.
®Sample predominantly composed of glass.
d“Breccia” includes fine breccia (clast size 1 to 5 mm) and microbreccia (clast size <1 mm).

CTentative classification based on examination of LRL photographs or cursory examination of the sample.
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stratigraphic sequence in the South Ray area is
consistent with the dominance of dark-matrix (By)
breccias described and photographed in South Ray
ejecta between the LM site and station 8. The nature
of the materials of the Descartes highlands remains, at
this time, unknown.

Optical Properties

The first detailed study of the fine-scale optical
properties of highland materials from lunar surface
photographs makes use of polarimetric data obtained
with a polarizing filter on a 70-mm camera at two
pancramic stations on North Ray Crater rim. In
addition, the use of a Hasselblad camera with a
500-mm lens gave detailed photographs of South Ray
Crater, which, photometsically, is the brightest lunar
area ever measured. Down-Sun photographs of most
of the documented samples and of the geologic
terrane at each traverse station permit analysis of the
photometric properties of the materials throughout
the area.

The Descartes landing area showed the greatest
variation in phase-function normal albedos of any
lunar landing area. Premission estimates were of 13 to
15 percent normal albedos based on photoelectric
telescopic measurements that integrated several
10-km?-sized areas over the Descartes region. Photo-
metric measurements of the fine-grained regolith in
the lunar surface photographs range from 14 to 24
percent phase-function normal albedo. Rock measure-
ments vary from 18 to 51 percent, and the bright ray
materials from South Ray Crater measured 55 per-
cent phase-function normal albedo. This extreme
range of albedos is the result of the high resolution of
the surface photography; telescopic integration re-
sults in an average albedo over a large area. The

Crystalline rocks Glass Breccias
Igneous Metaclastic 8 lE T
I
c c o sy
! 2 N e
=] 1 |
= t By |
) ! '
g ..___T____ll__L__,
Bq I BS :
I 1

Clast color

FIGURE 6-74.—Classification scheme for Apollo 16 rocks.
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FIGURE 6-75.—Frequency distribution of clasts larger than
1 mm in breccia groups Bj. By, B3y, and By.
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s Breccias with <5 percent lithic clasts larger than 1 mm
» Breccias with »5 percent lithic clasts larger than 1 mm

FIGURE 6-76.—Classification of breccias. Only samples for
which clast proportions were available as of June 15,
1972, are plotted, The matrix color is estimated from the
Munsell gray scale and modified to fit the seven-figure
gray scale used in orthogonal photographs of the rocks.
The clast-color scale represents the proportions of clasts
lighter and darker than the breccia matrix.
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FIGURE 6-77.—Number of rock types greater than 50 g collected at stations.

highest telescopically measured normal albedo on the
Moon is 24 percent and occurs in the crater Aris-
tarchus (ref. 6-19). The highest phase-function albedo
measured before the Apollo 16 mission was 31
percent and occurred near Cone Crater at the Apollo
14 landing site.

Originally measured telescopically (ref. 6-20) and
later refined in the mare areas by measurements of
high-resolution Surveyor and Apollo photographs
(refs. 6-21 and 6-22, respectively), the lunar photo-
metric function was tested for highland variations in
the Apollo 16 landing area. Photographs taken
down-Sun, which include astronaut shadows, allow
the measurement of surface reflectance from approxi-
mately 30° phase angle to near zero phase angle.
Microdensitometer scans were made across photo-

graphs AS16-106-17386 (station 13),
AS16-108-17702 (station 8), and AS16-108-17628
(station 6). The film-density luminances were calcu-
lated and plotted relative to phase angle (fig. 6-79).
Stight differences in the slopes of the curves occur
near zero phase angle, indicating small variations in
the backscattering nature of lunar materials. The
Apollo 16 photographs do not show as sharp a
backscatter peak as the telescopic data, again caused
by higher resolution of the surface photography. The
similarity of the lunar photometric function on the
highland and mare surfaces is remarkable considering
the different composition of bedrock. Apparently,
the comminution of lunar materal by repetitive
cratering produces the unique backscatter lunar pho-
tometric function and composition controls the
albedo.
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- FIGURE 6-78.—Areal distribution of rock types and samples greater than 50 g.
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FIGURE 6-79.—Comparison of telescopically measured lunar
photometric function with measured luminances from
photographs AS16-106-17386 (station 13) and AS16-
108-17702 (station 8),

A second-generation direct-duplicate negative of
Apollo 16 pan camera frame 4618 was used for the
generation of the preliminary Apollo 16 phase-
function normal albedo map. Surface photographs
used in determining the albedos were primarily
second-generation master-positive stock from the
Hasselblad 70-mm cameras. In addition, a few
500-mm-lens photographs were used to confirm the
high albedo measurements at South Ray Crater.

All surface photographs containing surface areas
close to zero phase angle were densitometered using a
I-mm aperture. The geometry was established for
each photograph through reference to horizon con-
trol points and precalculated geometrical computer
Hstings. The average phase angle for the best photo-
graphs was 3° to 4°. The previously used functional
behavior between the phase angle and the amount of
reflected radiant flux was assumed for all surface
photometry. Photometric control was obtained from
the photometric chart and gnomon photographed on
the lunar surface and from film sensitometry data.
The photometric chart was instrumental in verifying
the f-stop and shutter speed at which the surface
photographs were itaken. The gnomon and chart were
disabled at station 6, and subsequent photometric
measurements were based on film sensitometry data.

The panoramic photographs were digitized and
stored on a 200-BPI magnetic tape. The scanning
aperture size at the negative plane was 0.05 by 0.05

APOLLO 16 PRELIMINARY SCIENCE REPORT

mm, and the microdensitometer was adjusted to give
continuous readings. The preflight gray scale was also
densitometered.

The digital tape was converted to the proper
VICAR format at 800 BPI and processed in the same
manner as used for Apollo 15 tapes, The panoramic
frame was divided into four sectors and the station
locations determined in line and sample coordinates.
Albedo values for the stations as obtained from
surface photographs were used as controls in pro-
ducing the albedo map shown in figure 6-80.

There are two important qualifications to the
preliminary albedo map. The first is that the usual
phase or lunar photometric function was assumed for
the Apollo 16 site. Preliminary surface measurements
indicate that this is probably valid (fig. 6-79). The
second qualification is that variations of the albedo
values due to topography were not computationally
removed. Thus, comparisons of albedo values are
reliable only between areas with the same slope.

Many areas having an albedo greater than 45
percent are shown in figure 6-80. These areas are
brighter than any found at previous Apollo sites. The
500-mm-lens photographs resulted in geometrically
corrected albedos of 50 to 55 percent for South Ray
Crater. Exposure values from the automatic exposure

. control on the orbital panoramic camera are con-

sistent with these high albedos. :

On the Apollo 16 mission, a polarizing filter
attached to the lunar surface Hasselblad camera
permitted measurement of the degree of polarization
and the orientation of the plane of maximum
polarization of light reflected from the lunar surface.
Three photographs are needed, one each with the
polarizing filter at the 0°, 45°, and 90° positions.
This was accomplished by taking overlapping photo-
graphs at one filter position through a 120° sector
across North Ray Crater from station 11. The filter
was rotated to the second position and the sector
rephotographed. This was repeated a third time in the
final filter position. Differences in image intensity of
the same image element or object in the three
photographs are a function of the amount and
orientation of the linear polarized component of the
reflected light from that object. From the returned
photographs, three sets of polarization frames were
selected for computer processing. These sets were
frames AS16-106-17239, 17259, and 17266 and
frames AS16-106-17241, 17257, and 17268 from the
southwestern panoramic position at station 11 and
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FIGURE 6-80.-Composite of four compuicr-generated sectors of the Apollo 16 site based on Apollo
16 pan camera frame 4618. The phase-function normal albedos are shown in nine shades of gray. A
gray scale with the appropriate albedo ranges is included for interpretation. The three scribed areas
denoted A, B, and C are the sections of the map enlarged 5 times in the computer and shown in
figure 6-81. No albedo corrections were made for topography.
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FIGURE 6-81.—-Computer-generated enlargements of areas A, B, and C outlined in figure 6-80. The
station locations are identified by number beside the scribed areas. The gray shades depict the same
ranges as given in figure 6-80. The lines on the photographs are line dropouts during
microdensitometry. (a) Area A, (b) Area B. (¢) Area C.
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frames AS16-106-17283, 17296, and 17310 from the
northeastern panoramic position at station 11. The
data for computer reduction were taken from
second-generation master positives. The sets of photo-
graphs were digitized, as were the preflight and
postflight gray-scale wedges.

The first step in computer reduction invelved
building a histogram of the digital data over each
photograph. The digitized values for the sky and
shadow areas from photograph to photograph were
forced to agree to ensure the validity of comparisons
between photographs. The data were also verified as
lying on the linear portion of the sensitivity of the
film.

The frames were filtered using a 3- by 3-pixel
matrix to smooth the data. The first frame (horizon-
tal polarization) became the prime photograph
against which the remaining two were registered.
Camera displacements between frames were suf-
ficiently large to yield stereopairs from frames within
a given set. Registration of stereopairs to pixel
resolution is extremely difficult and requires lengthy
computer processing. To reduce expensive computer
time, a special set of positive transparency enlarge-
ments of the digitized photographs was made. The
frames were then registered using visual techniques,
and displacement coordinates were determined for 70
to 80 points in each frame. These point displacements
were used to compute a linear interpolation of the
displacement coordinates. This interpolation factor
was then applied to each photograph element. The
registrations, while still imperfect, were within 5
pixels in the far field.

The three registered frames were used to compute
the degree of polarization and the angle of its
maximum. (These equations can be found in ref.
6-23.) Following this calculation, a nine-gray-step
conversion table was generated to illustrate areas of
equivalent polarization in the three sets. One of the
sets taken at high phase angle is shown in figure 6-82.
Relafively good agreement exists between polariza-
tion values on overlapping areas of the photograph
sets.

Each lunar material has a characteristic polari-
metric function. A comparison of the polarimetric
functions of returned samples with those of rocks in
inaccessible areas or of remote objects permits some
correlation and classification of materials at a
distance. In the area of North Ray Crater, for
instance, such a study shows three polarimetrically
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FIGURE 6-82.—Polarimetry results of north wall and south-
east rim (near field) of North Ray Crater. (a) One frame
(AS16-106-17239) from the left polarization panorama.
Filter orientation is horizontal. This frame was the basis
for registering the two additional filter positions.
(b) Computer printout of polarization data from the
scene in figure 6-82(a). Degree of polarization is divided
into nine percentage ranges. The gray scale indicates the
percent of polarization from 0 to more than 50 percent.
The apparent mean of the scene polarization is 10 to 11
percent with a maximum of approximately 30 percent on
a few rocks.
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distinct materials: (1) a region of regolith that covers
Smoky Mountain (area A, fig. 6-82(a)) and drapes
over the northwest rim of the crater (area B, fig.
6-82(a)), (2) a crater rim deposit (area C, fig.
6-82(a)), and (3) a region on the west wall of the
crater characterized by high albedo and by a unique
polarimetric function. It was found that individual
rock frapments varying in width from 25 cm in the
foreground to 10 m on the northwest rim have low
degrees of polarization. Al rock fragments around
North Ray Crater show less than one-half of the
polarization measured on the Apollo 11 and 12
crystalline rocks and one-half to two-thirds of the
polarization measured on Apollo 14 samples from the
Fra Mauro region.

The albedo measurements of lunar materials at the
various stations of the three EVA traverses can be
arranged into three groups. The albedos of stations 1,
2, and the LM area ranged from 15 to 18 percent.
The albedos of stations 4, 5, 6, and 8 were higher,
ranging from 17 to 20 percent. North Ray Crater
stations 11 and 13 have albedos ranging from 20 to
24 percent. The albedo variations seemed to be
superimposed on a regional albedo of approximately
15 percent, with ray ejecta from South Ray Crater
raising the albedos of the southern traverse stations
and with North Ray ejecta increasing the albedos of

stations 11 and 13, The landing site area is apparently -

underlain by light material that is being mixed with
darker regolith by cratering mechanics. Proximity to
relatively recent sources of lighter materials
influences the local albedo.

The rock surfaces around North Ray Crater
apparently contain little crystalline matexial that can
polarize reflected light. The polarimetric properties of
these rocks suggest that they are much more highly
shocked than the Fra Mauro breccias from Cone
Crater. No areas, layers, or blocks of intermediate to
strong polarization were observed such as would be
expected for relatively unshocked basaltic crystalline
rock. All measurements of rock blocks at North Ray
Crater are consistent with the polarimetric properties
of highly brecciated and shocked material.

PRELIMINARY GEOLOGIC
INTERPRETATION OF THE SITE

The enormous yield of Apollo 16 photographs,
samples, and crew observations permits a tentative
evaluation of the local geology in the landing site
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area. Early synthesis of the data demonstrates the
geologic complexity of the site and emphasizes the
importance of the diverse types of data provided by
manned exploration of the Moon. The Apollo 16
investigations clearly require modifications of pre-
vailing geological models for the nature and evolution
of the Cayley Formation in this area and elsewhere in
the lunar highlands.

The Cayley Formation probably has been sampled
to a depth of approximately 200 m at North Ray
Crater; to shallower depths at stations I, 2, and 6;
and, intermittently, over a distance of approximately
10 km between North Ray and South Ray Craters.
Sampling of South Ray ejecta from some of its
conspicuous rays may have provided both light and
dark materials (fig. 6-83) from as deep as 150 m,
although most are from shallower depths. The dif-
ference in the rim elevations of the two major craters
suggests that a vertical range of more than 300 m may
have been sampled (fig. 6-84).

Heterogeneous fragmental rocks (breccias) are the
dominant lithology of the Cayley Formation. Al-
though several distinctly different types are present,
light- and dark-matrix breccias dominate the surface
debris that was sampled and photographed. Signifi-
cant variations in proportions of breccia types appear
in the ejecta of each major sampled crater, but there
do not appear to be any diffexrences between the rock
assemblages from North Ray and South Ray Craters.
The sample distribution data and the new photog-
raphy of South Ray and Baby Ray Craters (figs. 6-85
and 6-86) suggest a possible crude horizontal stratifi-
cation, with alternating lighter and darker breccia
units. These data support interpretations made in the
premission photogeologic mapping. The Apollo 16
rocks closely resemble those collected on the Apollo
15 mission from the Apennine Front. They do not
show the characteristic multiple brecciation and
metamorphism of the Apollo 14 samples.

Bulk compositions of Cayley soils obtained by the
Lunar Sample Preliminary Examination Team show a
surprising uniformity throughout the traverse area.
Rock compositions show a slightly larger range but
still have a remarkably small range of variation. Both
soil and rocks are roughly equivalent in composition
to terrestrial anorthosites and feldspar-rich gabbros.
This indicates that the textural and albedo differences
in the several breccia types probably reflect variations
in their history rather than in their source materials.
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FIGURE 6-83.-South Ray Crater telephotographic view and interpretation as seen from Stone
Mountain (station 4). (a) Partial panorama (AS16-112-18246, 18247, and 18256). (b) Distribution
of light and dark ray patterns and individual blocks. Numbers correspond to features in map view

(fig. 6-85(b)).

Some individual crystalline rock fragments were
recovered along with the more abundant breccias.
They fall into two apparent groups: igneous and
metamorphic. The igneous rocks range from anortho-
sites to feldspar-rich gabbros and include minor
amounts of fine-grained, highly feldspathic, vuggy
igneous rocks. The metamorphic rocks are recrystal-
lized fragmental rocks of a similar highly feldspathic
composition. Clasts of these various types are
observed in the breccias, and it is possible that all the
crystalline rocks collected are simply clasts liberated
from their breccia matrix. The general compositional

range of the crystalline rocks is compatible with such
an interprefation. However, the presence of some
igneous rocks, either intrusive or extrusive, within the
Cayley Formation at this site cannot be precluded at
this time.

In summary, the Cayley Formation at the Apollo
16 site appears to be a thick {at least 200 and
possibly more than 300 m), crudely siratified debris
unit, the components of which are derived from
plutonic anorthosites and feldspathic gabbros and
from metamorphic rocks of similar composition. The
Formation has an elemental composition similar to
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reflect new data from the Apollo 16 panoramic photographs, from which profiles were derived by
the U8, Geological Survey.
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FIGURE 6-85.—South Ray and Baby Ray Craters. (a) Ray map (Apollo 16 pan camera frame 4618).
(b) Skeich map; numbers correspond to features on figures 6-83(b) and 6-86(b).

that observed over large regions of the lunar highlands
by the orbital X-ray experiments of the Apollo 15
and 16 missions (ref. 6-24). The observed textures
and structures of the breccias resemble those of
impact breccias. They do not resemble those of

volcanic rocks nor do the plutonic or metamorphic
source rocks of the breccias have the textures or
compositions of terrestrial or previously sampled
lunar volcanic rocks.

Whether the Cayley materials sampled are repre-
sentative of the Cayley Formation elsewhere is at
present unknown. The local relief in the traverse area

is greater than in the Cayley Plains to the west. This
roughness may be an edge effect of the Cayley basin
against the Descartes Mountains or an intrinsic
difference between the sampled Cayley Plains and the
main area of plains. Detailed topographic maps (as
yet unavailable) and photogeologic interpretation of
the region will contribute data toward resolving this
problem.

The materials of the Descartes highlands were the
sampling objectives at stations 4 and 5 on Stone
Mountain. The traverse route in this area is heavily
mantled by angular, blocky debris, apparently ejected

« Light
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FIGURE 6-86.—-Baby Ray Crater telephotographic view and interpretation as seen from Stone
Mountain (station 4). (a) Partial panorama (AS16-112-18253 and 18254). (b) Distribution of light
and dark ray patterns and individual blocks. Numbers correspond to features in map view (fig.

6-85(b)).
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from South Ray Crater. The regolith under this
blocky material is relatively fine grained with few
coarse fragments. The crew observed no craters that
penetrated to bedrock or that exposed coarse blocks
of underlying materials.

Most of the rock samples, particularly at station 4,
probably represent South Ray ejecta. At station 5,
the crew sought and collected a number of more
rounded fragments that did not appear to be ray
associated. The rock types found at station 5 are
generally similar to those found in Cayley localities.
Some samples were collected from shielded crater-
wall locations and probably include some Descartes
materials, but none have yet been uniquely identified
as such.

A number of soil samples were taken at the
surface and in drive tubes at stations 4 and 9.
Although variable dilution by South Ray fines is
expected, these samples may be dominantly Descartes
materials. Bulk comparisons of some of these soils
with soils from Cayley terranes show marked com-
positional similarities. These observations add support
to the indirect evidence from the rock collections
that the Descartes materials may be lithologically
similar to the Cayley Formation.

In summary, the precise nature of the Descartes
highlands materials has not yet been established.
Available evidence indicates that the Descartes high-
lands differ from the adjacent Cayley Formation
more’ in physiographic expression than in actual
lithologic character. Whether it is a stratified unit as
suggested by several subtle topographic benches has
not been established.

The stratigraphic and structural relations between
the Cayley and Descartes units have not been directly
established at this preliminary stage of the surface
geology investigation. The contact between them was
mapped from premission photography primarily as
the break in slope at the base of Stone Mountain. No
observations were made during the mission that
would locate the contact more precisely. Detailed
comparisons of soils and rocks from stations 5 and 6,
which lie on opposite sides of the apparent contact,
may ultimately provide some critical information.
The asymmetrical distribution of lighter and darker
breccias noted on the rim of North Ray Crater and
the apparent contrast in albedo of its interior surficial
debris raise the possibility that the North Ray impact

. may have penetrated a significant geologic contact.
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Whether this albedo contrast relates to a formational
boundary cannot at present be demonstrated.

Premission geoclogic interpretations of the Apolio
16 landing site emphasized a probable volcanic origin
for both the Cayley Formation and the materials of
the Descartes highlands. The apparent nonvolcanic
aspects of the many rocks sampled and photo-
graphed, combined with the absence of recognizable
volcanic features at any scale in the region examined
by the astronauts, do not support these interpreta-
tions.

The character of the Cayley Formation emerging
from the Apollo 16 site studies supports considera-
tion of an impact-related origin. The sources of the
debris that might be considered include (1) ejecta
from the Imbrium Basin (ref. 6-1), (2) ejecta from the
Nectaris Basin, or (3) some combination of ejecta
from various local and more distant sources accumu-
lated over an extended time interval.

Derivation from the distant Imbrium Basin
requires special mechanisms and timing. The plains-
forming, depression-filling Cayley materials both
overlap and extend beyond Imbrium sculpture and
the Fra Mauro Formation. An Imbrium source would
probably require a late-stage transport and deposition
mechanism, perhaps in the form of a fluidized debris
cloud generated by the impact. (See also part B of
sec. 29 of this report.)

The Cayley surface at the Apollo 16 site has been
interpreted from superposed crater frequency as
slightly younger than the Fra Mauro surface at the
Apollo 14 site3 If the interval in implied ages is
significant, the stratigraphic relations strain the
plausibility of an Imbrium origin. The sum of
available stratigraphic and crater-frequency data does
not favor derivation of the Cayley Formation during
the development of the Nectaris Basin in pre-Imbrian
time. However, Nectaris ejecta may be part of the
breccia sequence beneath the Cayley surfaces in this
area. Other impact mechanisms require more and
smaller depositional events, probably integrated over
long periods of time. Mass wasting has been suggested
as a debris contributor, but it is not a satisfactory
means of forming the plains of broad extent and
considerable thickness present at the Apollo 16 site.
There remains, of course, the remote possibility that
unfamiliar explosive volcanic processes have produced
widespread crustal fragmentation and breccia

3R, Greeley, written communication, 1971.
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accumulation on the lunar surface or that postdeposi-
tional devolatilization of the basin-derived blankets
has been responsible for emplacement of most of the
terra plains. No obvious test for such a process
suggests itself in the present data.

Fach of the several possibilities has a very dif-
ferent implied time position in lunar history. Isotopic
age studies on samples of the various breccia types
and their included clasts may provide important
additional constraints on these possibilities. (Papers in
this report related to the origin of the Cayley and
Descartes types of materials include parts A, C, D, F,
U, and X of sec. 29.)

The incomplete characterization of the Descartes
materials on Stone Mountain makes extended geologi-
cal speculation premature. Materials in the same
morphological unit partially fill the Descartes Crater
to the south. These steep-sloped, relatively uncra-
tered, high-albedo uplands have been interpreted as
rather youthful, volcanic constructional features. If
work in progress confirms that the Descartes Moun-
tains comprise breccias similar in lithology and
composition to materials of the Cayley Formation,
the postulated volcanic origin will require reassess-
ment. Additional petrologic information, soil analy-
ses, and age studies of the returned samples are
necessary to conduct such an evaluation.

APPENDIX A

SURFACE PHOTOGRAPHIC SUMMARY

A total of 1774 photographs was taken on the
lunar surface with Hasselblad electric data cameras
(refs. 6-18 and 6-21). Most of these photographs were
taken according to procedures designed for geologic
documentation. The number of photographs taken
and the rate at which they were taken are given in
table 6-V. A comparison of station times with the
number of samples collected and the number of
70-mm photographs taken is shown in figure 6-87.
This comparison illustrates the resulting allotment of
effort to sampling and photography at each of the
traverse stations and also the relative return from the
major geologic entities of the Cayley Plains, Stone
Mountain, and North Ray Crater.

The following photographic procedures were used.

(1) Sample documentation photographs were
taken to show the in situ character of a returned
sample or of a feature that couid not be returned.
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Documentation of samples included a single photo-
graph for photometric study taken down-Sun of the
sample in place and a cross-Sun stereoscopic pair.
After the sample was collected, a photograph was
taken of the sample area from near the same place as
the stereoscopic photographs to establish which of
the samples visible in the presampling photograph was
actually collected. A final photograph was taken of
the sample area and of the LRV to establish the
locality of the sample within the station area. Where
time was short or footing awkward, one or more of
these photographs were eliminated. A few stereo-
scopic pairs of interesting features impractical to
collect were taken from distances of approximately
0.76 m.

(2) A special polarization survey was taken from
the rim of North Ray Crater in an attempt to gather
lithologic information about distant materials. This
panoramic series of photographs was taken three
times with a polarizing filter in three orientations 45°
apart. The survey was repeated from a second vantage
point, providing sterecoscopic coverage of the area
together with the polarization information.

(3) Panoramas were taken at each station to
permit precise location of the station by resection
and to illustrate and supplement geologic descriptions
by the crew. A complete panorama consists of 15 or
more photographs covering 360°. Partial panoramas
were taken of features such as House Rock (fig.
6-57). The overlap zones between photographs in
panoramas can be viewed stereoscopically because the
aiming direction of the camera was changed and the
lens position was shifted slightly each time. This
provides a stereoscopic baseline a few centimeters
long, which is useful for study of topography within
50 to 100 m of the camera.

(4) Photographs were taken with a 500-mm-
focal-length camera to permit study of features
inaccessible to the crew. Although a few photographs
were degraded by camera motion, even those photo-
graphs have more resolution than the 60-mm pictures
and contain information not otherwise available. The
500-mm photographs are also being used for precise
measurement of spot elevations in the traverse area.
The measurement requires that discrete points in the
traverse be positively identified in panoramas taken
from distant stations. This is rarely possible in the
lower resolution photographs taken with the 60-mm-
focal-length cameras but frequently possible in photo-
graphs taken with the 500-mm lens. For example, in
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TABLE 6-V.—Apollo 16 Film Usage

hot h
Type of photograp Magasine R{zje
Station - o or
Sumple Polarization | Panorama .sog'?;m En route Qther fogged
documentation
bEvA-1
13 113
A ;g 17 113
ALSEP e } ’
ALSEP 6 . e
ALsEp 28 109 19
ALSEPto 1 o
| 2 ¥ e |}
> 0 26 109
; 12 1 114 }191
’ 112
50
: 14 109 16
2to LM ) 109
- 3 5 2 114
by 42 39 2 44
EVA-1 total 61 0 106 50
CEVA-2
3 107
LM 21 X o7
M ’ 71 110 20
LMto 4 i 110
4 23 107 } 116
4 26 > 107
‘ ’ 16 110 42
4105 1 1o
5 13 28 ) 1o } 2%
: " 21 108 66
5tob 108
2 112
; ; |}
2 to8 ” 29 108 51
° 108
8 21 19 0 } 63
: . 11 108 34
8to9 1 108
] 3 * 3 107 }104
9 23 : 107
; dg1 115 39
91to 10 1 1
10 4 Lo 11s } 60
I ’ ) 115
O 3 114
V. 19 2 91
EVA-2 total 175 4] 180 35 235
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TABLE 6-V.—Apollo 16 Film Usage — Concluded
Type of photograph
Station g Magazine R{Zje
do cffn";ﬂz tion Polarization | Panorama 50&:2’" En route | Other Bflg‘gge%r
CEVA-3
M 63 1 105
LM 29 116
LMto 11 159 111 34
11 118 105
11 46 23 116 } 215
11 29 79 10 106
11to13 29 106 45
13 5 27 106
13 9 2 116 } 99
13 4 1 117
13 to 10’ 9 116
13 to 10’ f70 117 b 1o
10' 4 23 117
10 27 16 | 108
LM 4 13 116
LM 11 16 117
EVA-3 total 135 79 116 181 267 32 1 168
Apollo 16 in 79 402 266 544 90 5 94
totals

3Rates are given in photographs per hour at stations and photographs per kilometer between stations. Totals are given

in photographs per hour.
BThe total for EVA-1 was 300 frames.
®The total for EVA-2 was 646 frames.
dincludes five frames in “LRV turnaround panorama.”
©The total for EVA-3 was 811 frames.

500-mm photographs taken from station 4, House
Rock (the most distant point on the traverse from
station 4) is clearly visible (fig. 6-56).

(5) The lunar module pilot (LMP) took photo-
graphs at regular intervals while the LRV was in
motion. These photographs are being used to recon-
struct the traverse and to measure block distributions
over wide areas. Twice during these “en route”
sequences, the commander (CDR) drove the LRV in a
tight circle while the LMP took photographs, result-
ing in what has been termed an “LRV turmaround”
panorama,

In addition to photographs taken for geologic
documentation, several photographs were taken to

illustrate ALSEP deployment and other subjects not
related to geology. These are listed under “other” in
table 6-V. A few blank frames or frames fogged when
magazines were changed were assigned numbers and
are therefore shown in table 6-V, even though the
information content is minimal.

APPENDIX B

LUNAR SURFACE ORIENTATIONS
OF APOLLO 16 ROCK SAMPLES

The lunar surface orientations of some of the
Apollo 16 rock samples at the time of their collection
(table 6-III) are shown in this appendix (figs. 6-88 to
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FIGURE 6-87.—Comparison of station times, number of samples collected, and number of 70-mm
photographs taken. The number of samples collected is shown 10 times the actual vatue for clarity.

5-128). These orientations were determined by cor-
relating lunar photographs of samples before collec-
tion with shapes and shadow .characteristics of the
same samples in the. LRL when they are illuminated
obliquely by nearly collimated light. The light source
in the LRL portrays 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 the sample on
the lunar surface. Tumbling and turning 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
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.
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FIGURE 6-88.—Sample 60016 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of photograph AS16-113-18298 taken from
the LM window before EVA-1, looking southeast (inset
photograph, §-72-44510).

FIGURE 6-89.-Sample 60018 showing approximate unar  FIGURE -6-91.—Sample 60025 showing approximate lunar
orientation reconstructed in the LRL compared to an orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-116-18689 taken enlarged part of EVA photograph AS16-110-17866 taken
cross-Sun, looking north (inset photograph, S-72-41840). cross-Sun, looking north (inset photograph, 5-72-44019).
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FIGURE 6-92.—Sample 60035 showing approximate lunar
. orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-114-18384 taken
cross-Sun, looking south (inset photograph, S-72-41610).

FIGURE 6-94.—8ample 60215 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-116-18705 taken
cross-Sun, looking south (inset photograph, S-7242836).

FIGURE 6-93.—Sample 60115 showing approximate lunar FIGURE 6-95.—Sample 60255 showing approximate lunar
orientation reconstructed in the LRL compared to an orientation reconstructed in the LRL compared to EVA
enlarged part of EVA photograph AS16-114-18446 taken photograph AS16-117-18832 taken cross-Sun, looking
cross-Sun, looking south (inset photograph, §-72-42559). south (inset photograph, 5-72-42837).
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FIGURE 6-96.—Sample 60275 showing approximate lunar
orientation reconstructed in the LRL compared to EVA
photograph AS16-117-18833 taken cross-Sun, looking
south (inset photograph, $-72-43115),

FIGURE 6-98.—-Sample 60335 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-116-18712 taken
cross-Sun, looking south (inset photograph, $-72-41335).

FIGURE 6-97.—Sample 60315 showing approximate lunar
orientation reconstructed in the LRL compared to an FIGURE 6-99.—Sample 61015 showing approximate lunar
enlarged part of EVA photograph AS16-117-18836 taken orientation reconstructed in the LRL compared to an
oblique-to-Sun, looking southwest (inset photograph, enlarged part of EVA photograph AS16-109-17808 taken
5-72-41842). cross-Sun, looking north (inset photograph, S-72-41058).
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FIGURE 6-101.—Samples 61135 and 61195 showing approx-
imate lunar orientations reconstructed in the LRL com-
pared to an enlarged part of EVA photograph
AS16-114-18405 taken cross-Sun, looking south (inset
photographs, 5-72-41609 and 43315, respectively).

FIGURE 6-102.--Samples 61155 and 61156 showing approx-

FIGURE 6-100.—Sample 61016 showing approximate lunar imate lunar orientations reconstructed in the LRL com-
orientation reconstructed in the LRL compared to an pared to an enlarged part of EVA photograph
EVA television picture looking scuth from the LRV AS16-114-18397 taken cross-Sun, looking north (inset

(bottom photograph, S-72-41841). photographs, 5-7241613 and 41544, respectively).



6-74 APOLLO 16 PRELIMINARY SCIENCE REPORT

FIGURE 6-103.—Sample 61175 showing approximate hnar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-114-18400 taken
cross-Sun, looking north (inset photograph, 8-72-40965).

FIGURE 6-104.—Sample 61175 showing approximate lunar
orientation reconstructed in the LRL compared to EVA
photograph AS16-109-17798 taken down-Sun, looking
west (inset photograph, S-72-40966).

FIGURE 6-105.—Sample 61295 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-114-18412 taken
cross-Sun, looking north (inset photograph, S-72-40967).

FIGURE 6-106.—Samples 62235, 62236, and 62237 showing
approximate lunar orientations reconstructed in the LRL
compared to an enlarged part of EVA photograph
AS16-109-17838 taken cross-Sun, looking south (inset
photographs, S-7241424, 41837, and 41838, respec-
tively).
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FIGURE 6-107.-Sample 62255 showing approximate lunar e ; ?; [ .
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-109-17844 taken FIGURE 6-109.—~Sample 62295 showing approximate lunar
cross-Sun, looking south (inset photograph, S-72-41834). orientation reconstructed in the LRL compared to an
enlarged part of EVA photogiaph AS16-109-17848 taken
cross-Sun, leoking south (inset photograph, S-72-42563).

FIGURE 6-108.—Sample 62275 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-109-17846 taken
cross-Sun, looking south. The samptle is fragile and minor FIGURE 6-110.—Sample 64435 showing approximate lunar
breakage has occurred, thus making shadow details orientation reconstructed in the LRL compared to EVA
impossible to duplicate accurately in the laboratory (inset photograph AS16-107-17444 taken oblique-to-Sun, look-
photograph, 5-72-41426). ing northeast (inset photograph, S-72-41423).
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FIGURE 6-111.—Samples 64475 and 64476 showing approx-
imate lunar orientations reconstructed in the LRI com-
pared to EVA photograph AS16-107-17452 taken
cross-Sum, looking south. Sample 64476 appears to have
been moved before the lunar photograph (inset photo-
graphs, §-7243117 and 43118, respectively).

FIGURE 6-112.—Sample 64475 showing approximate lunar
orientation reconstructed in the LRL compared to an
entarged part of EVA photograph AS16-107-17453 taken
oblique-to-Sun, looking northwest (inset photograph,
8-72-43116).

FIGURE 6-113.—Sample 65035 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-110-18023 taken
cross-Sun, looking south (inset photograph, S-72-43313).

FIGURE 6-114.—Sample 65055 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged pari of EVA photograph AS16-110-18029 taken
cross-Sun, looking south. Sample 65056 is in the same
group of fragments photographed but was nof oriented in
the laboratory because of breakage (inset photograph,
S5-72-43314).
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FIGURE 6-115.—Sample 65095 showing tentative lunar
orientation reconstructed in the LRL compared to EVA
photograph  AS16-110-18027 taken cross-Sun, looking
south. FIGURE 6-117.—Sample 66055 showing approximate lunar

orientation reconstructed in the LRL compared to EVA
photograph AS16-108-17627 taken oblique-to-Sun, look-
ing northwest (inset photograph, 5-72-42562).

FIGURE 6-116.—Samples 66035 and 66055 showing approx-
jmate lunar orientations reconstructed in the LRL comr  FIGURE 6-118.—Sample 66075 showing approximate lunar
pared to an enlarged part of EVA photograph orientation reconstructed in the LRL compared to an
AS16-107-17512 taken oblique-to-Sun, looking southwest enlarged part of EVA photograph AS16-107-17521 taken
(inset photographs, $-72-41427 and 42560, respectively). cross-3un, looking south (inset photograph, 8-72-40571).
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FIGURE 6-119.—Sample 66095 (broken into two pieces)

showing approximate lunar orientation recomstructed in
the LRL compared to an enlarged part of EVA photo-
graph AS16-108-17632 taken cross-Sun, looking south.
No photograph was taken before chipping the sample
from the boulder. The reconstruction of orientation was
done by matching the shapes of the sample and the
boulder scar (inset photograph, $-72-41433),

Broken

FIGURE 6-120.—Sample 67016 showing approximate lunar

orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-116-18659 taken
up-Sun, looking east. The sample was partly broken
during transport, probably because the large rock 61016
(the *‘muley™ rock) was on top of it in the bag (inset
photograph, §-72-44509).

APOLLO 16 PRELIMINARY SCIENCE REPORT

FIGURE 6-121.—Sample 67055 showing approximate lunar

orientation reconstructed in the LRI, compared to an
enlarged part of EVA photograph AS16-116-18617 taken
cross-Sun, looking south. The sample is friable and minor
breakage has occurred, thus making shadow details
impossible to duplicate accurately in the laboratory (inset
photograph, S-72-44550),

FIGURE 6-122.—Sample 67435 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-106-17320 taken
oblique-to-Sun, looking southwest (inset photograph,
§-72-44507).
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LRL model of the
exposed surface of
sample 67915

freshly broken inside
surface linverted)
showing traces of
fracture planes

FIGURE 6-125.--Sample 68115 showing approximate lunar
orientation reconstructed in the LRL compared to EVA
photograph AS16-107-17544 taken cross-Sun, looking

FIGURE 6-123.—Sample 67915 showing approximate lunar south (inset photograph, 5-72-41056).
orientation reconstructed using an LRL model to depict
the fragment broken from the larger boulder. The sample
scar is shown in EVA photograph AS16-116-18652 taken
oblique-to-Sun, looking northwest. Reconstruction was
aided by noting the direction of pervasive shear, or
foliation, in the large boulder as well as on the freshly
broken surface of the sample.

FIGURE 6-126.-Sample 68415 broken in two parts
(68415,1 and 68415,2) showing approximate lunar orien-
tation reconstructed in the LRL compared to an enlarged

FIGURE 6-124.—Sample 68035 showing approximate lunar part of EVA photograph AS16-107-17549 taken cross
orientation by comparing the LRL orthogonal west view Sun, looking south. Sample 68416 was broken from the
to EVA photograph AS16-107-17534 taken cross-Sun, top of the sarae boulder (inset photographs, S-72-41545

looking north (inset photograph, S-72-40513). and 42600).
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FIGURE 6-127.—Sample 68416 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-107-17549 taken
cross-Sun, looking south. Sample 68415 was broken from
the same boulder {inset photograph, S-72-40964).

FIGURE 6-128.—Sample 68815 showing approximate lunar
orientation reconstructed in the LRL compared to an
enlarged part of EVA photograph AS16-108-17699 taken
cross-Sun, looking south (inset photograph, $-7241425).
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7. Preliminary Examination of Lunar Samples

PART A

A PETROGRAPHIC AND CHEMICAL DESCRIPTION OF SAMPLES
FROM THE LUNAR HIGHLANDS

The Lunar Sample Preliminary Examination Team?

introduction

More than four-fifths of the surface of the Moon
consists of a profoundly cratered, irregular surface
designated terra or highlands by analogy with the
terrestrial continents, These terra regions have much
higher albedos than the physiographically lower and
much smoother mare regions. The difference in
albedo can now be ascribed to a fundamental
difference in the chemical and mineralogical character
of these two regions. Lunar samples from landing
sites in the mare regions and high-resolution photo-
graphs taken from lunar orbit have shown that the
lunar maria are underlain by extensive lava flows.
Isotopic dating of samples from four mare regions
(refs. 7-1 to 7-4) indicate that mare volcanism
covered a time span of 600 million years, beginning
approximately 3.7 billion years ago. The intensely
cratered character of the terra regions is due to both
the greater antiquity of these parts of the Moon and
the higher flux of incoming objects that hit the Moon
during very early lunar history (ref. 7-5). In contrast
with the mare region, the origin of the underlying
material of the terra is not easily inferred from
physiographic criteria. The surface manifestations of
early plutonic or extrusive igneous activity — if
indeed they ever existed — were erased from the terra
regions by the intense early bombardment of the
lunar surface. Some portions of the highlands may be
exceptions to this generalization; in particular, large
craters such as Ptolemaeus, Hipparchus, Albategnius,
and Alphonsus. The regions bounded by these craters

8The team composition is listed in “Acknowledgments™
at the end of this section.
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are much smoother than the typical densely cratered
highlands. These regions are generally assumed to be
physiographic lows that have, in some way, been
filled by younger material. The nature of the material
and the mechanism- by which it was introduced into
the basins are not well understood. On the basis of
rather detailed studies of the physiographic and
albedo characteristics of the basin material, it has
been suggested (ref. 7-6) that the filling of the
highland basins was a result of volcanic processes
similar to those which filled the large mare basins.
Some highland basin areas also contain hilly, hum-
mocky regions that bear no relation to large crater
rims or crater ejecta. These regions have been
interpreted as extrusive igneous features formed by
viscous, silicic, igneous liquids (ref. 7-6).

The elucidation of the origin of both the filled
basins and the hilly volcanic regions was the major
objective of the Apolto 16 mission. Both types of
landforms are remarkably common in the eastern
equatorial portion of the near-side southern highlands
(fig. 7-1). Basin-filling deposits (designated Cayley
Formation in the US. Geological Survey (USGS)
stratigraphic nomenclature, refs. 7-7 and 7-8) and
irregular, hilly topography (designated Descartes For-
mation in the USGS stratigraphic nomenclature, refs.
7-7 and 7-8) occur there in close proximity.

Analysis of high-resolution photographs obtained
during the Apollo 14 mission showed that a relatively
smooth tegion 60 km north of the old crater,
Descartes, could provide a landing point with access
to both landform types. In addition, two very young
bright-rayed craters were relatively accessible from
this landing point. The age and mode of formation of
these craters are of great interest, but much more
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Location of Descartes

FIGURE 7-1.—Metric camera photograph of the region
around the Apolio 16 landing site, which is designated by
a white cross on the figure (9° S 16° E). The inset shows
the approximate location of this region on the near side
of the Moon. The hummocky landforms that dominate
the central portion of the southern part of the region are
designated Descartes Formation. The smooth regions that
dominate the northern part of the region are typical
Cayley Formation. This area receives its name from the
very old crater, Descartes, which is seen in the lower
portion of the photograph.

important is the fact that the ejecta from these
craters provides samples from material well below the
regolith or gardened surface.

The Apollo 16 lunar module (LM) landed success-
fully within less than 100 m of the planned landing
peint. Three traverses that extended over a region
approximately 9 km long and 2 km wide were made.
Rock and soil samples were collected from 10
different stations within these regions. These samples
include several specimens from rocks that are several
tens of meters in size. At five of the sampling
stations, rocks that are unambiguous ejecta from
nearby craters were obtained. These ejecta blocks and

associated soil were sampled in particular detail to
obtain samples that allow a more detailed study of
the interaction of the lunar surface with both solar
and galactic particles (part B of this section).

This section summarizes the chemical, petro-
graphic, and textural characteristics of a representa-
tive suite of the Apollo 16 rock and soil specimens.
Data on rocks that weigh more than 25 g and those
collected with the lunar raking tool are summarized
in tables 7-1 and 7-IL, respectively. At the present
time, no clear-cut correlation of any of the observed
characteristics with the position of the rocks in the
site has been observed. This generalization is based on
a detailed examination of only a portion of the
returned samples.

Most of the Apollo 16 rocks are texturally
complex in the sense that their macroscopic and
microscopic textures are the result of two or more
events in the history of a given specimen. Cataclastic,
highly crushed rocks are common in addition to
complex intergrowths of shock-produced glass, devit-
rified glass, and preexisting clasts. Other rocks seem
to be the product of simple thermal recrystallization
with textures resembling those found near large
igneous intrusions. The understanding of the textural
characteristics of most samples cannot be based on
terrestrial analogs or counterparts because such coun-
terparts cannot be found on Earth.

TABLE 7-f.—Apollo 16 Rocks That Weigh
More Than 25 g2

Sample number Rock type Weight,
) fe) £

60015 It 5574
60016 | 4 307
60017 (station 13) v 2102
60018 w 1501
60019 1 1887
60025 1I 1836
60035 | 1053
60055 11 35.5
60075 1} 184
60095 Glass 46.6
60115 ? 133
60135 11 138
60215 1 386
60235 I 70.1
60255 1? 871
60275 v 255
60315 11 788
60335 m 318
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TABLE 7-1.—Apollo 16 Rocks That Weight More Than 25 g% — Concluded

Sample number Rock type Weig ht, Sample number Rock type Weight,
{c) g (b) {c) g

60615 R 1L 330 67015 1 1194
60619 R Il 28.0 67016 | 4262
60625 R 1 117 67035 II 245
60636 R 1§41 35.6 67055 v 222
60639 R I 175 67075 H 219
60645 R v 33 67095 11 340
60665 R Glass 90.1 67115 1 240
61015 iV 1 803 67215 Padded bag -
61016 1l 11729 67235 Padded bag -
61135 1 245 67415 I 175
61155 v 47.6 67435 v 354
61156 in 58.5 67455 I 942
61175 1 543 67475 v 175
61193 1] 588 67515 R 1l 60.8
61295 1 187 67549 R (A% 43
61536 R i 86.0 67556 R v 82
61546 R Glass 111 67559 R 311 329
62235 11 320 67065 I 44.5
62236 il 573 67627 R Glass 79.6
62237 11 62.4 67268 R Glass 49.7
62255 I 1192 67629 R Glass 32.8
62275 1§ 443 67647 R I 4717
62295 111 251 67718 R v 41.0
63335 Iv? 65.4 67729 R Glass 73.2
63355 1? 68.2 67915 v 2559
63538 R H H 35.1 67935 v 109
63549 R I 26.6 67936 v 61.8
63585 R i 32.6 67937 v 59.7
64435 v 1079 67955 11 163
64455 i1 56.7 67975 Glass 447
64475 Iv 1032 68115 v 1190
64476 v 125 68415 111 371
64535 R v 257 68416 HI1 178
64536 R v 177 68515 R iv 236
64537 R v 124 68516 R v 34.0
64538 R v 30.0 68518 R v 29.8
65015 I 1302 68525 R 1] 39.0
65035 ] 446 68815 v 1826
65055 m 501 69935 v 128
65056 Glass 64.8 69955 11 75.9
65075 11 108
65095 11 560
65315 It 300
65325 R 1 679
65326 R )] 36.4
65515 R Clod 50.2
65715 R I 3.4 .
65757 R v 26.2 AThis inventory includes a total of 111 samples, including
65786 R I 83.0 36 rake samples,
ggggg “5 1 i(l)é bR = rake sample.
66075 I 347 CNumerals assigned to rock types correspond with those
66095 1 1185 discussed in text.
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TABLE 7-Il. —Samples Obtained With the Rake

) Sample Rock type
Station numger (a) Totul
I i | x| Iv | Giass Other

1 61515 16 2 3| - 12 - 33

4 64535 2 1(13] 14 - ~ 30

4 64815 8 1 4| - - - 13

5 65515 - 1 - - 3 35 soil clods 39

s 65715 25 2 4 5 5 - 41

5 65925 3] - - - - - 3

5 65325 6 7 41 - 4 1 glass coated 22

8 68515 - - 6 6 - 1 glass coated 13

LM site 60615 3 3 9110 10 - 35

LM site 60515 1 5 3 - 2 - 11

11 67515 2119 3 3 5 - 32

11 67615 15 3 91 - 5 - 32

11 67715 13 0 9 7 3 - 32

13 63525 9 - 19 - 11 - 39

Total 103 | 44 | 86 | 45 60 37 375

INumerals assigned to rock types correspond with those discussed in text.

Chemical Characteristics

Unlike the textural characteristics, the chemical
characteristics of the Apollo 16 rocks are relatively
simple and straightforward. The dominant chemical
feature is the high abundance of aluminum and
calcium. In a number of rocks, the absolute and
relative abundances of these elements approach those
of pure calcic plagioctase to a very good first
approximation. The aluminum (Al) content of these
rocks is directly correlated with the plagioclase
abundance. Except for silicon (Si), most of the
rock-forming elements are either strongly concen-
trated in or excluded from plagioclase. Thus, the
abundance of virtually all elements except silicon is
strongly correlated with the aluminum oxide (Al,05)
content in the Apollo 16 rocks. The concentrations
of all the major elements and several trace elements
for 12 rock samples and 11 soil samples are summa-
rized in tables 7-1I and 7-1V, respectively. The
correlation with the Al,0; abundance for calcium
oxide (CaO), magnesium oxide (MgO), iron oxide
(FeQ), titanium dioxide (Ti0,}, and potassium oxide
(K,0) is illustrated in figure 7-2. These data show
that three distinct groups of rocks can be defined
from the Al,05 content alone. The first of these
groups approaches pure plagioclase in composition. In

this section, they are designated as cataclastic anorth-
osites. The second group, which consists of several
complex breccias, one crystalline rock, and all soil
samples, has Al,0; contents between 26 and 29
percent. The third group has less than 26 percent
Al, O3 and consists of rocks that are of metamor-

phosed igneous origin. The rocks can be subdivided
into one group that has approximately 18 percent
Al,O4, with bulk compositions similar to those of
the potassium, rare-Earth elements, and phosphorus
(KREEP) basalts found at the Apollo 12, 14, and 15
sites and a second more aluminum-rich group that has
no well-defined counterpart at other sites. The
KREEP basalt type (ie., samples 62235 and 60315)
is the only rock composition from the Apollo 16 site
that has major elemental abundances corresponding
to those of liquids known to have been produced by
partial melting of the lunar or terrestrial interior.

The rather narrow range of soil compositions
found at this site is remarkable when compared to
soils from other sites. In spite of the small range of
compositions, all elements (with the possible excep-
tion of strontium (Sr) and nickel (Ni)) in the soils
form well-defined correlations with each other. The
simplicity of these correlations suggests that two end
members or components prevail in the soils found at
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TABLE 7-Ill.— X-Ray Fluorescence Analyses of Apollo 16 Rocks
(@) Crystalline rocks
Location, rock type, and sample number
Component "
or element LM site, Station 2, LM site, Station 1, Station 6, Station 8,
crystalline crystalline crystalline crystalline crystalline crystalline
(IIi}, 60315,3 (III), 62235,4 (I1l), 60335,1 (1), 61156,2 (IIT), 66095,5 (III), 68415,6
Abundance, percent
Si02 45.61 47.04 46.19 44.565 44.47 45.40
Ti02 1.27 1.21 .58 .64 A .32
A1203 17.18 18.69 25.27 2294 23.55 28.63
FeO 10.53 9.45 4.51 7.5 7.16 4.25
MnO 12 11 .07 12 .08 .06
MgO 13.15 10.14 8.14 9.60 8.75 4.38
CaQ 10.41 11.52 14.43 13.34 13.69 16.39
NaZO 56 48 52 .39 42 41
K20 .35 .34 .23 g1 15 .06
P205 45 41 .19 .22 .24 07
S .14 11 .07 12 12 .04
Total 99.77 99.50 100.20 99.88 99.34 100.01
Abundance, ppm

Sr 156 165 162 153 159 185

Rb 9.8 9.3 6.4 2.5 39 21

Y 142 193 62 64 72 23

Th 1.2 10.5 3.2 3.8 2.9 2.2
Zr 640 851 281 293 322 98

Nb 37 49 16 17 18 5.6
Ni 191 248 77 184 258 49

Cr 1460 1370 900 960 1010 710

this site: a feldspar-rich material, perhaps similar to
sample 67075, and the more ferromagnesium-rich
KREEP basalt. Both the relatively low TiO, abun-
dance and the high yttrium (Y)/Ti and niobium
(Nb)/Ti ratios of the high-alumina metaigneous rocks
suggest that this compositional category is relatively
tare in the soil. The nickel content of the soils varies
by more than a factor of 3, If the nickel abundance is
an indicator of a meteoritic component and thus, in
turn, a measure of the maturity of the soil, the data
obtained suggest that some soils are probably asso-
ciated with deep ejecta from young craters that have
been less gardened than a typical soil from this
region. The abundance concentrations of Nb, Y,
zirconium (Zr), and Ti are clearly correlated with each
other in both rock and soil samples. Data for these
elements are illustrated in figure 7-3. The correlation

of these elements within the soil samples is particu-
lary good. The four complex breccia samples that
have Al,03 contents similar to the soils have much
more variable TiO,, K,0, Y, and Nb concentrations
than the soils, indicating that the breccias are derived
from a more heterogeneous milieu.

Several additional generalizations and comparisons
with other lunar materials may be inferred from the
Srt, Zr, Y, Nb, and thorium (Th) contents determined
for the rocks from this site. Both mare and nonmare
basaltic rocks are characterized by relatively high
abundances of large quadrivalent and trivalent ions
(e.g., Th, the lanthanide elements, and Zr) relative to
divalent ions {e.g., europium (Eu**) and Sr**). This
characteristic is best illustrated by the commeonly
observed low abundance of Eu, relative to samarium
(Sm) and gadolinium (Gd). The inverse of this
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TABLE 7-IIl. — X-Ray Fluorescence Analyses of Apollo 16 Rocks — Concluded
(b) Breccias and cataclastic rocks
Location, rock type, and sample number
Component Station 1, Station 8, Station 11, Station 13, Station 1, Station 11,
or element breccia breecia crushed breccia crushed crushed
matrix matrix anorthosite clast anorthosite anarthosite
(1, {1v), 1), {11, IV}, (ﬂl'), 11,
61295,5 68815,9 67955,8 63335,1 61016,3 67075,4
Abundance, percent
Si02 45.19 45.10 45.01 45.20 4415 44.80
Ti02 .56 49 .27 42 20 09
A1203 28.29 27.15 27.68 30.86 33.19 31.54
FeO 4.52 475 3.84 3.23 1.40 341
MnO 06 .06 .05 .04 02 .06
MgO 4.72 5.88 7.69 2.81 2.51 2.42
Ca0 16.16 15.45 15.54 17.25 18.30 18.09
Na20 45 42 40 S7 .34 .26
K20 .09 .14 05 05 02 01
P205 .10 .18 .03 .03 .05 00
S .06 .06 .01 03 01 .01
Total 106.20 99.68 100.57 100.49 100.19 100.69
Abundance, ppm
Sr 187 175 170 225 179 144
Rb 2.3 34 6 1.2 N 8
Y 33 6l 16 11 11 . 2.5
Th 10 3.7 19 1.4 1.7 N.D2
Zx 143 266 59 41 48 2.7
Nb 8.6 16 4.0 31 2.4 N.D.
Ni 114 206 108 26 39 N.D.
Cr 570 690 750 340 200 420

AN.D. = not detected.

characteristic is observed in pure plagioclase and
plagioclase-enriched materials returned from the lunar
surface. The ubiquitous fractionation of these groups
of elements on the lunar surface indicates that the
separation of plagioclase from igneous liquids is
common in igneous processes on the Moon. The
relatively high and relatively constant Sr content of
most of the Apollo 16 samples and the highly variable
and frequently low Zr, Y, Nb, and Th contents
suggest that these samples have been involved in
processes in which they have become enriched in
plagioclase. The Y, Zr, Th, Nb, and Sr contents of
samples 60315 and 62235 are distinctly different
from all other samples, which suggests that these
rocks are depleted in divalent elements relative to
trivalent (i.e., similar to other lunar basaltic rocks)
and quadrivalent elements. The relative abundances

are, in fact, similar to those observed for KREEP
basalts. The similarity of trace element characteristics
of these two rocks, with those of primary magmas,
supports the conclusion that they represent a rela-
tively undifferentiated magmatic rock. The concen-
trations of Y, Zr, Th, Nb, and Sr in samples 61156,
66095, and 60335 are intermediate between those
found for rocks that are clearly enriched in plagio-
clase; for example, sample 60016 and the aforemen-
tioned basaltic rocks, Neither the trace element
concentrations nor the major element compositions
of these rocks exclude the possibility that they are
derived from an undifferentiated hyperaluminous
parent magma. This possibility is particularly inter-
esting because it suggests that rocks representing the
parent liquids for anorthosites may occur at this site.
With the aforementioned exception, the chemistry of



TABLE 7-IV.— X-Ray Fluorescence Analyses of Apollo 16 Soils

Location, soil type, and sample number

) Station 1, . s , N . . Station 11, . Station 8,
Componert st | cipmaguce | Stdonl, | Swton, | Sisions. | Sutions, | Sttions, | Sagond | Guer ©| SSay | fiter
soil, white soil, rim, bottom, soi, soi, soil, reference | yake soil, reference
60600,2 6122(3,2 61241,2 61501,1 64421,1 65701,2 660411 66081,2 6748(’),2 67600,1 68845,2
Abundance, percent (by weight)
Si02 45,35 45.35 45.32 44.66 44 88 45.03 45.07 45.38 4495 45.28 45.08
Ti0, .60 49 57 .56 55 .64 64 .67 41 42 .59
A1203 26.75 28.25 27.15 26.50 27.60 26.47 26.39 26.22 2901 2893 26.49
FeO 5.49 455 5.33 5.31 5.03 5.87 6.08 5.85 4.66 4.09 5.65
MnO 07 06 07 .07 .06 .08 .08 .08 06 .06 07
MgO 6.27 5.02 5.75 6.08 5.35 6.02 6.14 6.39 4.20 4,75 6.27
Ca0Q 15.46 16.21 15.69 15.33 15.81 15.29 15.29 15.28 16.54 16.40 15.30
NayO .38 42 .55 41 .39 41 .38 .39 42 44 41
K,0 By .09 .10 11 10 A2 A2 13 06 07 11
P205 A3 .10 13 Ny A3 13 15 13 13 06 A2
S 07 06 07 .08 07 .09 .09 .09 .03 04 .08
Total 100.68 100.60 100.73 99.22 99.97 100.158 100.43 100.61 100.47 100.54 100.17
Abundance, ppm
Sr 173 182 175 167 172 173 167 170 188 194 169
Rb 2.9 2.4 2.7 3.0 29 29 30 31 1.4 1.3 31
Y 43 31 37 40 42 48 44 48 22 22 46
Th 1.9 2.6 1.2 2.2 2.8 19 2.6 3.2 N.D.2 1.6 2.4
Zr 186 131 162 177 183 207 197 205 86 8% 201
Nb 12 7.6 9.8 11 11 13 12 13 5.4 54 13
Ni 293 109 220 256 316 356 362 342 176 111 296
Cr 770 590 720 760 710 820 820 830 520 540 780

2N.D. = not detected.

STTINVS AVNT 40 NOILVNIAVXH AdVNINITEAd

L-L



7-8 APOLLO 16 PRELIMINARY SCIENCE REPORT

14
21 & Sample 15415 O
0 Crystalline rocks 12 .
181 A Breccias and anorthosites Average KREEP breccia
£ lof- < Soils 15418 _1of a o
o
E14~ g 8 “ o a
= Average KREEP &
] breccia - 6 %
o 12F . =)
N . 15418
Plagiocase | =
ok [ gioclase line Al %
AV
8 1 | ] | | 1 i 1 I i j 21
14 16 18 20 22 24 26 28 30 32 34 36 g l | 15415
0 L ] 1 ] ] L i 9
Alx03 , percent 4 16 18 20 22 24 26 28 30 32 34 3
(a) A0, percent
(b}
2 {Average KREEP breccia 2.4
10— o 2.0
+Average KREEP
£ 8 0 < L6 breccia
3 c
g6t %13 12+ U
d‘ o
& 4 - A% A 8 RIn 0
Py o~ g
| A+ A
2 & 15415 152180 A% & 15415
0 | 1 L1 11 ! ! L O 0 L1 L | I L Y L Q]
14 16 18 20 22 24 2 28 30 32 34 36 4 16 18 20 22 24 26 28 30 32 34 36
Al,04 , percent Al,04, percent
(c} {d)
0.7
b
Average KREEP
5L breccia
=
8.4+
2 0 g
o 3
) o
2+
0
AR = %@
15418, AT A 15415
0 I L i [ L1 A D] Oy

L
14 16 18 20 2 24 2% 28 30 32 34 3
Al 04, percent

le}

FIGURE 7-2.—Correlation of Ca0, FeO, MgO, TiO, and K,0 concentrations with Aly03 in Apollo
16 samples. (All percentages are by weight.) Data for samples 15418 and 15415 are from reference
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K50 correlation.
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the Apollo 16 rocks can be accounted for by a rather
simple geologic model that consists of a large igneous
complex variably enriched in plagioclase and intruded
by a trace-element-rich liquid after its formation.

The abundance of potassium (K), uranium (U),
Th, and shortdived radioactive elements has been
determined for 43 rock and soil samples (table 7-V).
These data show that the Th/U ratio of highland
materials, like that of most mare samples, is similar to
that of chondrites. The K/U ratios of all except two
samples from this site fall within the range of 1000 to
2000. These data are compared with K and U
contents of rocks from previous landing sites in figure
74. Even though the abundance of potassium in the
rocks and soils from the Apollo 16 highland site is
relatively low, the samples have similar K/U ratios to
those of the KREEP basalts and distinctly lower K/U
ratios than those of most mare basalts. These data are

10

8 -

61 KREEP basalts. //
N, tad

3

1

Uranium content, ppm

01 L
100 200

1 ] L | 1 1 ]
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FIGURE 74.-The K/U ratios for Apollo 16 samples as
compared to the general range of samples from previous
missions. (Data supplied by the NASA Manned Spacecraft
Center, Oak Ridge National Laboratory, and Battelle
Pacific Northwestern Laboratory.)
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TABLE 7-V.—Gamma Ray Analyses of Apollo 16 Lunar Samples

Sampie no Weight, Th, v, K, percent 264, 22 g,

. g ppm ppm (by weight) dpmikg dpm kg
60017,0 21020 0.80 +0.20 0.20 £ 004 0.050 + 0.015 - -
601350 137.6 .29 + 04 08 +£.03 .015 = 003 159+ 16 41 6
60255,0 862.6 24+ 2 63+ .12 110 = 002 120+ 6 39+3
60275,0 255.2 299+ .18 .88 +.03 115 + 002 129 £ 8 48 + 6
60315,0 787.7 8.56 + 90 234+ .24 318 £ 030 92+ 9 47+ 6
60335,0 311.0 2.75 + .10 .92 +' 04 174 + 008 140+ 8 43¢ 8
61195,0 5879 11+ .1 31+ .03 057+ 006 34+7 35+8
62235,0 317.7 94+ .6 2.57 £ .06 284 + .004 137+ 8 507
62295,0 250.8 28+.3 74+ 07 055+ .010 95+ 10 60+ 12
633551 43.55 485+ .18 1.31 + .06 .202 = 005 98 + 6 48 + 4
644350 1059.6 10 +.03 .03+.01 010 + .003 - -
64476,0 125.14 119+ .08 .31:.03 066 +.002 132+ 11 48+ 5
65015,0 1802.2 10.0 £ 2.0 30+ .7 .40+ .09 - -
65055,0 500.9 1.18 £.07 311+ .019 060 + 004 109+ 6 314
66075,0 3471 205+.11 .55+ .03 083 = 005 149 + 8§ 395
67055,0 2214 3.69 + .37 98 + .10 162 + 016 137+ 15 56+8
67055,0 2214 36 .3 99 + 08 16 £ 02 116+ 8 43+ 3
67095,0 3398 3.89+.21 1.18 + .06 195 + .010 89+5 58+8
671159 187.48 43 + .07 121+ 011 .0463 + 0014 62+6 20+3
67475,¢ 1741 67+ .08 19+ .02 045 £ 007 1269 38:3
684151 202.5 1.22+ .10 35+ .03 093 + 008 159 = 15 47+ 5
68416,0 175.4 1.24 = 13 34+ .04 083 +.008 160 £ 15 41 = 4
68815,2 34.49 2.74 + .14 81+ .03 122+ 003 150 + 30 5611
69935,0 127.57 252+ .15 62+ 06 079 = 008 153+ 15 41 =7
69955,0 75.77 A4+ 02 038 £ 006 <.009 T6 7 35+5
60501,2 116.72 22+.3 61+ .03 {098 = .005 1078 4215
60501,2 116.72 2.44 + 06 60 .02 106 + 005 1105 382
6124128 106.55 1.98 + .09 S+ .02 085 + .004 183+ 7 622
62281,0 107.9 210+ .17 62+ .03 .093 + .004 225+ 13 6319
63501,3 100.13 153+ .15 41+ .04 .0728 = .008 220+ 20 55+8
63501,4 100.05 1.76 = .15 41+ .03 074 = 003 142+ 7 572
644213 100.0 20+ 4 62+ .04 093 + 005 111 £ 10 39+ 6
64801,1 126.53 223+ .22 60 = .06 106 + .011 105+ 11 50+5
66041 4 108.44 240+ .06 70 .04 103 + 005 151+ 8 40+ 3
66041,4 108.44 25+ .4 66 1 .04 096 + .006 161+ 11 517
66041,28 100.00 22+.3 74 + 03 102 + .005 159 £ 10 54+6
66081,25 100.03 23+ .4 70 £ .03 110 + .006 102+ 7 44+ 5
67481,1 100.03 112+ .09 323+ 019 055 +.003 168 + 10 60+ 8
67941,1 50.71 1.89 £ .19 55+ .06 106 + 011 158 + 20 275
68121,1 99.99 2.63 + 08 .63+ .03 095 + .004 112+ 4 41+ 2
68501,2 100.03 2.28 +.23 58+ .06 -.0965 = .010 84+ 9 38+5
68501,3 100.03 2.59 + .10 64+ .03 092 + 003 96 + 3 36+ 2
69921,1 46.96 247+ .10 67 £ .03 .087 + .003 305+ 10 86+ 3
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in accord with the suggestion that the older and
shallower parts of the Moon have lower K/U ratios
than the deeper interior, which presumably produced
the mare basalts.

The carbon contents of 12 soil and rock samples
are given in figure 7-5 with data from previous Apollo
landing sites. The soil samples from the Apollo 16
regolith have carbon contents similar to those of most
lunar soils. In contrast, the rock samples have carbon
contents no more than one-half those of most mare
basalts. This difference may be the result of a very
low carbon content of highland crustal materials or a
result of extensive degassing of all samples during
their formation. The latter explanation is untikely for
the cataclastic anorthosites that show only minimal
evidence of thermal metamorphism. Therefore, it is
concluded that many of the highland rocks are
derived from a source rock that has a distinctly lower
carbon content than that of most mare basalts. These
additional data on the carbon regime of the lunar
surface further support the hypothesis that the bulk
of the carbon found on the lunar surface originates
from the solar wind.

300 NS N
20 6500 I A5 T
66081
g0l t
100 |- A-12 -
g0 61241 a5 qzs | || A A1
-61221 7, T, Tt
0 o | A2 I
B i A-14
g o B + T t+ A-12
£ A-12 A-14
2 2}
]
g
% 135 A g5 15418
= 60315
6 .---68815
I~ I---68416
4+ ~~67075
2} 62235
Soils Breccias Rocks
1

FIGURE 7-5.—Comparison of the fotal carbon abundances
for the Apollo 16 sample types with those of previous
Apollo missions. (Previous total carbon abundance data
are from references 7-9 and 7-11 to 7-13.)

Textural and Mineralogic Description

Both visual and microscopic examinations show
that the coherent rocks from the Apollo 16 site are
highty variable in character and complex in origin.
The diversity of textures clearly must be understood
before more general inferences on the origin of these
rocks can be drawn. At the outset, it was noted that
none of the rocks have the hallmarks of lavas or
hypabyssal rocks that were so evident in the Apoilo
11, 12, and 15 mare basalts. To date, petrographic
studies of Apollo 16 rocks have uncovered only two
specimens that can be unambiguously categorized as
holocrystalline igneous rocks. The scarcity of such
rocks at this site is well illustrated by the astronauts’
descriptions while they were on the surface. The
lunar module pilot commented while he was driving
to station 1 during the first extravehicular activity
period, “I haven’t seen any [rock] that P'm convinced
is not a breccia,” In this preliminary examination, all
rock samples, including several hundred fragments
collected with the lunar raking tool, have been
examined after the surfaces were cleaned to remove
dust coatings. The first preliminary classification of
these rocks is based on visual and low-power binoc-
ular microscopic examinations of the rock surfaces
for all rocks. In addition, petrographic thin sections
of 35 specimens were studied by using conventional
petrographic methods. The following four broadly
defined rock fypes can be identified from this
examination.

(1) Cataclastic anorthosites (type 1)

(2) Partially molten breccias (type IV)

(3) Igneous and high-grade metamorphic rocks
(type 111)

(4) Polymict breccias (type I)

The characteristics of these rock types are described
in the following paragraphs.

Cataclastic anorthosites (type 11).—The type Il
rocks consist of white, generally friable, highly
brecciated, anorthositic rocks. Degrees of coherency
in this group vary from those samples that (during
transit and handling) have broken into tens of
fragments (fig. 7-6(a)) to those that have remained as
single fragments (fig. 7-6(b)). Under the binocular
microscope, the type Il samples appear to consist of
70 percent or more plagioclase in the form of clear,
gray, or white grains. (Generally, all three types occur
in each specimen). A few light yellow to honey
brown to light green minerals occur in textures that



(b) cm

FIGURE 7-6.—Typical examples of type Il rocks. (a) Sample
67075 shows the extremely friable nature of this material,
which was collected as a single rock on the lunar surface.
The cube is 1 ¢m on the edge (5-72-37541), (b} Sample
65315 is a more coherent but still friable rock of crushed
plagioclase. Note the preserved glass-lined impact pits on
the weathered surface. A few remnants of a black glass
coating remain (8-72-39416),

suggest that these rocks are cataclastically deformed
anorthositic fragments. Thin-section .observations
confirm a very high plagioclase content and highly
crushed or annealed textures. The following question
needs to be answered for this category. Are all these
rocks cataclastically deformed fragments or are some
detrital in origin? Most of these rocks have partial,
dark gray, vesicular, glass coatings; in some cases, the
rocks appear to have been totally glass coated but
have lost much of the coating through micro-
meteorite erosion. (Rocks typical of this category are
listed in table 7-1.) Reasons for the differing degrees
of coherency and relationships of different types of
plagioclase grains should be studied. These may be
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associated with differing degrees of shock and may be
geographically distributed in a meaningful way. A
first impression suggests that the most friable and
least coherent white rocks were collected at the rim
of North Ray Crater. '

The extremely crushed nature of the plagioclase in
thin section is illustrated in figures 7-7(a) and 7-7(b).
In figure 7-7(a), the crushed material of the darker
area appears to have behaved as a fluid and to have

(a) mm

FIGURE 7-7.-Thin sections of crushed anorthosites.
(2) Plane light view of sample 67075, showing flow of
gray crushed material between two lighter zones of
crushed material (S-7243657). (b) Crossed polars view of
same area, showing the recognizable clasis to be primarily
plagioclase (5-72-43678). (¢) Crossed polars view, showing
the annealed texture of some grains. Note the typical
120° triple junctions, which are clearly displayed in the
upper right. (d) Plane light view of same area, showing the
small percentage of mafic silicates that stand out in higher
relief. (e) Patch of diabasic to subophitic intergrowth of
plagioclase needles and pyroxene (upper right) with a
small projection of similar finer grained material at the
lower end. Similar fine-grained material occurs ayound the
margin and in the fractures of the large crushed plagio-
clase grain that makes up the remainder of the photo-
micrograph (§-72-45701).
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squeezed between the iwo lighter areas. The some-
what annealed nature of the crushed plagioclase is
seen in figure 7-7(c); some of the grains meet at triple
junctions. The small percentage of mafic silicates is
shown in figure 7-7(d). Indications of partial melting
are present in this rock type. Small patches of
diabasic to subophitic textures occur interstitially to
some plagioclase grains. Small veinlets of finer grain
size occur sporadically as offshoots from these
patches. Similar veins often occur along parts of the
margins of plagioclase grains or as veins in them (fig.
7-7(e)). Apparently, the white, clear, and gray areas
seen under the binocular microscope represent partly
crushed plagioclase, diaplectic glass, and partially
melted zones, respectively. Some specimens of this
rack type contain a somewhat higher percentage of
mafic silicates but are still in the range of anorthositic
rocks (greater than 70 percent plagioclase). For
example, samples 67955, 64435, and 60025 have at
least 10 percent olivine as subhedral grains, both as
small inclusions in plagioclase and as larger grains in
pyroxene that is interstitial to plagiociase. These
rocks are highly crushed, but thin sections display a
few areas in which the original texture is preserved.
The samples are probably troctolitic anorthosites.
Some special problems are posed by these cata-
clastic rocks. There is evidence that they retain relicts
of a much coarser grained fabric. The relicts suggest
that, although the grains are intensely crushed, the
rocks were not necessarily highly stirred and may
retain discernible preshock textures. The relicts are
generally most clearly evident in plagioclase but may
be seen also in mafic minerals. For instance, in sample
60025, the orthopyroxene is generally much coarser
than olivine and is of a size comparable to the largest
plagioclase relicts. The olivine grains can be arranged
in a series in which progressive polygonalization and
rotation of small blocks are seen. The series suggests
that the original average grain size of olivine is at least
as large as the largest mildly polygonalized grains and
is probably comparable to that of orthopyroxene.
Such grain sizes and shapes are a clue to the preshock
nature of the rocks that may be parts of the original

lunar crust.
In sample 67955, a clearly discernible relict

cumulus texture is evident in the form of extensive
orthopyroxene oikocrysts that enclose ovoid olivine
and plagioclase. Early ovoidal olivine, without an
orthopyroxene mantle, is enclosed in plagioclase. The
whole specimen (as judged from a view of the thin
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section under low magnification) appears to have a
lamination that may be relict layering which, like the
relicts of coarse-grained texture, indicates thai this
rock and probably others were not necessarily highly
stirred when they were shocked.

Partially molten breccias (type IV).—The type IV
rocks consist of a rather complex series of breccias
that contain white and gray material. In some cases,
the white material appears to be matrix that contains
gray clasts; in other cases, the gray material appears
to be matrix that contains white clasts (fig. 7-8). In
many instances, these two cases occur in the same
rock. The dark material is aphanitic and, under the
binocular microscope, is suggestive of devitrified
glass. Thin sections confirm this observation but also
show varying amounts of mineral debris and small
fine-grained gray clasts included in the devitrified
glass that contains abundant flow texture. In some
areas, the gray material consists of many rounded to
angular fragments of plagioclase in a finer grained
matrix, which contains many needles of plagioclase in
a random arrangement as though they were crystal-
lized from a melt (fig. 7-9). Possibly this material was
partially melted and contained inclusions of plagio-
clase. The rather ragged edge of the large white

cm

FIGURE 7-8.—Complex gray and white breccia. Sample
61015 shows the complex arrangements that in some
areas show white clasts in a gray matrix but in others
show gray clasts in a white matrix (8-72-37758).
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FIGURE 7-9.—Complex gray and white breccia. Sample
61015, plane light view of white vein through gray area.
Plagioclase occurs in gray material as both small needles
and larger rounded to angular fragments (S-72-45703).

plagioclase area in contact with the small needle-
bearing matrix, the small islands of plagioclase that
seem to have been wedged off the lower edge of the
plagioclase arm (fig. 7-9, upper left), and the small
dikelike embayment on the upper edge of the arm all
lead to the conclusion that the-gray material was, at
one time, in large part, melted. The composition of
the material is similar te that of anorthositic rocks
(table 7-1IT). The white area is anorthositic material in
various stages of brecciation or recrystallization.
Proportions of white and gray material vary considet-
ably from one specimen to another. For example,
samples 68815 and 60017 consist primarily of the
dark material but show a few small spots of white
(fig. 7-10). These two rocks also contain long

wormlike tubular vesicles. In sample 68815, there is a
higher proportion of white material that occurs for
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the most part as distinct clasts in the dark matrix, but
other portions of this same rock have larger white
areas in which a few gray fragments occur. A frothy
vesiculated zone also occurs on one side of this rock.
In sample 61015 (figs. 7-8 and 7-9), the dark material
generally appears to be the matrix; yet on one side of
the rock, the white material forms several distinct
veins through the dark areas. Clearly, these rocks
form a heterogeneous set of gray and white partially
melted rocks that are found throughout the landing
site. (Other rocks of this type are listed in table 7-1.)
These rocks may be part of a series in which varying
degrees of melting and assimilation of clasts and fine
debris have occurred. The white clasts may be
granulated to the point where they behaved mechan-
ically as a fluid and were squeezed into the partially
melted matrix as veins and blebs that may, in turn,
have picked up a few fragments of the dark material
(fig. 7-11(a)). Some of the white clasts have not been
significantly deformed and contain textures that
probably reflect a previcus environment. One of these
clasts in sample 67435 contains subhedral olivine and
pink spinel in a poikilitic plagioclase matrix (figs.
7-11(b) and 7-11(c)). Many of the olivines in the
Apollo 16 rocks have unusually low interference
colors and are difficult to distinguish from ortho-
pyroxene,

FIGURE 7-10.-Sample 68815 shows the predominantly gray
version of the complex gray and white breccia. Note the
striking tubular vesicles that indicate the once fluid nature
of this rock. Smaller vesicles are concentrated along the
margins of tubes (8-72-37155).
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FIGURE 7-11.—Complex gray and white breccia. (a) View of
larger area of sample 61015, showing veinlike nature of
white crushed plagioclase (S-72-45698). (b) Sample
674335, plane light view of plagioclase (very light gray),
subhedral olivine (light gray), and spinel (gray)
(8-72-43658). (c) Crossed polars view to illustrate iso-
tropic nature of spinel and poikilitic nature of plagioclase
(8-72-43655).

Igneous and high-grade metamorphic rocks (type
11l).—The type Il rocks include a variety of homo-
geneous, coherent, crystalline rocks. Among these
rocks, the greatest variation in chemical composition
of the Apollo 16 rocks occurs. Again, there is a
general predominance of plagioclase which seems to
be present in quantities that normally range upward
from approximately 70 percent, although in some
instances the percentage of mafic minerals is signif-
icantly greater. In two of the rake samples, 67667
and 64815, the percentage approaches that of an
ultramafic rock. Grain size is generally on the order
of a millimeter or less. In some rocks (such as samples
68415, 68416, and 65015) (fig. 7-12), the plagioclase
is euhedral, but in others (such as samples 61156 and
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cm

FIGURE 7-12.—Example of one of the two major textural
featurcs of the angular, gray, tough, crystalline rocks.
Sample 68416, plagioclase laths of approximately i-mm
grain size make up more than 70 percent of this rock, but
large plagioclase phenocrysts highlighted by the bright
reflections from cleavage surfaces occur sporadically
(8-72-37533).

65095}, it is anhedral. Light green or yellow to honey
brown mafic materials are seen in most of this group
under the binocular microscope. Thin sections of this
type indicate two major subgroups. One subgroup
contains euhedral plagioclase laths of various sizes
plus pyroxenes and perhaps olivine in a texture
clearly indicative of crystallization from a melt. The
plagioclase occurs both as well-developed laths in a
diabasic texture complete with large phenocrysts (fig.
7-13(2)) and as skeletal crystals that formed during
rapid cooling (fig. 7-13(b)). The other subgroup has
large poikilitic pyroxene grains that include plagio-
clase and other mafic minerals (figs. 7-14, 7-15(a), and
7-15(b)). The poikilitic grains are made up of
numerous individual irregularly shaped areas of py-
roxene (fig. 7-15(c)). The texture is indicative of
recrystallization as in a metamorphic hornfels.

An interesting observation on sample 66095 of
the second subgroup is the alteration of numerous
areas in which original phases have taken on a rusty
appearance. In many instances, the rust penetrates as
a stain into the zone around these phases. The
rustlike material also forms a very thin crust along
some fracture surfaces. The optical properties in
polished thin sections are those of goethite. Although
some of this alteration appears to have occurred on
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the lunar surface, it remains to be determined how
much might have resulied from exposure to the
atmospheres of the spacecraft and Earth during the
return trip.

Polymict breccias (type I).—The type I rocks
consist of white to very light gray, moderately friable,
clastic matrix polymict breccias in which matrix
material of less than a few tenths of a millimeter grain
size predominates (fig. 7-16). This matrix appears to
be a more crushed equivalent of the clast materials
and is essentially free of glass. Clasts in these breccias
are generally on the order of a few millimeters in size,
although rarely there may be clasts a few centimeters
across. The clasts range from very white and plagio-
clase rich through various shades of gray to medium
dark gray and aphanitic. The lighter clasts may

contain as much as 20 or 30 percent mafic minerals,
and they range from anorthositic to gabbroic, noritic,
or froctolitic in composition. The darker clasts may
be devitrified glass and rarely contain small white
spots. Distribution of various clast types appears to
vary from sample to sample.

This category is typified by samples 60016,
60019, 61135, 61175, 61295, 66035, and 66075.
Similar specimens include samples 63355, 67015,
67016, and 67115, which are lighter in color, more
coherent, and contain predominantly aphanitic dark
gray clasts of a larger size than in the previously
mentioned samples. Yet, other specimens such as
samples 65786, 65925, and 61525 display a slightly
darker color and are somewhat more coherent than
the typical type. However, the matrix and the variety

of small clasts appear to be similar in all subgroups. It
may be significant that the lighter colored subgroup
occurs in the northern part of the landing site at
stations 11 and 13, and the more typical examples
occur farther south.

Thin sections of this type (fig. 7-17) show the
matrix to consist entirely of crushed mineral frag-
ments (fig. 7-17(a)) with essentially no glass present
even down to a very fine scale (fig. 7-17(b)).
Although there is a variety of clast types, the
predominant one is plagioclase as one would predict

from the chemical analysis of sample 61295 (table
7-1I). The plagioclase clasts exist as large ragged
single crystals, annealed aggregates, finely crushed
material, and some maskelynite {fig. 7-17(c)). The
various gray aphanitic clasts seen under the binocular
microscope apparently consisi of finely crushed
plagioctase aggregates or devitrified glass. Finally,
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FIGURE 7-13.—Igneous crystalline rocks. (a) Sample 68416, crossed polars view, showing enhedral
plagioclase laths both as phenocrysts and in a diabasic matrix that also contains approximately 20
percent pyroxene as smaller, irregularly shaped grains between the laths (S-72-43652). (b) Sample
62295, plane light view, showing skeletal plagioclase laths, some in a radiating pattern, with
interstitial diabasic plagioclase and orthopyroxene that formed from a trapped interstitial melt.
Higher relief mineral intergrown with large plagioclase grains is orthopyroxene.

there are a few clasts containing poikilitic pyroxene
and some consisting of glass.

The clast population of these rocks is, at the
present level of examination, similar to the other rock
types found at this site. Except for the near absence
of glass, the characteristics of these rocks, including
the moderately high carbon content of one analyzed
example of this type, suggest that these rocks are
indurated equivalents of the local regolith. The
variability of TiO, and K,0O contents, in contrast o
the smooth trends exhibited by the present surface
soils {fig. 7-2), suggests that these rocks are derived
from a more heterogeneous source than the present
regolith.

cm

FIGURE 7-14.—Example of the second of two major textural
features of the angular, gray, tough, crystalline rocks (fig.
7-12). Sample 60315, the lath-shaped white areas (distinct
from round, white, impact pits) are poikilitic orthopyrox-
enes in a recrystallized texture (3-72-37189).
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[ (4 mm

FIGURE 7-15.—Poikilitic crystalline rocks. (a) Sample
611356, crossed polars view, showing irregularly shaped
poikilitic patches of pyroxene accented by the different
shades of gray. Each of the patches contains numerous
individual grains. (b) Plane light view of highly magnified
area of one poikilitic crystal. (¢) Sample 62235, crossed
polars view of poikilitic patches of pyroxene
(S-72-45689).

The opaque mineral content of most type Il and
IV rocks is generally low compared to rocks from
other landing sites, being generally less than 1 percent
and ranging to less than 0.01 percent. The cataclastic
anorthosites contain the lowest opaque mineral con-
tent of the four rock types; sample 65315 contains
no more than approximately 0.001 percent opaque
minerals. The poikilitic rocks of type III contain the
highest ilmenite contents; it is consistently present in
amounts greater than approximately 2 percent. Rock
63335 contains even greater amounts. The high
ilmenite content is a reflection of the relatively high
Ti content of this group. The following minerals were
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FIGURE 7-16.—Typical type I rock, sample 61295, showing
gray and white clasts in a friable, light gray matrix that is
predominant over clasts. Note the fracture that trends
subparallel to the top surface. Such fractures are com-
mon in this rock type (S-72-38962).

{a} mm

FIGURE 7-17.-Thin section of rock 61295 (plane light).
(a) Angular clasts of a wide variety of mineral and lithic
fragments in a gradation of sizes down to resolution
(8-72-45706). (b) High-resolution view of matrix, showing
that clastic mineral fragments make up the matrix even on
the scale of a few micrometers. (c) Crossed polars view of
clasts, showing the variety of plagioclase assem-
blages: finely crushed in upper right, annealed in lower
center, large ragged single crystal in upper left
(8-72-43%967).
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identified: metallic iron, troilite, ilmenite, ulvispinel,
(Zr?) armalcolite, schreibersite, spinel, and chrome
spinel.

Unlike most rocks from previous missions, metal
and troilite commonly predominate over opaque
oxide minerals; generally, the metal and troilite
contents do not appear to be exceptionally high for
lunar breccias. In no rock examined is the metallic
iron content greater than approximately 1 percent.
Hlmenite is commonly the dominant oxide mineral.
The shape and the size of ilmenite grains appear to be
useful indexes for determining degree of crystallinity
of breccias.

In addition to the previously listed four rock
types, there are several forms of glass, including two
glass spheres, samples 60095 and 65016; sample
65016 is hollow. Other predominantly glass samples
are listed in table 7-1 and are generally vesicular
agglutinates.

In addition, both type IV and type Il rocks are
commonly coated with a dark gray glass. Types I and
[Tl do not show such coatings. A thin section of this
glass coating shows a high degree of devitrification,
much of which appears to be plagioclase, bui the
fine-grained nature of the crystals makes it difficult
to be certain of the nature of all the crystals. No
chemical analysis was made of this glass coating, but

it may well be similar to the anorthositic rocks of

types 11 and 1V and may represent the nearly totally
melted equivalent of the gray areas in these rocks.

Description of Petrography

The textural characteristics suggest that types Il
and IV may not be clearly distinguishable. These
rocks may form a continuous series that ranges from
crushed anorthositic rocks with little or no partial
melting to those with a high degree of melting and
crushing. The similarities in mineralogy, clast types,
chemical composition, and textural gradations all
support such a continuous series. Some rocks are

" nearly all white crushed anorthosite, and others are
nearly all gray partially melted anorthositic material;
the entire range of white and gray mixtures between
these extremes can be observed. Many of these racks
seem to be cataclastically crushed, preserving relict
textures of the original rocks, but others seem to be
more highly brecciated and melied, leaving only a few
clasts with a clue to the texture of the original rocks.
Nevertheless, the clasts are similar to the relict

cataclastic textures in their anorthositic affinities,
both mineralogically and texturally. Moreover, the
textures of the type Il and IV rocks suggest that these
rocks are distinct from all other lunar breccias. No
evidence exists that the rocks are mechanically
produced mixtures of preexisting rocks. They are
monomict rather than polymict breccias in the sense
that these terms were used by Wahl (ref. 7-14) to
describe meteorites. The rocks exhibit peculiar melt-
ing textures, perhaps related to macroscopic or
submacroscopic heterogeneities. The molten parts,
whether they are the major portions of the type IV
rocks or small molten portions within the type II
rocks, are generally more rich in iron and magnesium
than the surrounding or enclosed material. It has been
suggested that the heterogeneous occurrence of mix-
tures with lower melting temperatures determined
whether particular parts of a rock underwent melting,
Thus, the early melting patches in some rocks may, in
fact, represent late crystallizing interstitial liquids in a
coarse-grained anorthositic cumulate.

From these descriptions of the rocks, it seems
quite clear that rock types Il and IV originated from
a relatively coarse-grained igneous complex consisting
predominantly of anorthosite (some of which is
troctolitic as indicated by the early euhedral crystal-
lization of olivine in some rocks and clasts) that has
been directly transformed to the observed rocks by
impact or cataclysmic metamorphism. The rare ultra-
mafic rocks among the rake samples may be related
to this complex either as small layers or sparse
fragments from a greater depth. Although the original
source area for these particular rocks is uncertain, it
does not appear to be in the upper few tens of meters
beneath the landing site, based on the photographs of
North Ray Crater, which contains breccia boulders,
the ejecta from North Ray and South Ray Craters,
and the interpretation of the active seismic experiment
data. Nevertheless, the widespread distribution of the
rock type II and IV series over both the mountains
and plains areas and the similar widespread conform-
ity of soil composition which has gabbroic anortho-
site chemistry and represents the homogenization and
reworking of many layers of material in the upper
few hundred meters of the entire area suggest that the
entire area is underlain at some depth by an anortho-
sitic complex.

The origin of at least some of the type 11l rocks
(in particular, those with KREEP basalt chemistry)
may be unrelated to the anorthosites. The igneous
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rocks 68416 and 68415 are two chips (separated by
20 to 30 ¢m) from a large boulder. Even though these
specimens are clearly from a single rock, they are
appreciably different in grain size. This rock may
represent a portion of a pool of impact molten
material rather than an unshocked part of the
underlying anorthosite. In this case, these two rocks
are genetically the extreme end members of the type
IT and TV series.

When the classification of the Apollo 16 rock
specimens is reviewed in terms of their petrogenesis,
the following three major types emerge.

(1) A series of cataclastically and cataclysmically
modified anorthositic rocks, probably derived from
an anorthositic complex that contained from 70 to
90 percent plagioclase

(2) Igneous rocks, at least some of which under-
went thermal metamorphism

(3) Polymict breccias that are mechanical mix-
tures of the preexisting rock types

None of the returned samples are in accord with
the preflight hypotheses concerning the origin of
landform units in this region. The rocks that appar-
ently underlie the regolith of the plains region are in
no sense volcanic. No evidence for lava flows or
pyroclastic rocks was observed. The onaly possibie
rocks that could correspond to the Descartes volcanic
unit presumed to underlie the hilly region to the
north and southeast of the landing site are the
high-alumina igneous rocks (e.g., samples 66095 and
61156) or the KREEP basalts which have metamor-
phic textures. The absence of sharp compositional
gradients over the surface argues against the latter
possibility. The more detailed study of soils and rake
samples from stations 5 and 6 should clarify this
conjecture.

Soil Characteristics

The >1-mm fractions of 32 soil samples were
examined surficially. Thin sections of the <i-mm
fraction of nine of these soil samples were further
investigated. The fragments observed in these studies
can be grouped into glass-coated particles (aggluti-
nates), mineral or lithic fragments that largely corre-
spond to the previously discussed rock types, and a
variety of vitric fragments. Lithic fragments include
the breccias previously described and the cataclastic
anorthosites. Discrete mineral fragments of plagio-
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clase, clinopyroxene, orthopyroxene, and olivine are
relatively common. Trace quantities of pink spinel
and potassiumn feldspar are also found. The prevailing
glass type is colorless with a relatively high refractive
index. Brown or colored glasses are much rarer at this
site than they were at other Apollo landing sites. The
relative abundances of glassy and crystalline frag-
ments are given for nine soil samples in table 7-VL.
The abundance of glass varies rather markedly.

The median grain size of most soil samples ranges
from 76 to 112 um. However, the two samples from
North Ray Crater {67480 and 67600) and one
whitish soil from station 1 (61220) are much coarser;
the median grain size ranges from 250 to 300 um.

It is noteworthy that the three coarser soils all
have relatively low abundances of agglutinates as well
as relatively low nickel contents. The concurrence of
these three parameters suggests that these soils have
been subject to gardening for a much shorter time
than the typical soil. The occurrence of an immature
soil in the bottom of the trench at station 1 (sample
61220) suggests that remnants of relatively young
rays from North Ray Crater may be overlain by
mature soils ejected from small shallow craters. If this
interpretation of the North Ray Crater soils is
accepied, it is clearly distinguishable from soil inter-
preted as South Ray Crater ejecta, which contains
dark brown to black vesicular glass droplets and dark
gray breccias.

Core samples collected during the mission are
summarized by Horz et al. (part B of this section). Of
particular note are the three sets of cores taken
within 100 m of each other in the LM-Apollo lunar
surface experiments package area. The X-radiographs
of these returned cores indicate that some correla-
tions are possible between cores, thus enabling the
most detailed reconstruction of lunar soil strata to
date. The nature of the Descartes material may be
recoverable from the core that was taken at station 4.
Because of the ubiquitous covering of South Ray
Crater ejecta on Stone Mountain, the sampling of

Descartes material on the surface is difficult. The
X-radiographs of station 4 core tubes indicate a
distinct change in grain size, abundance of rock
fragments, and rock types at a depth of approxi-
mately 51 cm. It is possible that the underlying 20
cm of soil may contain evidence of any differences in
chemical or mineralogical components in the Des-
cartes material.
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TABLE 7-VI.—Comparison of the 62.5 to 125 um Fractions
[Numbers are given in percentages]
Sample number
Component 61220 | 64421 | 66041 | 66081 | 68820 | 63841 | 69940 | 67480 | 67600
Agglutinates 8 54 39 534 52 80 64 24 20
Colorless glass fragments 23 3 3.8 9.8 2 2 4 - 3
Colorless glass droplets 2 1 - 1.7 1 - - - 2
Brown glass fragments - - - 29 - 2 6 3 1
Brown glass droplets - 1 - 1.7 Trace - - i Trace
Orthopyroxene - - - 2.9 2 - 1 4 -
Clinopyroxene 8 1 2.8 - - 3 1 5 3
Plagioclase 35 15 16.1 9.2 15 7 7 22 22
Metaigneous breccia 12 17 219 7.5 21 6 7 15 21
Vitric breccia 10 7 15.2 9.8 1 Trace 7 24 22
Anorthosite - - - - 6 - 2 1 5
Basalt 1 1 - .6 - Trace 1 - 1
Olivine 1 - - - - - - - -
Nmenite - - 9 - - - - - —
Potassium feldspar (?) - - - .6 - - - - -
Total no. of grains 100 100 105 174 100 100 100 100 100
Summary The following several additional and moze specific

The preliminary characterization of the rocks and
soils returned from the Apollio 16 site has substan-
tiated most of the widely held inferences that the
lunar terra is commonly underlain by plagioclase-rich
or anorthositic rocks. The first examination of the
rock samples has confirmed the suspicion voiced by
the astronauts during their traverses; that is, that the
volcanic rocks which had been hypothesized to
underlie the regolith in the Apollo 16 region were
largely nonexistent. In their place, anorthositic rocks
that are thoroughly modified by crushing and partial
melting were found. The textural and chemical
variations in these rocks provide some evidence for
the existence of anorthositic complexes that have
differentiated on a scale of tens to hundreds of
meters.

The occurrence of deep-seated or plutonic rocks
in place of volcanic or pyroclastic materials at this
site suggests that the widespread occurrence of
volcanic or pyroclastic materials in terra regions,
which was inferred by physiographic evidence, may
be incorrect.

conclusions derived from this preliminary examina-
tion should be noted.

(1) The combination of the data from the Des-
cartes region with data from the orbital X-ray
fluorescence experiment indicates that some far-side
highland regions are underlain by materials which
consist of more than 80 percent plagioclase.

(2) The soil or upper regolith between North Ray
and South Ray Craters has not been completely
homogenized since the time of formation of these
craters.

(3) Based on the chemistry of the soil, it is
inferred that potassium-, uranium-, and thorium-rich
rocks similar to those that prevail at the Fra Mauro
site are relatively abundant (10 to 20 percent) in the
Descartes region.

(4) The potassium-to-uranium ratio of the lunar
crust is similar to that of the KREEP basalts.

(5) The carbon content of the premare lunar
crust is even lower than that of the mare volcanic
rocks.
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APOLLO 16 SPECIAL SAMPLES
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Introduction

The interaction of the space environment with the
lunar surface is the subject of a variety of investiga-
tions. Such investigations are concerned with the
particle track record of solar and galactic radiation,
the chemical characteristics of the solar wind, radio-
active isotopes produced by solar flares and cosmic
radiation, noble gases, micrometeoroids, and selective
volatilization and ionization of specific elements. A
quantitative undesstanding of these processes will
contribute to knowledge of the solar system. It also is
required to determine the character and dynamics of
lunar surface processes such as the erosion of rocks,
the mechanisms of regolith transport, the furnover
rate of the regolith, the obliteration of impact craters,
the migration of volatile and semivolatile species, and
the influx of meteoritic materials. Collectively, these

ANASA Manned Spacecraft Center,
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CWashington State University.

studies will also have important implications for
remote sensing, not only of the lunar surface but
other planetary bodies as well.

Although the investigation of Apollo 11, 12, 14,
and 15 materials yielded valuable information about
some general trends, it became increasingly manda-
tory for a more quantitative understanding of these
processes that specific samples be obtained or some
samples be collecied in a very specific fashion (or
both). A successful attempt was made during the
Apollo 16 mission to return a varety of such
materials.

The purpose of this section is to give documentary
background information about these special samples.
Although most of the samples were collected for the
purpose of investigating rather specific problems,
most returned materials will serve multiple purposes.
Where appropriate, the main rationale for collecting a
specific sample is outlined; in general, these materials
will be particularly suitable for the purposes indi-
cated.



PRELIMINARY EXAMINATION OF LUNAR SAMPLES

Pristine Surface Materials

Most of the previously mentioned investigations
are specifically concerned with the properties of the
uppermost lunar surface (i.e., materials from a depth
of less than 1 mm). Thus, an effort was made to
collect regolith materials from various extremely
shallow depths and to return rock samples, the
surfaces of which were carefully protected to ensure
their pristine character.

Regolith materials.—Two special contact soil sam-
pling devices {(CSSD’s) were used to collect the
uppermost regolith layer at station 9. The CSSD is
essentially an aluminum box into which a collector
plate is inserted (fig. 7-18(a)). The collector plates are
draped with nylon fabrics; one fabric has properties
similar to Beta cloth and the draped plate is floating
freely in the container. Therefore, no load other than
its own weight is applied during sampling. Thus
(ideally), the CSSD collects a layer of approximately
100 um. The fabric on the other plate is a velvetlike
nylon fabric, and the plate is spring loaded. A force of
4,5 N (1 1b) is applied during sampling, and a layer
approximately 0.5 mm thick is recovered (fig.
7-18(b)). Samples 69003 (Beta cloth) and 69004

FIGURE 7-18.—Contact soil sampling device (8-72-43792).
(a) The CSSD in deployed position. The sampler is
essentiaily an aluminum box (12 by 10 by 2.5 cm) into
which an aluminum collector plate is inserted. (b) The
collector plates are draped with nylon fabrics; one has
properties similar to Beta cloth (left). The plate on the
other sampler {right) is draped with a velvetlike nylon
fabric.
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{velvet) were collected approximately 2.5 km from
the landing site. This distance is considered safe to
rule out possible effects of the lunar module (LM)
descent engine blast. Furthermore, the actual sam-
pling area was behind a boulder facing away from the
LM. Thus, because of distance and ballistic shielding
of the boulder, LM descent engine effects can
probably be excluded. The CSSD’s were carefully
sealed before and after deployment, and great care
was taken by the crew not to contaminate the
samples with local regolith.

Next to the two CSSD’s, two other regolith
samples were taken, which incorporated successively
deeper soil materials. The skim sample (69920) was
retrieved by carefully skimming across the regolith
surface with the regular scoop. It is estimated that the
maximum penetration was 5 mm. The fourth sample
was a regular scoop sample (69940), and it had an
estimated penetration of 3 cm (fig. 7-19). A drive
tube taken in the vicinity provides material from an
even greater depth (estimated penetration, 27 cm).

After collection of these materials, the boulder
was turned over and a soil sample (69960) was taken
from underneath the boulder. This soil was shielded
from the space environment since the time the
boulder was deposited; therefore, it may be valuable
material to compare exposed and shielded soils.

The CSSD’s arrived at the Lunar Receiving Lab-
oratory (LRL) in apparently nominal condition,
although the outside was heavily dust coated
(S-72-39186). Because the CSSD’s require special
processing, they have not been opened to date. No
information is available as to the amount and type of
material collected.

Rock surfaces.—To avoid abrasion and other
factors resulting in a possible degradation of rock
surfaces, two padded bags {fig. 7-20) were used for
samples 67215 and 67235, taken at station 11. (For
surface documentation, see sec. 6 of this report.)

Because of the scarcity of crystalline rocks (which
would have made more ideal samples) at the rim of
North Ray Crater, the crew had to select breccias. In
addition, the Velcro strap tightening mechanism
failed. When the samples arrived in the LRL, it was
obvious that the two bags were well protected by
soil-filled documented sample bags around the pad-
ded bags within the larger sample collection bag
{SCB). Sample 67215 seems to be a moderately tough
breccia (fig. 7-21(a)); it appears that sample 67235 is
a hard recrystallized breccia (fig. 7-21(b)).
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FIGURE 7-19.—Lunar surface documentation of soil surface
samples {S-72-43806). (a) Station 9 boulder field related
to South Ray Crater; view approximately to the south.
Circle indicates sampling area. (b) Locator photograph of
sampling area; view approximately to the northeast.
(c) After Beta cloth sample (1), velvet cloth sample (2),
and skim sample (3) were taken; before scoop sample was
taken. (d) After scoop sample. (Documentation of the
shielded soil is shown in NASA photograph $-72-43802.)

FIGURE 7-20.—Padded bag used to preserve pristine nature
of rock surfaces. The bag is double walled with knitted
Teflon between the walls to provide padding. The inner
wall of the bag, which is in contact with the rock, has a
knobby relief to keep the cross sectional area of contact
at a minimum and to decrease relative motion, which is
further restricted by tightening a circumferential Velero
strap (5-72-43790).
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FIGURE 7-21.-Padded bag samples during cursory inspection. (Only the top was opened; the rocks were left untouched.)
(a) Sample 67215 (bag 1) appears to be a moderately tough, polymictic breccia, and considerable dust has accumulated
on the inner walls of the bag and on the bottom. (b) Sample 67235 (bag2) is a hard breccia, probably of the
recrystallized dark matrix type. Some soil was present on the bag walls, although considerably less than in padded
bag 1. Both rocks are dust covered, which prevents a more detailed description at present. The rocks await special
processing.

Filiet Samples

Although the combination of a variety of special
investigations (particle tracks, gamma ray spectros-
copy of short-lived isotopes, noble gases, micro-
meteorite craters) may eventually lead to a quantita-
tive understanding of unar erosion processes, another
approach would be to sample fillets banked against a
boulder and compare the fillet soil with a rock chip
from the parent boulder. Furthermore, such fillet
samples may yield some information about the
transportation mechanisms and transportation rates
of regolith materials. Fillet samples were collected
from stations 1, 8, and 11.

A boulder on the south rim of Plum Crater
(station 1) possessed a well-developed fillet (61280,
fig, 7-22). The boulder chip taken is a moderately
friable breccia (61295) and is shown in figure 7-23.1
It is not established at present whether the boulder is
related to the Pium, Flag, or South Ray cratering

event.
Station 8 was located in a boulder-strewn field

related to the South Ray cratering event (fig. 7-24).

Boulder A consisted of a highly recrystallized breccia
(68115, fig. 7-25). Hardly any fillet had developed
around the boulder (68120); thus, the erosion of hard
rocks could be studied.

A group of white boulders at station 11 attracted
the attention of the crew. Although a fillet sample
was not necessarily planned, the variety of materials
collected (67455, 67475, 67460) satisfies the require-
ments for such a sample set. (See sec. 6 of this
report.) The white boulders have a feldspar-rich,
friable breccia matrix and are probably very easily
eroded.

1Al subsecuent orientation photographs are arranged in
the same orthogonal manner. The main surface exposed to
space is in the center of the orthogonal composites. Adjacent
views are only approximately orthogonal to each other
because the rocks were placed in nafurally stable positions
during the photographic process. Consequently, some views
deviate from sirict orthogonality in such an extreme way that
they become unsuitable to be incorporated into the figures.
Numbers in the lower right insert are NASA photograph
numbers.
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FIGURE 7-22.—Fiillet sample at rim of Plum Crater (sta-
tion 1). (a) Locator photograph across Plam Crater; view
to northeast. (b) Down-Sun photograph with Flag Crater
in the background; view approximately to the west-
northwest, Note the well-developed fillet around the
entire boulder. (c¢) Detail of boulder before sample col-
lection. (d) Boulder after sample collection. Note the
scoop marks from the fillet sample (1) and the missing
boulder chip {2). (e) Detail of the boulder area where
boulder chip 61295 was iaken (fig, 7-23).
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5-72-38962
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FIGURE 7-23.-Reconstruction of exposed and shielded
surfaces (i.e., fresh fracture surfaces) of boulder chip
61295 according to micrometeorite crater distribution.
(The surface orientation is presented in sec. 6 of this
report.) (S-72-43137)

FIGURE 7-24.-Fillet samples were taken at boulder A at
station 8. (a) Overall location of boulder A; view approxi-
mately to the south. (b)Closeup of boulder; view
approximately to the southwest. Note the breccia nature
of the boulder. (¢} Closeup of boulder A; view approxi
mately to the east-southeast. (d) Before fillet sample.

Ld )i
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FIGURE 7-24.-Concluded. (&) After fillet sample. (f) After
boulder chip 68115 (fig. 7-25).

Dating of Impact Craters

By combining a variety of surface exposure age
studies (e.g., particle tracks, gamma ray spectroscopy,
noble gases), it is possible to date the age of a
cratering event, provided the materials collected can
be unambiguously related to the ¢vent in question.

Two basic approaches are possible. Either a large
number of small rocks (with possibly complex surface
histories) are investigated, which leads to a statistical
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best estimate of the impact event, or a few chips
taken from large boulders are investigated. The latter
case is preferred because it is assumed that large
boulders have a less complex tumbling history;
therefore, the interpretation of the exposure age
measurements is less ambiguous. Consequently, an
attempt was made to collect representative chips of
meter-sized boulders on the ejecta blankets of the
South Ray and North Ray impact craters.

Dating of South Ray Crater.—Several chips were
taken at stations 8, 9, and 10 from boulders that,
according to field evidence, are part of the South Ray
gjecta blanket. If necessary, these chips can be
supplemented with a large number of normal hand
specimens collected on the surface, which are also
interpreted to be associated with the South Ray
Crater event. (See sec. 6 of this report.)

At station 8, boulder A, one chip was taken,
which is a dense, recrystallized breccia (68115, figs.
724 and 7-25). At boulder B, two chips of igneous
appearance were taken (68415, 68416; figs. 7-26 to
7-28). Although the parent boulder appears to be a
breccia with many genuine clasts, the two chips
dislodged from this boulder are rather homogeneous
to the unaided eye (figs. 7-27 and 7-28). Surface
documentary photographs indicate that the materials
collected may be typical of the boulder matrix. At
boulder C, the parent boulder is a dense, probably

[ Exposed
Parent rock
Contact line

68115

S-72-37360
[5-7237357 $-72-37355(5-72-37359 | $-72-37356
$-72-37358

FIGURE 7-25.—Reconstruction of exposed and shielded
surfaces of boulder chip 68115. (The surface orientation
is presented in sec. 6 of this report.) (8-72-43804)
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FIGURE 7-26.—Boulder chips were taken from boulder B at

station 8 (5-72-43795). (a) General location of boulder
field, emanating in a raylike linear fashion from South
Ray Crater; view approximately to the south. Circle
indicates sampling area. (b) Closeup photograph of
boulder B after chips 68415 and 68416 were taken. (See
sec. 6 of this report.) {(c) Side view of boulder B; view
approximately to the wesi-northwest. (d) Side view of
boulder B; view almost due south. Note the breccia nature
of boulder B, and compare it with figures 7-27 and 7-28.

3 Exposed
E parent rock
Fracture line

68415

$-72-37353

y [5-72-37350
=5cm $-72-37351

FIGURE 7-27.—Reconstruction of exposed and shielded

surfaces of rock 68415. (The susface orientation is
presented in sec. 6 of this report.) (8-72-43136)
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glass-rich breccia (fig. 7-29). The rock (68815, fig.
7-30) has no igneous texture; in thin section, a
multitude of flow structures of the original glass can
be seen.

At station 9, two chips were taken from a breccia
boulder that is approximately 60 cm in diameter (fig.
7-19). One chip originated from the very top of the

] Exposed
Parent rock
Contact line

68416

§-72-37532
Liiy
0123 LS-?2-37536 5-72-37535 S-72-37531| S—72-3753;]
cm S-72-37534 :

FIGURE 7-28.—Reconstruction of exposed and shielded
surfaces of rock 68416. (The surface orientation is
presented in sec. 6 of this report.) (8-7243129)

SUDRRE - = ,

FIGURE 7-29.—A boulder chip was taken from boulder C at
station 8 (S-72-43812). (a) General location of boulder C;
view to the southeast. Circle indicates sampling area.
(b) Closeup photograph of boulder C after sample 68815
was taken from the very top. (See sec. 6 of this report.)
(c) Boulder C; view toward the south. {d) Boulder C; view
toward the north-northwest.
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[ Exposed
Parent rock
Contact line

68815

$-72-37156
0;;—110 §-72-37153 $-72-37152| §-72-37155
cm |S-72-37157] FIGURE 7-31.--Concluded. (b) Bottom of boulder (chip
69955) after the boulder was turned over. (See also fig.
FIGURE 7-30.—Reconstruction of exposed and shielded 7-19; the overall boulder geometry may be reconstructed
surfaces of rock 68815, (The surface orientation is from NASA photograph 5-72-43793))

presented in sec. 6 of this report.) ($-72-43120)

T3 Exposed

3 Parent rock
boulder (69935, fig. 7-31(a}), and the other one was 69935 Contact fine

dislodged from the bottom side after the boulder was | T RASaeT | _____ Recent fracture surface
turned over by the crew (69955, fig. 7-31(b)). Thus, o

not only a comparison of shielded and exposed
materials is possible, but the set of chips may also
serve to investigate large-scale gradients of the pro-
duction of radioactive isotopes of particle tracks
caused by very energetic galactic radiation. Therefore,
these two chips are particularly valuable in deter-
mining the formation age of South Ray Crater.

S-72-39377
‘3-72-39396 S-72-3937%} 5-72-39393 | 5-72-39389
=3 cm 5-72-39382

FIGURE 7-32.--Reconstruction of exposed and shielded
surfaces of chip 69935. (The surface orientation is given
in sec. 6 of this report.) (S-72-43128)

Unfortunately, a straightforward comparison of the
two chips may be complicated because the individual
chips differ drastically in their lithology. The top chip
is a dense breccia, and the bottom chip is an
anorthositic clast (figs. 7-32 to 7-34).

At station 10, a dense, tough breccia chip with a
vatiety of clasts (60018) was taken from a breccia
boulder approximately 40 ¢m in diameter in the

FIGURE 7-31.—Documentation of location of samples RO - !
69935 and 69955 (S-72-43789). () Chip 69935 was  Vicinity of the LM (figs. 7-35 and 7-36). According to
taken from the top of the boulder. the crew, this boulder originated also from the South
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FIGURE 7-33.—Detailed microgeology of the top surface of
chip 69935. Note the presence of rejuvenated surfaces
(i.e., rocks of different exposure histories). The cratered
surface (A) is densely and homogeneously covered with
microcraters. The production surface (B) displays only
few microcraters and was therefore generated more
recently. The freshly broken surface (C) was very likely
created by the hammering action of the crew; it is the
most recent surface and contains no microcraters
{5-72-44431).

69955
L In contact with soil

~4cm EXRXX In contact with parent rock

)

FIGURE 7-34.—Reconstruction of exterior and interior
surfaces of chip 69955 (8-72-43130). This reconstruction
is based on the presence or absence of a conspicuous soil
cover on the exterior sides. However, none of the surfaces
display microcraters, indicating that the parent boulder
did not tumble and very likely was in the same position
since it was ejected by the South Ray cratering event.
(a) Interior (8-72-40124), (b) Exterior (S-72-40125).

FIGURE 7-35.—Parent boulder of breccia chip 60018 col-

lected in the LM-ALSEP area (5-72-43788), (a) Boulder
before chipping. (b) Boulder after chipping.



PRELIMINARY EXAMINATION OF LUNAR SAMPLES

1 Exposed
Parent rack
Contact line

S-72-36938| $-72-36955

[ 5-72-36935

5-72-36956

FIGURE 7-36.—Reconstruction of exposed and shielded
sides of rock 60018. (The surface orientation is given in
sec. 6 of this report.) (S-72-43123)

Ray cratering event, although admittedly with less
certainty than the boulders that were sampled at
stations 8 and 9.

Dating of North Ray Crater.—As was the case for
South Ray Crater, numerous rocks were collected at
the rim of North Ray Crater. However, because of the
more advanced state of degradation, North Ray
Crater is judged to be considerably older than South
Ray. As a consequence, most of the hand specimens
collected may have complicated surface histories, so
that some of the exposure age techniques mentioned
previously are not applicable because of saturation
and exposure geometry difficulties. Again, the most
suitable materials originate from very large boulders.

At station 11 (white boulders), two samples were
dislodged from a white breccia boulder approxi-
mately 5 m long and 2 m high. (See sec. 6 of this
report.) One of the samples (67455) represents the
highly friable, feldspar-rich matrix, Because of its
friable nature, it broke into several large pieces during
transit, and the surface orientation cannot be recon-
structed (fig. 7-37). The other sample (67475) is a
dense, very fine-grained, isolated clast dislodged from
the white boulder (fig. 7-38).

Also at station 11, a boulder approximately 5 by
2 by 2.5 m was next to the even larger House Rock
(fig. 7-39). Although three different samples were
taken, only one is highly suitable for attempting to
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date the North Ray cratering event. This chip is part
of a very dense, feldspar-rich clast (67915, fig. 740).
The other two areas sampled (67935, 67955) are
within a freshly broken spall zone of an impact
crater, the center of which resembles a percussion
cone. The depth of the spall zone (i.e., the thickness

FIGURE 7-37.--Broken pieces of boulder chip 67455. The
materials essentially represent the matrix of the white
parent boulders. (See sec. 6 of this report.) Note the cube
in the botiom of the tray to reconstruct orientation.
Because of the highly abraded surfaces and a thick dust
cover, no exposed surfaces could be identified with high
confidence (8-72-38194).

67475 1 Exposed

& Parent rock
Contact line

5-72-37958
, $-72-37971 | 5-72-31969)| 5-72-37957| 5-72-30970 |
0123 S-72-37956
cm

FIGURE 7-38.—Reconstruction of exposed and shielded
sides of rock 67475. White areas represent the matrix of
the parent boulder adhering to the clast (§-72-43133).
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FIGURE 7-39.—Photographic documentation of samples collected on a 5-m boulder next to House
Rock (5-72-43806). (a) Overall view of boulder. (b) Closeup view of area where rock 67915 was
taken. {¢) and (d) Closeup photographs of a recent impact event on a 5-m boulder. Details of the
boulder and the impact event become more apparent if the photographs are available for
stereoscopic viewing., Within the spall zone of this eveni, two additional samples (67935 and
67955) were collected. (For detailed sample location, sce sec. 6 of this report.}

of the material removed) is approximately 2 to 3 cm.
For the latter two samples, the only techniques that
may still obtain useful information for the time of
emplacement of the parent boulder may be a variety
of noble gas studies. However, according to field
evidence, there is the distinct possibility that the
entire 5-m boulder may have been dislodged from the
larger House Rock at an unknown time after the
North Ray cratering event. Thus, the total exposure

history and especially the geometry of the boulder
cannot be established with great confidence.

At station 13 (Shadow Rock), a boulder approxi-
mately 6 by 5 by 3 m was encountered at about one
crater diameter (approximately 800 m) away from
the rim of North Ray Crater (fig. 7-41). Three
different areas were chipped. (See sec. 6 of this
report.) The samples obtained are ali of the dense,
dark-matrix, breccia type. All samples should be
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suitable for the crater dating studies, although sample
— ixap;ff rock 60017 is probably most suitable because of its large
Contact line size (fig. 7-42). Because of the time line consider-
..  ations, photographic documentation was kept at a
minimum. Sample 63335 (fig. 7-43) consists of a
number of small fragments; a reliable surface orienta-
tion of the individual pieces is not easily obtained.

61915

Dating of Buster Crater.—Six rock samples weigh-
ing more than 25 g were collected on the rim of
Buster Crater, notably samples 62235 (fig. 7-44) and
62295 (fig. 7-45). These samples can be associated
with the Buster ejecta blanket with high confidence.
On the basis of its diameter and state of preservation,
Buster is probably a rather recent event. However, no
information is available to establish the relative age
compared to South Ray Crater. If the ages should

~10cm 5-72-31144 differ significanily, valuable information about ero-

sion and obliteration of 100- to 1000-m craters could

FIGURE 7-40.—Reconstruction of exposed and shielded be obtained and applied to other lunar terrains.
sides of rock 67915, The exposed surfaces were oriented

approximately vertically and were pointed approximately
to the east (S-72-43803).

S-72-37146
$-72-371143 §-72-37150

FIGURE 7-41.-General photography of Shadow Rock at
station 13. (For general sample location, see sec. 6 of this
report.) (a) Overall view of Shadow Rock; view approxi-
mately to the north. (b) Overall view of Shadow Rock;
view approximately to the northwest. The “gopher hole”
where the shadowed soil sample was taken is located at
the left side of the boulder. (c) Closeup photograph of the
area where samples 60017, 63335, and 63355 were
collected. (For detailed sample location, see sec. & of this
report.)
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implantation of rare gases. CSVC was immediately placed into another vacuum
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T3 Exposed
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container. The sample will be stored for an undeter-
mined time under a nitrogen vacuum of approxi-
mately 104 torr. Because the history of this
particular sample is known, spacecraft contamination
can be excluded because the drive tube sample was
collected 2.5 km from the LM and was protected by
two vacuum seals. Contamination by the life support
systems was minimized by taking samples from depth
and placing them immediately into a specially sealed
container.

Core Samples

Four double drive tubes and one 2.25-m drill core
were taken at stations 4, 8, and 10" and in the Apollo
lunar surface experiments package (ALSEP) area
(table 7-VII). A total length of approximately 480 cm
of core materials was returned (excluding the CSVC).
These cores were X-rayed shortly after they were
unpacked; the following preliminary descriptions are
based on the resulting X-radiographs.

In addition to providing documentation,
X-radiographs have been successfully used on
previous missions as a preliminary guide to stratig-
raphy and dissection. Changes in texture and struc-
ture, including grain size and shape, degree of
packing, density, bedding types, and contacts, are
clearly seen in the films. Partictes with a metallic
composition are readily detected because of their
high X-ray absorption coefficient. By use of stereo-
pairs, components can be located in three dimensions,
and selective emphasis of coarse and X-ray opaque
particles simplifies some aspects of interpretation. On
the other hand, there are several limitations that
should be kept in mind when the detailed core logs
are read. Particles with a low X-ray absorption such as
feldspars tend to be invisible; data on grain size
distribution, sorting, and density are ambiguous, and
the exact location of components may be uncertain
because of parallax distortion. The X-radiographs of
four double drive tubes are illustrated in figure 7-47.

Station 4.—The purpose of the double drive tube
(64001, 64002), which was taken at station 4 at the
highest elevation reached on Stone Mountain, was to
recover typical Descartes material. Because of the
omnipresence of South Ray ejecta material, however,
the original objective may have not been attained.
Nevertheless, the X-radiographs indicate a distinct
change in grain size and an abundance of rock
fragments and rock types at a depth of 51 cm. As a
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working hypothesis, this change is interpreted as a
contact of South Ray ejecta (upper 51 cm) and
underlying Descartes (?) material.

The stratigraphy described previously can be
closely correlated with the penctrometer resistance
taken from a penetrometer section adjacent to the
drive tube site. As indicated in figure 7-48, the upper
I1 cm of the core contains abundant rock fragments;
penetration resistance, as indicated by stress,
increases markedly. The next 3.5 c¢m is distinctly
finer grained, and there is a correspondingly small
increase in resistance. From 14.5 to 49 c¢m is a
reverse-graded bed with an abundance of rock frag-
ments at the top. Highest resistance in the penetrom-
eter section was encountered in the upper part of the
bed, where it appears that repeated pushes were
necessary to overcome the resistance of the rocks in
the interval. Stress then decreased to 49 cm, in
correspendence to a decrease in grain size. From 49
to 51 cm in the drive tube is a thin rock layer; a thin
zone of high resistance reflects the layer in the
penetrometer. Stress again decreases with grain size to
58 ¢m, where the increase in soil density on the
X-radiograph corresponds to an increase in penetrom-
eter resistance.

Figure 7-47 illustrates seven different units in the

drive tube from station 4. Unit 1 is at a depth of 58
to 70 cm and is 12 ¢m thick. The soil is characterized
by angular to subangular opaques, coarser than the
overlying layer. The matrix (70 percent of the unit) is
relatively dense and contains approximately 2 percent
opaque fragments as large as 5 mm in diameter (most
0.5 to 1.0 mm), but with only moderately good
sorting. Most fragments are equant but notably
angular to subangular, some with an irregular outline.

The framework (30 percent) contains approxi-
mately 5 percent semiopaque rock fragments with
distinct outlines from 0.3 to 0.8 ¢cm in diameter. Most
are approximately 0.5 c¢m in diameter, with an
irregular, equant, subangular outline. Twenty-five
percent is composed of semiopaque rock fragments
with indistinct mottled outlines as large as 1.0 cm in
diameter, but most appear to be in the range of 0.5
cm. Fragments appear to be equant to slightly
elongate and irregular in outline.

Unit 2 occurs at a depth of 51 to 58 cm and is 7
cm thick. It is the finest grained section in the core
tube. The matrix (approximately 80 percent) is
mostly very finely granular, with only 1 percent
opaques, similar in appearance to those of unit 1.



TABLE 7-VII.—Preliminary Data on Apolio 16 Core Samples

Total depth

Hammer

Core

LRL . Bulk Tube depth
Station sample Wezggh L Legzg?th, density, {pushed), (r 35}7 ed and blows, Fecovery, cfrf fﬂlr
no. glom3 em "lcl”in}, no. percent
464002 584.1 31.7 b1.38 10 1.40 crc . S dALSRC 2
4 64001 752.3 €33.9 1.66 32625 656 23 1 10310 | foep s
68002 583.5 27.4 1.59 N dALSRC 2
8 68001 840.7 €34.9 1.80 17.82.5 68625 36 o £SCB 3
9 69001 558.4 - - 206 + .5 €27.5:2 8 - csved
60014 570.3 | b28.4 to 28.8 1.48 fscB 7
, + 70.5 1 D=1 !
10 60013 757.2 €34.7 1.63 282 0 27 90+ fSCB 7
260010 635.3 32.3 1.47 . _ dALSRC 2
ALSEP area 60009 7508 e331 L7 179 +.5 71+ 2 53 953 | gylSRC 2
60007 105.7 22.2 1.46
60006 165.6
60005 76.1 35.5.5 1.43+ .02
ALSEP area 60004 202.7 39.9 1.56 Deep drill 223+ 2 - 88 to 100 | Core sample
(drill stem} | 60003 2155 29.9 156 bag’
60002 211.9
60001 (bit) 30.1 42.5 173

4Crew neglected to insert the keeper.
YCorrected for void.
“Measured from kinescopes,

dy, vacuum-sealed ALSRC 2 (ie., not exposed to spacecraft environment).

®The nominal length of the sample in a lower core tube is 34.9 cm; for those tubes in which the actual sample length is less, either some
sample fell out, or the keeper compressed the top of the sample. The former is considered the more likely explanation, and the densities have

been calculated accordingly. The internal diameter of the core tubes is 4.13 cm.
In open SCB’s (i.c., exposed to spacecraft environment).
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FIGURE 7-47.—Preliminary stratigraphy of the Apollo 16
double drive tubes, based on interpretation of
X-radiographs. Depths may not correspond exactly to
descriptions in text because of graphical adjustment
(5-72-44433).

The framework (20 percent) is equally divided
into rock fragments with distinct outlines and rock
fragments with indistinct outlines. Ten percent is
semiopaque with moderately indistinct outlines
shaped as in unit 1, except that most are 0.3 to 0.8
mm in diameter. Ten percent is semiopaque rock
fragments with indistinct irregular outlines and
diameters as large as 1.1 mm. Most are 0.5 to 1.0 mm
in diameter, equant, and scattered in indistinct layers
at approximately 53 and 56 cm. At 54 c¢m is a
partially void space surrounding a large elongate rock
fragment. The void is interpreted as being created by
disturbance of the rock fragment during sampling.

Unit 3 is at a depth of 49 to 51 ¢m and is 2 ¢cm
thick. The unit is characterized by abundant large
rock fragments. The matrix occupies only 30 percent
of this interval and is indistinctly granular, with 1
percent opaques as large as 0.8 mm in diameter. Most
pieces are 0.3 to 0.5 mm in diameter with a fairly
even size distribution, good sphericity, and rounding.

APOLLO 16 PRELIMINARY SCIENCE REPORT

The framework (70 percent) is composed of
densely packed fragments. Of these, 60 percent is
semiopaque with moderately indistinct outlines. In
contrast to the upper layers, rock fragments in this
unit do not show distinct outlines throughout, but
some are distinct and others vague. Rock fragments
range from 0.3 to 1.6 cm in diameter, although most
are between 0.5 and 1.1 cm and are elongate and
irregular. Ten percent is composed of semiopaque
fragments with vague outlines (clods) as in unit 2.

Unit 4 occurs at a depth of 42 to 49 cm and is 7
¢m thick. It has the same types of compenents as unit
3, but with 75 percent matrix. Most of the matrix is
uniformly fine grained, and 2 percent of the unit is
opaque with fragments as large as 1.5 mm in
diameter. Sorting and rounding occur as in unit 3.

Included in the scaitered rock fragments of the
framework (25 percent) are 15 percent semiopaque
fragments with distinct outlines, similar to unit 3,
except for the absence of elongate rock fragments.
Ten percent is semiopaque with a vague outline,
similar in appearance to unit 7.

Unit 5 is at a depth of 14.5 to 42 cmand is 27.5
em thick. The unit is characterized by very abundant,
large, varied rock fragments that form a tightly
packed framework. The matrix (20 percent) is indis-
tinctly granular, with 2 percent opaque fragments as
large as 2.0 mm in diameter. Most are approximately
0.2 to 0.5 mm in diameter and are relatively poorly
sorted. Most pieces are equant and well rounded.
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FIGURE 7-48.—Correlation of penetrometer resistance and
stratigraphy of double drive tubes 64001 and 64002
(5-72-44428).
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Of the framework (80 percent), 20 percent is
semiopaque with a distinct outline. Most of these
fragments are 0.5 to 1.0 ¢cm in diameter but range up
to 1.4 cm. Most fragments are equant, but approxi-
mately S5 percent (of the total rock) is distinctly
elongate. Margins are straight and subangular. Sixty
percent is semiopaque with a vague outline, similar in
appearance to unit 7.

Unit 6 occurs at a depth of 11 to 14.5 cm and is
3.5 c¢m thick. The soil is finer grained than in unit 5,
with fewer rock fragments. Seventy percent of the
interval is indistinctly granular matrix, with 1 percent
opaque fragments as large as 0.8 mm in diameter.
Most are 0.3 to 0.8 mm in diameter and are well
sorted and rounded.

The framework (30 percent) is semiopaque with a
vague outline. The largest rock fragments are 0.8 cm
in diameter, in contrast to unit 5. Most fragments are
smaller than 0.5 c¢m and appear to have a more even
size distribution than units 5 and 7.

Unit 7 is at a depth from the surface to 11 cm and
is characterized by abundant, coarse rock fragments.
Forty percent of the interval is finely granular matrix,
which includes 2 percent opaque fragments smaller
than 1.2 mm in diameter. Most fragments are
between 0.5 and 1.0 mm and appear to be of an even
size distribution (well sorted). Most are spherical and
well rounded.

The remaining 60 percent is distributed among a
moderately dense framework, of which 10 percent is
semiopague with sharp outlines. Lengths vary from
0.5 to L.3 cm, but most are approximately 1.0 cm.
The pieces are subangular with noticeably straight
edges. Fifty percent is semiopaque with a vague
outline. The size ranges from 0.1 to 1.2 cm, most
between 0.3 and 0.5 cm. The soil has a clodlike
appearance but is probably not made up of clods,
which tend to be transparent to X-rays.

Station 8.—The double drive tube {63001, 68002)
was faken at station 8 within a field of meter-sized
boulders originating from South Ray Crater (Ffig.
7-49). As indicated in figure 7-49(b), the tubes were
driven approximately 2 m from the edge of a 10- to
15-m crater that appears to be approximately 2 m
deep. Small craters, less than 0.5 m, are commen in
the area. Stereopair examination of these photo-
graphs also reveals concentric ridges of coarser
material, scalloped and lineated radially to the 10- to
15-m crater. This field configuration of the coarse
and fine material suggests the presence of ejecta from
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the 10- to 15-m crater, some of which should be
represeénted in the drive tube section.

Within the core, the upper 13.5 cm is notably
coarse grained with diverse rock types. The upper 3
cm is highly fractured, possibly the effect of impact
and generation of the small crater from which the
sample was taken, or it is possibly an artifact.

Unit 8 is distinctive in that it has no rock
fragments and a very low content of X-ray opaque
material in the matrix. Beneath the finer grained units
8 and 9 is a bed with very coarse, abundant rock
fragments that are notably lumpy, in contrast to the
smooth-outlined rock fragments of other coarse-
grained units. The coarse-grained unit 7 is underlain
by finer grained layers (units 4, 5, and 6) with
scattered rock fragments, soil fractures, and nodules.
Opaques of the matrix in these beds are notably
blocky and angular, in strong contrast to opaques of
the other units in which there is a strong component
of spherical opaques.

The lowest 22 cm of the core, unit ! (possibly
even more below the core), is very coarse grained and
consists of a single graded bed with a great diversity
of rock fragment shapes and densities. The top
surface of this interval is gently undulating and may
represent a buried topographic surface. Unit 1 is the
most distinct unit in the core. By bringing together a
diversity of larger rock fragments, this event is
comparable to an action that may have deposited
coarse-grained, lithologically diverse beds in other
Apollo 16 core samples.

Figure 7-47 illustrates 11 units in the drive tube
from station 8. Unit 1 is at a depth of 42.5 to 64 cm
and is at least 21.5 cm thick. It is a coarse-grained
unit with diverse rock types. The matrix (40 percent
of the unit) is Xradiographically very dense and
distinctly granular. Approximately 4 percent of the
unit is composed of opaques, which range from the
limit of resolution to 3.5 mm in diameter and appear
to be very poorly sorted, with equal numbers of each
size class. Approximately 80 percent of the matrix is
equant; the remaining fragments are elongate and
commonly comma shaped. Half the fragments are
well rounded, and the others tend to be blocky and
angular.

In the framework (60 percent of the unit), 25
percent is semiopaque material composed of rock
fragments with distinct outlines 0.3 to 2.6 ¢m in
length, with very poor sorting and many large
fragments of more than 1 ¢m in diameter. These rock
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FIGURE 7-49.—Lunar surface photographic documentation of the double drive tube taken at station
8 (8-72-44434), (a) General location. (b) A first attempt to sink the double drive tube failed, and
the sample was actually taken where indicated with a solid circle. Note the 10- to 15-m-sized crater
in the vicinity of the sample location {dashed circle). (c) Second and successful attempt; drive tube
halfway inserted. (d) Second attempt; drive tube completely inserted.

fragments tend to be equant to polygonal to wedge
shaped with straight to slightly curved edges and
angular to subangular corners. The remaining 35
percent is composed of semiopaque density concen-
trations with indistinct outlines, probably rock frag-
ments. (Some particles may be soil clods, but clods

tend to be more transparent to X-rays.) They are 0.1
to 2.0 cm; most are equant with lumpy outlines
tending to rounded edges. Less than 5 percent of
these semiopaque fragments is elongate; the elongate
particles, however, tend to be ragged in outline with
long horizontal axes and may be glass fragments.
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Unit 2 occurs at a depth of 38 to 42.5 cm and is
4.5 cm thick. It is a thin bed with well-sorted small
rock fragments and spherical opaques. As in unit 1,
the matrix (70 percent of unit 2) is notably denser
than the overlying unit 3 and has a much higher
percentage of rounded spherical opaque fragments
than unit 3, which contains mostly blocky angular
fragments.

The framework (30 percent of the unit) is
composed of semiopaque density concentrations with
an indistinct outline. The size range is 0.1 to 0.5 ¢m,
most 0.3 cm. The fragments are well sorted, equant
to elongate (1:1.5) with long axes (where present,
horizontal), and notably lumpy rounded ecdges.
Litholegic units 1 and 2 form a continuous graded
bed with a sharp upper contact marked by a gently
undulating surface.

Unit 3 is at a depth of 34.5 to 38 cm and is 3.5
cm thick. The unit is a fine-grained bed with scattered
rock fragments, which are blocky angular opaques.
The matrix (80 percent) is distinctly less dense than
unit 2, although the fragments are finely granular.
This bed contains approximately 2 percent opaques
as large as 1.5 mm in diameter. The soil is poorly
sorted with a median size of approximately 0.7 mm;
fragments are all equant and blocky with subangular
to angular corners. Rounded and elongate particles
are noticeably absent.

The framework (20 percent) is made of 5 percent
semiopaque fragments with a distinct outline.
Equant, blocky rock fragments are 0.2 to 0.6 c¢cm in
diameter; most are approximately 0.2 cm with
relatively straight sides and subangular corners. The
remaining 15 percent is semiopaque material with
vague outlines and diameters of 0.1 to 0.8 ¢cm. Most
fragments are approximately 0.3 cm in diameter and
are very indistinctly equant and lumpy to rounded.

Unit 4 occurs at a depth of 34 to 34.5 ¢m and is
0.5 c¢m thick. This unit is a fractured zone, which is
like unit 3 in composition but is penetrated by
numerous en echelon crescentic fractures as longas 8
mm and 1 mm across.

Unit 5 is at a depth of 29.5 to 34 ¢cm and is 4.5
cm thick. It is a fine-grained bed with scattered rock
fragments, which are blocky angular opaques. The
matrix (80 percent) is finely granular with approxi-
mately 3 percent opaque material, ranging from the
limit of resolution to 2.5 mm in diameter. The
fragments are poorly sorted, with the median size
approximately 0.8 mm. Fragments are equant to
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blocky with only approximately 10 percent spherical
and 5 percent eclongate to comma shaped and
irregutay. The rest is blocky with subangular to
angular corners.

In the framework (20 percent), 10 percent is
composed of semiopague rock fragments with
distinct outlines. The diameters range from 0.2 16 0.5
cm. Fragments are equant to elongate, rectangular to
wedge shaped, with relatively straight edges and
subangular to subrounded corners. The remaining 10
percent is semiopaque with indistinct outlines and
diameters from 0.1 to 0.4 cm. Most fragments are
approximately 0.3 cm, equant, and lumpy in outline.

Unit 6 occurs at a depth of 28 to 29.5 cm and is
1.5 cm thick. The unit is a fractured zone at the top
of the core. The matrix (40 percent) is distinctly less
dense than the underlying layers, principally because
of void space, but it is also noticeably less finely
granular. Approximately 4 percent is opaque material
with a diameter of 0.1 to 2.1 mm. Most pieces are 0.6
to 0.8 mm, principally equant to teardrop shaped,
with blocky outlines and angular to subangular
corners.

The framework (60 percent) is composed of
semiopaque density concentrations with irregular
outlines. Fragments range from 0.2 to 1.3 cm in
diameter and are poorly sorted with equant lumpy
outlines. Internal fractures in some of these fragments
could be a result of disturbance during sampling and
handling.

Unit 7 is at a depth of 23.5 to 28 ¢cm and is 4.5
cm thick. It is a coarse-grained bed with abundant
rock fragments. The matrix (30 percent) is distinctly
and irregularly granular to finely lumpy. The opaques
(3 to 4 percent) range from the limit of resolution to
1.5 mm in diameter. Most are approximately 1.0 mm
and tend to be equant and blocky with only a few
elongate, comma-shaped particles. Approximately 10
percent of the opaque material shows rounding, and
the rest is angular.

In the framework (70 percent), 40 percent is
semiopaque rock fragments with distinct outlines and
lengths of 0.2 to 2.3 em. They are poorly sorted,
equant to rod shaped, with irregularly lumpy edges
and subrounded corners. These lumpy rock fragments
contrast strongly with rock fragments of some other

. intervals, with noticeably straight sides. The large

elongate fragment at a depth of 25 cm has a long axis
parallel to the tube, is associated with some cracking
and void space, and appears to have been rotated to
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this configuration during sampling. The remaining 30
percent is semiopague with indistinct outlines, prob-
ably rock fragments. The size ranges from 0.1 to 1.3
cm in diameter, although most pieces are approxi-
mately 1.5 mm and are moderately poorly sorted.
Most fragments are equant and irregularly lumpy.

Unit 8 occurs at a depth of 20.5 to 23.5 cm and is
3 cm thick. The unit is a fine-grained bed with sparse
mottles. The matrix (75 percent) is distinctly finely
to very finely granular. Approximately 1 percent is
composed of opaques as large as 0.9 mm in diameter.
It is moderately well sorted, with most particles
approximately 0.5 mm, equigranular, and subangular
to subrounded.

The framework (25 percent) is composed of
semitransparent density concentrations with indis-
tinct outlines. They are possibly rock fragments 0.1
to 0.9 cm in diameter and are poorly sorted. All sizes
are present in equal abundances; most are equant to
subequant with lumpy nodular outlines. More appear
to be mottles than rock fragments. The contact
between units 7 and 8 is abrupt but indistinct.

Unit 9 is at a depth of 13.5 to 20.5 cm and is 7
cm thick. The soil is a fine-grained unit with sparse
rock fragments. The matrix (85 percent) is definitely
finely granular, with 3 percent made up of opaques as
large as 1.5 mm in diameter. Most are between 0.5 to
1.0 mm and are only moderately sorted. Of the
opaques, 80 percent is equant, most rounded and
spherical, although approximately 10 percent is
blocky. The remaining 20 percent of the opaque
material is ovoid or rod or comma shaped with
well-rounded corners.

In the framework (15 percent), 10 percent is
composed of semiopaque rock fragments with dis-
tinct outlines, 0.3- to 0.5-cm diameters, ovoid to
equant to polyhedral shapes, straight margins, and
rounded to subrounded corners. There is a thin layer
of these rock fragmenis at a depth of 16 cm. The
remaining 5 percent is semiopaque, probably rock
fragments with indistinct outlines and diameters of
0.2 to 0.8 cm. They are poorly sorted with an equal
size distribution throughout, an equigranular lumpy
to nodular appearance, and rounded to subrounded
corners, where visible. A fractured zone marks the
contact between units 8 and 9.

Unit 10 occurs at a depth of 3.5 to 13.5 cm and is
10 cm thick. The unit is a coarse-grained bed with
diverse rock types. The matrix (50 percent) is
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distinctly finely granular, with 3 percent opague
material, ranging from the limit of resolution to 1.6
mm in diameter. Most pieces are 0.5 to 1.0 mm and
are only moderately well sorted. As in unit 9, nearly
all fragments are equant and spherical, with a small
but distinct component of blocky, ovoid, rod- or
comma-shaped particles.

Within the framework {50 percent), 5 percent is
opaque. One large fragment (at an approximate depth
of 8 cm) is 1.2 cm in diameter; it is equant with
jagged, angular protuberances on all sides. Twenty
percent is composed of semiopaque rock fragments
with distinct outlines and diameters from 0.1 to 1.3
cm. They are poorly sorted with all sizes equally
represented. Rock fragments are mostly elongate to
polygonal with some equant particles; a few elongate
fragments have smooth edges and angular corners,
and the remaining pieces have irregular io lumpy
margins and are angular to subangular. The remaining
25 percent is semiopaque with indistinct outlines, and
diameters range from 0.1 to 1.2 cm. This segment is
moderately poorly sorted as are the fragments with
distinct outlines, but these particles have very irregu-
lar, subrounded lumpy outlines (where visible).

Unit 11 is at a depth from the surface to 3.5 cm.
This fractured interval has abundant rock fragments.
The matrix (40 percent) is not very dense, probably
because of the void space. The fragments are finely
granular, with approximately 4 percent opaque
material, ranging from the limit of resolution to 1.5
mm in diameter. Most fragments are 0.5 to 0.7 mm
and are moderately poorly sorted. Approximately
half are spherical, and half are lumpy and subangular.

The framework is 60 percent of unit 11. One large
fragment occupies 30 percent of the unit;it is 2.7 cm
in diameter, an equidimensional block, sub-
rhomboidal in outline, with moderately irregular
margins and angular corners. The remaining 30
percent is composed of semiopaques with vague
outlines and 0.2- to 0.5-cm diameters. The soil is well
sorted, mostly equigranular and lumpy, reminiscent
of lumps of cotton. The entire interval appears to be
somewhat fractured and has much void space. This is
probably a sampling artifact, but the core was
collected from the center of a small crater, and
fracturing could also be a result of the crater.

Station 10".—Drive tubes 60013 and 60014 were
taken at station 10" in the vicinity of the LM. (See
sec. 6 of this report.) In comparison to the other
Apollo 16 core samples, the soils are relatively fine
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grained. The surface material is relatively coarse
grained; 50- to 20-cm-diameter blocks are moderately
abundant. Furthermore, the area is unusual in that
there are few small craters, even though there are
some large (10 to 20 m) craters.

The basal 8 cm of the core section appears to be
fine grained in figure 7-47. (However, it may contain
an abundance of whitish aggregates as noted by the
lunar module pilot on the Moon. If so, the whitish
aggregates would not show on the X-radiograph
because of the low X-ray absorption.) The basal 8 cm
has sparse opaques and a few percent of rock
fragments. The rock fragments that are present
appear as indistinct mottled clusters. Unit 2 shows a
concentration of similar fragments, but with a matrix
similar to unit 1, and probably is genetically akin to
unit 1.

The next 22.5 cm is relatively coarse grained and
relatively thinly laminated and terminates at the top
in a very noticeable surface. The intermediate bedded
zones are more or less transitional, distinguished on
the basis of grain size and type.

Units 3 and 5 are similar in that they contain a
dense matrix with a fair scattering of equant, sharp-
edged rock fragments. Unit 4 seems to contain a
mixture of properties of the lower beds, because the
matrix of the basal units and the rock fragments is
characteristic of unit 3. Furthermore, opaques in the
matrix of unit 4 are bimodal; coarse particles occur as
in unit 3, and fines resemble those of unit 1, Unit 6
seems to be similar to unit 5 but is better sorted. Unit
7 exhibits the matrix properties of units 5 and 6 but
is distinctly coarser grained.

The uppermost 36 c¢cm is much more massively
layered, with a less grainy and less compact matrix.
There is a noticeable component of oval, 2- to 4-mm
matrix opaques and ragged-edge-appearing semi-
opaque density concentrations that probably repre-
sent a rock type not found in lower intervals.

Units 1 and 2 may represent fine-grained Cayley
Formation. Units 3 to 7 are physically similar and are
believed to represent variations on one major event,
presumably ejecta from a major nearby crater (pos-
sibly North Ray). The upper massive zone differs
physically from the lower zones, indicating a dif-
ferent source, and its massiveness suggests less
reworking by small-scale cratering events as a result of
newness. On the basis of this evidence, it is inferred
that this zone resulted from South Ray activity.

" fragments
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Figure 7-47 illustrates the nine units in the drive
tube core sample taken at station 10'. Unit 1 occurs
at a depth of 59 t0 67 ¢cm and is 8 em thick. The unit
is a fine-grained interval with sparse opaques and
indistinct mottles. The matrix (95 percent) is
X-radiographically dense and medium to finely gran-
ular. Approximately 1 percent is composed of opaque
material from 0.3 to 1.0 mm in diameter, averaging
approximately 0.6 mm, with good sorting. The
fragments are consistently equant, somewhat irregular
and subrounded o subangular, with only a trace of
spherical particles.

The coarse fraction (5 percent) is semitransparent
with indistinct outlines and diameters of 0.2 to 1.6
cm, most approximately 0.6 cm. The fragments are
equant, fading out owver broad areas or in
well-rounded curves, which is distinctly different
from the lumpy particles that commonly occur in the
Apolio 16 core samples.

Unit 2 is at a depth of 58 to 59 cm and is | cm
thick. The unit is a layer of small rock fragments, and
30 percent of it forms the matrix, which is similar in
appearance to unit 1.

The framework (50 percent) is semiopaque rock
fragments with distinct outlines and diameters from
0.2 to 0.6 ecm and a median diameter of approxi-
mately 0.4 to 0.5 cm, indicating good sorting. Rock
are equidimensional or polyhedral to
slightly elongate with relatively straight margins and
subangular to subrounded corners. This lamina may
be a micrometeoritically winnowed concentration of
coasse particles at the top of unit 1, because matrix
and rock types are similar, and opaques and semi-
opaques at the top of the interval are alined
horizontally.

Unit 3 occurs at a depth of 53 to 58 cm and is 5
cm thick. It is fine grained with a dense matrix, sparse
rock fragments, and varied opaques. The matrix (85
percent) is finely, irregularly (not uniformly) granular
and moderately dense, with 3 percent opaques,
ranging from the limit of resolution to 7 mm. The
average size is approximately 1 mm. More than half
are equant and angularly lumpy to dendritic, only
one-tenth are spherical, and one-third are elongate to
rod shaped with smooth edges and rounded corners
(not angular).

In the coarse fraction (15 percent), 5 percent is
composed of semiopaque rock fragments with
distinct outlines and 0.2- to 0.8-cm diameters, mod-
crately to poorly sorted, with a relatively even
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distribution throughout the size ranges. These rock
fragments are equant to rectangular, with trapezoidal
or polyhedral outlines, relatively smooth edges, and
angular to subangular corners. The remaining 10
percent is semitransparent, with indistinct outlines
and diameters from 0.1 to 0.4 cm, and is moderately
well sorted. The average size is approximately 0.3 cm.
The overall effect is of elongate particles or clumps of
equant lumps disposed into elongate rock fragments.

Unit 4 is at a depth of 50.5 to 53 cm and is 2.5
cm thick. It is a fine-grained unit with a thin matrix
and bimodal opaques. The matrix {80 percent) is less
dense than underlying layers, is finely granular, with
2 percent opaques ranging from the limit of resolu-
tion to 1.8 mm in diameter, and is noticeably
bimodal. Most fragments are well sorted and approxi-
mately 0.4 mm in diameter; the remaining pieces are
1.3 to 1.8 mm in diameter. The finest grained
opaques are equant and rounded to subrounded and
blocky; coarser fragments are equant and lumpy to
shardlike.

The coarse fraction (20 percent) is semi-
transparent rock fragments with moderately distinct
outlines and 0.2- to 0.5-cm diameters. They are fairly
well soried, equant to polygonal with subrounded to
subangular corners; sides are slightly curved to
straight, not irregularly rounded or lumpy. Fragments
are scattered through the matrix and do not form a
framework.

Unit 5 occurs at a depth of 44.5 to 50.5 cm and is
6 cm thick. The unit is a zone with large rock
fragments and anpular opaques. The matrix (40
percent) is denser than underlying layers and is
medium to finely granular; 2 percent is opaque
material, ranging from the limit of resolution to 1.7
mm, averaging 0.5 mm, and is moderately to poorly
sorted. The shapes of the fragments are as fol
lows: 10 percent spherical; 5 percent shards; and the
remainder equant to slightly elongate, blocky to
lumpy, with subrounded to subangular corners.

In the framework (60 percent), 20 percent is
semiopaque rock fragments with distinct outlines and
0.2- to 23-cm diameters. The material is poorly
sorted, with all sizes about equally represented.
Fragments are blocky and equant, with straight to
slightly curved (some possibly conchoidal) edges and
angular to subangular corners. The remaining 40
percent is semiopaque to semitransparent, with indis-
tinct outlines. Sizes range from 0.1 to 1.3 cm, with
most fragments approximately 0.3 c¢cm in diameter.
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The pieces are moderately well sorted and have a
lumpy to nodular appearance with many clongate
particles composed of multiple aggregates.

Unitl 6 is at a depth of 38.5 to 44.5 ¢cm and is 6
cm thick. It is a fine-grained interval with abundant
granule-sized fragments. The matrix (60 percent) is
moderately dense in appearance, with the density
noticeably increasing toward the top of the interval,
and is medium to finely granular. Approximately 3
percent is opaque material, ranging from the limit of
resolution to 1.8 mm; the average grain size is
approximately 0.5 mm. The matrix is moderately
poorly sorted, with approximately 10 percent
spherical fragments, 10 percent angular fragments,
and the remaining fragments equant to slightly
elongate, and blocky and subangular to lumpy and
subrounded.

Within the framework (40 percent), 10 percent is
composed of semiopaque rock fragments that are well
sorted and have distinct outlines and 0.2- to 0.5-cm
diameters, most approximately 0.4 cm. Fragments are
polygonal with relatively straight to slightly curved
sides and subangular corners. The remaining 30
percent is semitransparent with indistinct outlines
and diameters of 0.1 to 0.5 ¢m, most approximately
0.3 c¢m. Equant or elongate objects are composed of
clumps of equant particles, which results in a lumpy
texture.

Unit 7 occurs at a depth of 36.5 to 38.5 cm and is
2 cm thick. It is a concentration of centimeter-sized
rock fragments. The matrix (30 percent) is moder-
ately dense and medium to finely granular, with
approximately 2 percent opaque material, ranging
from the limit of resolution to 1.8 mm. The
fragments are generally coarse but are bimodal with
one mode approximately 0.3 mm. The other frag-
ments are 1.2 to 1.8 mm, equant to slightly elongate
with 50 percent of the particles ovoid to spherical, 25
percent lumpy to equigranular, 15 percent elongate
and smooth sided, and 10 percent angular. The
matrix of this zone is much denser than the matrix of
the overlying unit.

In the framework (70 percent), 50 percent is
semiopaque rock fragments with distinct outlines and
diameters from 0.2 to 1.0 ¢cm, most approximately
0.7 to 0.8 cm. They are well sorted and blocky to
irregular, with straight to slightly curved sides. Some
edges look conchoidal and angular to subangular. The
remaining 20 percent is semitransparent and well
sorted and have indistinct outlines and diameters of
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0.1 10 0.4 cm, with a median diameter of approxi-
mately 0.2 cm. Fragments appear as equant density
concentrations or are arranged into elongate lumps as
composites of individual particies.

Unit 8 is at a depth of 18.5 to 38.5 cm and is 20
cm thick. It is a massive fine-grained unit with sparse
rock fragments, The matrix (70 percent) is thin {not
dense) and finely granular; 3 percent of it is opaque
material, ranging from the limit of resolution to 2.2
mm, and is poorly sorted, averaging approximately
0.5 mm. About one-third of the particles are
spherical, about one-fourth are elongate to dendritic,
and the remaining fragments are blocky to lumpy and
tend to be equant with subangular to subrounded
COrners.

In the framework (30 percent), 10 percent is
composed of semiopaque rock fragments with
distinct outlines and 0.2- to 1.1-cm diameters. Most
are coarse, with the median size approximately 0.8
cm. Rock fragments in this zone differ from other
horizons because they are noticeably elongate and
irregularly rectangular to wedge shaped with slightly
irregular edges and subangular corners. The remaining
20 percent is semiopaque with indistinct outlines and
0.1- to 1.1-cm diameters. The median size in the
lower part of the bed is approximately 0.3 cm,
gradually increasing to approximately 0.6 cm at the
top of the bed. Particles appear as density concentra-
tions, tending to be equant and nodular to lumpy
where individual particles coalesce.

Unit 9 occurs at a depth from the surface to 18.5
cm. It is a massive fine-grained unit with sparse
equant rock fragments. The matrix {60 percent) is
light appearing, not densely granular, medium to
finely granular, with 3 percent opaque material
ranging from the limit of resolution to 3 mm in
diameter. The matrix is characterized by bimodal
distribution. The coarser fragments are 2 to 3 mm in
diameter and are elongate, dendritic, or shard shaped.
The finer fragments, all of which are smaller than 1
mm (most 0.6 mm), tend to be equant with about
one-third spherical, one-tenth elongate and dendritic,
and the rest blocky to lumpy and equant with
subangular corners.

Within the framework (40 percent), 15 percent is
semiopaque rock fragments with distinct outlines and
0.1- to 0.9-cm diameters; the median size is approxi-
mately 0.5 cm. These rock fragments are equant,
most with a lumpy to rounded fto irregular outline
and only a few with relatively straight margins and
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subangular corners. Many are comncentrated in an
indistinct layer at a depth of 12 ¢cm. The remaining
25 percent is semitransparent with indistinct outlines
and 0.1- to 0.8-cm diameters, most approximately 0.2
to 0.3 cm, is moderately well sorted, and is composed
of density concentrations that give the appearance of
compound lumps.

ALSEP areq. -The double core tube samples
(60009, 60010) were taken on the eastern margin of
a 50- to 60-cm, shallow, subdued crater in the ALSEP
area, which was approximately 100 m southwest of
the LM. Although the core was taken on the rim of a
crater, it appears that there is no visible ejecta from
the crater and that the surface of the area is covered
with relatively fine-grained material, including fines,
granule-size fragments, and other rocks, none larger
than a few centimeters (fig. 7-50).

The basal unit of the core, 8 cm thick, is
noticeably finer grained than any other interval in the
section and consists of 80 percent matrix. Within the
matrix, opaques (approximately 1 percent) are less
abundant than in the rest of the core, and the coarse
fraction consists of indistinct mottles. In conirast,
unit 2 is extremely coarse grained and has abundant
large rock fragments, a greater percentage of opaques
(2 percent) than the underlying unit, and anomalous
sorting between the coarse rock fragments and the
motiles and opaques. Interestingly enough, the
matrix of unit 2 (60 percent) is unusually high for a
coarse-grained unit, and there is a size gradation of
the coarse material that becomes finer grained in the
upper units. Unit 3 seems to be largely a repetition of
unit 1, with a small percentage of rock fragments.
Correspondingly, unit 4 appears to be a fine-grained
repetition of unitl 2, with a lesser abundance of very
coarse material. At the top of unit 4 is the most
distinctive stratigraphic break in the section, which
consists of a gently rolling, slightly irregular surface,
emphasized by the density contrast between the
matrix of units 4 and 5.

The matrix of unit 5 and all overlying units is
much less densely compacted than that of the
underlying beds and contains a higher percentage of
opaques, which tend to be finer grained but less well
sorted than does the underlying interval. Some of the
opaques are relatively large ovoid objects. Units 5 and
6 form a massive bed, graded normally, from coarse
at the bottom to fine at the top. Additionally, rock
fragments with distinct outlines in X-radiographs are
much more abundant at the base of the bed and
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Drill core,
\

FIGURE 7-50.—Lunar surface photographic documentation of the deep drill core, double drive tubes
60009 and 60010, and penetrometer tests in the ALSEP area (5-72-44435). (a) General location
(C, drill core; D, drive tube; P, penetrometer tests). (b) General view of the drive tube location.
(¢) General view of the drill core location, shown by the circle at the right.

disappear toward the top, where they are replaced by
material with indistinct outlines. There is an indis-
tinct density break at the top of units 5 and 6, and
unit 7 is similar in nearly ali respects to unit 5.

Unit 8, as unit 2, is classified as a pebbly
mudstone and has a relatively low percentage of
variable, poorly sorted, but coarse rock fragments.
This surficial unit penetrates the highest point on the

rim of a small crater, and the 5 c¢cm of material
probably represents ejecta from the craier.

Figure 7-47 illustrates eight units in the drive tube
core sample taken from the ALSEP area. Unit 1
occurs at a depth of 60 to 68 cm and is 8 cm thick. It
is a fine-grained unit, sparse in opaques. The matrix
(80 percent) is indistinctly granular and is made up of
less than 1 percent opague material, ranging from the
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limit of resolution to 1.5 mm in diameter. The soil is
poorly sorted, equigranular, and generally sub-
rounded.

In the framework (20 percent), 5 percent is
composed of semiopaque rock fragmenis with dis-
tinct outlines and diameters of 0.2 to 0.6 cm. They
are blocky, equant, and subangular to angular, The
remaining 15 percent is semiopaque density concen-
trations with indistinct outlines and 0.1- to 0.4-cm
diameters. They are moderately well sorted and
equidimensional to slightly elongate with lumpy
outlines.

Unit 2 is at a depth of 45.5 10 60 cm and is 14.5
cm thick. The unit is a pebbly mudstone with angular
opaques. The matrix (60 percent, which is unusuaily
high for an interval with this degree of coarseness) is
finely granular, with approximately 2 percent opaque
material ranging from the limit of resolution to 2.5
mm. They are moderately well sorted and coarse,
with an average grain size of approximately 0.9 mm.
Approximately 90 percent of the fragments are
equant and spherical to lumpy and subrounded; only
approximately 10 percent are elongate, although
many elongate fragments are sharply angular.

In the framework (40 percent), 30 percent is
composed of semiopaque rock fragments with
distinct outlines and 0.1- to 3.3-cm diameters. Most
recks are relatively coarse and range from 0.5 to 1.5
¢m in diameter, but show a poor degree of sorting.
Most rock fragments are slightly to moderately
elongate (1:1.5 to 1:2.5) and polygonal to blocky,
with straight to slightly curved edges and angular
corners. Distribution of these particles indicates
matrix rather than framework support, which is
relatively uncommon in Apollo 16 core samples. The
remaining 10 percent is semiopaque with indistinct
outlines, and diameters range from 0.5 to 0.8 cm,
averaging approximately 0.3 ¢cm. The fragments are
fairly well sorted and equant with lumpy outlines.
Sorting of these particles is comparable to that of the
opaques and seems to be very different from that of
the distinct rock fragments.

Unit 3 occurs at a depth of 43 to 45.5 ¢cm and is
2.5 cm thick. It is a fine-grained interval with sparse
rock fragments. The matrix (75 percent) is very finely
granular with 1 percent opaque material, ranging
from the limit of resolution to 1.2 mm. The opaques
are relatively coarse grained, average approximately
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0.8 mm in diameter, are equant, and are spherical to
subrounded and blocky. The angular opaque com-
ponent is notably absent in this thin bed.

The framework (25 percent) is semiopaque with
indistinct outlines and 0.1- to 0.8-cm diameters. Most
pieces are approximately 0.3 to 0.4 c¢cm and are
moderately well sorted. Within the framework, 80
percent of the fragments have a lumpy outline, but
the other pieces are notably dendritic to fragmental
in appearance with ragged outlines.

Unit 4 is at a depth of 36.5 10 43 ¢m and is 6.5
cm thick. The unit is a pebbly bed with small rock
fragments and dendritic opaques. The matrix (60
percent) is very finely granular and noticeably more
dense than the overlying unit, with approximately 3
percent opaque material, ranging from the limit of
resolution to 3.5 mm in diameter. The average size is
0.8 to 1.2 mm, and fragments are moderately poorly
sorted. About half the opaque fragments are spherical
to slightly elongate; the others are lumpy to elongate,
many showing a dendritic outline.

Within the framework (40 percent), 15 percent is
composed of semiopaque rock fragments with a
distinct outline. The size is 0.1 to 1.1 ¢m, averaging
approximately 0.6 cm. The soil is moderately well
sorted, especially in the two layers at the top of the
interval. Fragments are nearly all elongate and wedge
shaped to polygonal, with straight to slightly curved
margins and angular to subangular corners. The
remaining fragments (25 percent) are semiopaque
with vague outlines with 0.1- to 1.3-em diameters,
and most are equidimensional to slightly elongate
and distinctly lumpy.

Unit 5 occurs at a depth of 21.5 to 36.5 cm and is
15 e¢m thick, It is a coarse-grained, loosely compacted
zone with fine-grained opaques. The matrix (35
percent) is notably less dense than the underlying or
overlying beds. Of this segment, 3 percent is opaque,
ranging from the limit of resolution to 1.2 mm in
diameter, but is noticeably much finer grained than
are the underlying beds. The average size is approxi-
mately 0.5 mm. Approximately 30 percent of the
opaque material tends to be spherical, about half of
the fragments are blocky to lumpy and subangular,
and the remaining material is elongate and comma
shaped to dendritic.

The framework (65 percent) is similar composi-
tionally to unit 2 but is distinctly more tightly
packed and appears to have a framework-supported
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texture in notable contrast to the matrix-supported
texture of unit 2. Within the framework, 40 percent
is composed of semiopaque rock fragments with
distinct outlines and 0.1- to 2.4-cm diameters. The
average size is approximately 0.7 cm but with poor
sorting. Most of the rock fragments are slightly to
moderately elongate (1:1.5 to 1:2.5) and blocky to
polygonal to wedge shaped, with straight to slightly
curved edges and angular corners. The remaining 25
percent of the framework is composed of semiopaque
density concentrations with indistinct outlines. The
fragments are 0.1 to 0.6 cm in diameter, most
approximately 0.3 e¢m, and are moderately well
sorted. Density concentrations appear as nodular
fragments with no ragged fragmens.

Unit 6 is at a depth of 14.5 to 21.5 cm and is 7
cm thick. The unit is a coarse-grained, dense zone.
This interval is gradationally transitional with unit 5,
and is separated arbitrarily at the highest occurrence
of rock fragments larger than 1 cm. The matrix (35
percent) is finely granular, dense in X-radiographs,
and transitional to the underlying unit. Approxi-
mately 3 percent is opaque, ranging in size from the
limit of resolution to 1.2 mm in diameter, averaging
approximately 0.5 mm. The shape distribution is
about equal among spherical particles, lumpy to
blocky and subangular particles, and elongate to
dendritic material.

Within the framework (65 percent), 25 percent is
semiopaque with a distinct outline. The size ranges
from 0.1 to 0.8 cm in diameter, averaging approxi-
mately 0.4 cm. The fragments are moderately well
sorted, equant to slightly elongate, with straight to
slightly curved outlines. About one-third have irregu-
lar scalloped outlines, but all fragments are angular to
subangular. The remaining 40 percent of the frame-
work is semiopaque with indistinct outlines and
diameters from 0.1 to 0.7 em, most approximately
0.2 c¢m. The soil is moderately well sorted and equant
or in clumps of equant particles with irregular
outlines.

Unit 7 occurs at a depth of 5 to 14.5 cm and is
9.5 cm thick. This loosely compacted zone has a
moderate number of rock fragments and abundant
opaques. The matrix (50 percent) is loosely com-
pacted, less dense than the underlying bed, and very
finely granular. In the matrix, 4 percent is opaque
material, ranging from the limit of resolution to 3.5
cm in diameter, and is poorly sorted, with a median
diameter of approximately 0.5 mm. One-fourth of
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the opaque fragments are spherical, about half are
equant to slightly elongate and notably lumpy to
subangular, and the others are elongate to comma
shaped but not dendritic.

In the framework (50 percent), 15 percent is
composed of semiopaque rock fragments with
distinct outlines and 0.1- to 0.8-cm diameters, most
approximately 0.4 to 0.5 cm, and is moderately well
sorted. Most rock fragments are equant to only
slightly elongate, with a tendency to irregularly
Jjagged, subrounded to subangular outlines with angu-
lar sharp corners. The remaining 35 percent is
semiopaque with indistinct outlines and diameters of
0.1 to 0.5 cm, most in the 0.2-cm range, and is
moderately well sorted. As in unit 8, these particles
appear as equant individual particles or lumpy con-
cenlrations of particles, fading to nothingness as
subrounded particles.

Unit 8 is at a depth from the surface to 5 cm. The
unit is a fine-grained interval with scattered rocks.
The matrix (70 percent) is very finely granular and
thin. Approximately 4 percent of this matrix is
opaque material, ranging from the limit of resolution
to 2.5 mm, and is moderately well sorted with most
particles approximately 0.5 mm in diameter. About
one-third are spherical, one-half are equani and
lumpy subangular, and the remaining fragments are
elongate and comma shaped to notably dendritic.

In the framework (30 percent), 25 percent is
composed of rock fragments with distinct outlines
and 0.2- to 1.7-cm diameters. The soil is poorly
sorted and equant to slightly elongate with straight to
slightly curved margins and angular corners, which is
noticeably different from the lumpy rocks below.
The remaining 5 percent of the fragmenis are density
concentrations with vague outlines and 0.1- to 0.3-cm
diameters, but most are approximately 0.2 cm and
are well sorted.

ALSEP area, deep drill core.—The deep drill stem
(60001 to 60007) was taken approximately 175 m
southwest of the LM and 25 m south of the ALSEP
site in a generally flat spot in an area of rolling
topography with numerous 2- to 6-m craters and
relatively loose, uncompacted soil. Two other core
samples and soil from seven penetrometer stations
were taken within 100 m of the drill stem (fig. 7-50),
which enables the most detailed correlation and
reconstruction of lunar soil strata to date.

The upper section (60007) and the bit (60001)
have been dissected and described; other information
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discussed in this section is based on X-radiographs
(fig. 7-51). The surficial 15.7 ¢m of the drill stem is
relatively fine grained, contains an abundance of
glass, and has been subdivided into four subunits, Of
these, the uppermost 2 cm is relatively dark and
crumbly and is underlain by a 3.5-cm Zone that is
high in whitish aggregates. Indistinct massive bedding
characterizes the next 10 cm, with a rock concentra-
ticn at 10.5 cm marking a break in bedding. The
massive zone tends to be poorly sorted and contains a
coarse fraction dominated by glass fragments,
droplets, and feldspar fragments. The lowest 6.4 cm
of section 60007 is reverse graded and coarse grained
and contains a diversity of rock fragment types. The
X-radiographs indicate that the coarse material at the
base of section 60007 continues into section 60006
into the regolith for a total of approximately 50 c¢m.
Bedding is thicker and more massive toward the top
of this coarse-grained interval, but there are more
large semiopaque rock fragments in the thinner beds
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FIGURE 7-51.—Survey of X-radiographs of the Apollo 16
deep drill core. The zero level of each stem is arbitrarily
set at the top of the sample surface within each core.
Because of parallax distortion, dissection is necessary
before absolute depths of individual strata can be given
(8-72-44432).

at the base of the zone. As explained in the next
paragraph, section 60005, with 76.1 g of sample, was
only one-third full, and section 60006 was partially
void. On the basis of density calculations, it is
estimated that these two core tubes would contain
approximately 50 cm of actual section in an undis-
turbed condition. The basal sections of the drill stem
are fine grained in comparison to the upper sections.
The top 11 cm of section 60004 is very fine grained,
followed by 25 cm of lumpy coarse material with a
few distinct rock fragments. The basal 85 c¢m of the
drill string is fine grained with a rock layer only in the
middle of section 60003 at a depth of approximately
135 ¢m below the lunar surface.

The absolute depth of soil materials from the deep
drill core, however, cannot be given with confidence
at present, because the core was not filled com-
pletely. The drill was separated on the lunar surface
into two sections of three stems each, the lower one
also containing the drill bit. The X-radiographs
indicate that the lower section (60001 to 60004) is
completely filled. However, the bottom segment
(60005) of the upper section (60005 to 60007)
contains only 76 g of material distributed along the
entire length of the stem in an obviously highly
disturbed condition; the bottom 5 ¢cm of the middle
stem (60006) is empty, and the top (60007) is half
full.

To date, three hypotheses have been proposed to
explain the condition of the deep drill core sample.
The first possibility is that the drill core was not
completely filled initially, which left a space at the
top into which the contents of the upper section
could slip sometime later. The second hypothesis is
that sampling was complete but material was lost
from the bottom of the upper section when the two
halves were separated on the lunar surface. Thirdly,
there could have been complete sampling, but some
material dropped from the base of the core when it
was extracted from the lunar surface.

Because the crew noted the loss of only a few
grams of material (at the most) during the separation
and capping operations, the second hypothesis is
unlikely. The third hypothesis is also unlikely,
because the heat flow rammer-jammer, which was
dropped into the open drill core hole after the drill
operations, indicated the hole was clear to within a
few centimeters of full depth. Consequently, the first
hypothesis is presently considered to be the most
likely explanation. Even so, determination of the
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original depth of a given sample must await cor-
rection for density changes that occurred both during
and after drilling.

Comparison of Drive Tubes
With Deep Drill Stem Samples

The three cores in the ALSEP area were taken at
the apexes of an isosceles triangle. Drive tubes 60013
and 60014 were taken 95 m due north of the drill
stem; and drive tubes 60009 and 60010 were taken at
the eastern apex of the two 60-m legs of the triangle.
Despite irregularities of the lunar surface, it was
possible to correlate major units between the cores.

Basal units of all three core sections are fine
grained in X-radiographs, with 80 to 95 percent
matrix (much higher than in overlying units) and a
very low percentage of opaques. What opaques there
are tend to be relatively large (average diameter,
approximately 0.6 mm) and equant and have a high
percentage of spherical particles.

Overlying the basal f{ines is a coarse-grained
interval 55, 59, and approximately 50 c¢m thick in
drive tubes 60009 and 60010, 60013 and 60014, and
the drill stem, respectively. In each core, the coarse
interval can be further subdivided into a basal
thin-bedded portion and an upper massive portion.
The basal zone contains an abundance of large
semiopaque blocky rock fragments with distinctly
straight to conchoidally curved margins and angular
to subangular corners; the interval also tends to have
a relatively dense matrix with a significant percentage
of shardlike opaques. The interval, which is 20 to 25
cm thick, comprises units 2 to 4 in drive tube 60009,
units 2 to 7 in drive tube 60013, and units 39 to 44
in drill stem section 60006.

In the drive tubes, the upper units (approximately
35 cm thick) tend to be more massive and have a
matrix that tends to be less compacted and less dense
appearing. In all core samples, these upper massive
units contain finer, more poorly sorted opaques with
a distinctive trace percentage of large oval fragments.
Additionally, rock fragments in this upper interval
show a lumpy to ragged outline, in conirast to
mottled or distinctly outlined rock fragments of
lower zones.

Relatively fine-grained, poorly sorted surficial
soils may or may not be present, depending on the
core tube sife. Surficial soils are thickest in the drill
stem, intermediate in drive tubes 60009 and 60010,
and absent in drive tubes 60013 and 60014.
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Because major units reflect principal events of the
area, it may be hypothesized that the coarse-grained
units in the cores represent North Ray and South Ray
gjecta. The lower coarse-grained unit is believed to be
North Ray ejecta, and the thinner layering is a result
of microscale and small-scale meteoritic reworking of
the ejecta blanket. The less compact, more massive
upper units are assigned to the more recent, and
presumably less reworked, South Ray event. Accord-
ingly, the basal fine-grained soil in all cores may
represent the regolith before the North Ray cratering
event.

Major horizons between the drill stem and drive
tubes 60009 and 60010 were further correlated with
the aid of soil from the penetrometer sections (fig.
7-52). In each penetration, a hard zone was encoun-
tered at approximately 8 to 15 cm below the surface,
corresponding to an increase in rock fragments and
soil density in the drill stem and the drive tube 60009
and 60010 section. Below the hard zones is a soft
finer grained interval with maximum development at
penetrometer station 4. The next lower zone is harder
to penetrate because it contains more rock fragments
and is underlain by a bed which halts penetration,
probably an indication of the lowest rock-bearing
unit in the core samples.
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FIGURE 7-52.-Lateral extent of stratigraphic units in the
ALSEP area as indicated by the stratigraphy of drive
tubes 60009 and 60010, the deep drill core, and
penetrometer resistance (5-72-44429).
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PART C

CAUSE OF SECONDARY MAGNETIZATION IN LUNAR SAMPLES

G. W. Pearce® and D. W. Strangway?

Introduction

All lunar samples that have been measured by
various investigators (refs. 7-15 to 7-18) camry a
natural remanent magnetization (NRM). This NRM is
quite variable in its characteristics from sample to
sample, although it is generally found to be a
combination of two distinct components: a soft
component unstable to alternating field demagnetiza-
tion (AFD), and a hard component stable to AFD. In
addition, many samples show a time-dependent
effect.

The stable component is considered by most
investigators to be of lunar origin. It is stable to AFD
to 400 Oe, to temperatures of 750° C, and for times
on the order of millions of years (ref. 7-19). This
important component of the NRM is carried by
single-domain-sized metallic iron grains and grains
small enough to have only a few magnetic domains
(i.e., grains with diameters from approximately 150
to 1000 A).1

The unstable component can be eliminated by
subjecting the sample to AFD in small fields of 20 to
50 Qe. It is much like an isothermal remanent
magnetization (IRM) such as that induced by expos-
ing the sample to steady fields of 10 to 50 Oe for a
short time (ref. 7-20). Such fields might be produced
by a permanent magnet, a coil, or a wire carrying
direct current. For example, if the sample should be
within a few inches of a wire carrying 10 A or more,
such fields would be present. Because the field of a
wire decreases linearly with distance from a wire
carrying a current, a surge of 100 A would have a
strong effect on a sample even a foot or more away.
It is probable that there are many times that samples

AUniversity of Toronte; Lunar Science Institute.
bNASA Manned Spacecraft Center.
1Gose, W. A,; Pearce, G. W.; Strangway, D. W.; and

Larson, E. E.: On the Applicability of Lunar Breccias for
Palcomagnetic Interpretations. To be published in The Moon.

could experience such fields on their journey back
from the Moon. This experiment was performed to
test this probability .

The time-dependent or viscous remanent magneti-
zation (VRM) is, in its more usual form, a strong
magnetization that can be acquired in quite weak
fields (a few oersteds) and that decays completely in
approximately 8 hr if the sample is stored in a place
with no magnetic field. This form of VRM is carried
by very small particles (diameters of approximately
150 A) that are thermally unstable at room tempera-
ture (ref. 7-21).

Although all samples have been found to contain a
stable component of NRM, the VRM component is
found mainly in fragmental rock samples. The soft
component has been found in igneous and fragmental
samples from the Apollo 12, 14, 15, and 16 missions.
The most complete documentation of the soft com-
ponent is of the Apollo 12 samples: information on
etght igneous rocks and one breccia is available.

All three containers used for returning the Apollo
12 samples (the two Apollo lunar sample return
containers and the Surveyor bag) contained samples
that had a soft component of magnetization. Because
there is no one container that does not show the
effect, it is difficult to determine the source of the
field. Tt is also difficult to simulate fully the
environment that the samples experience between
collection on the Moon and delivery to the
investigator.

Experiment

On the Apollo 16 mission, a tracer sample was
returned to the Moon to be brought back with the
Apolio 16 samples. The tracer chosen was a chip from
Apollo 12 igneous rock 12002, which had a soft
component after its original irip but had no VRM
component (fig. 7-53). The chip was demagnetized to
400 Oe, leaving only the stable magnetization. It was
then delivered inside the spacecraft in a p-metal box
and unpacked and insfalled approximately 30 hr
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FIGURE 7-33.--Intensity of magnetization of sample
12002,78 as a function of AFD field after the Apollo 12
and 16 missions.

before launch. Because samples normally do not
make the outbound trip, it would have been more
appropriate to keep the sample in the g-metal box to
protect it from magnetic fields until after lunar
landing. However, as this would have been a difficult
procedure, the location of the sample in the space-
craft was chosen to be similar on the outbound and
inbound trips. During the outhound trip, the chip was
in the lunar module ascent stage; during the return
trip, it was transferred to the command module with
the other lunar samples.

The stowage location was quite similar to that of
the Surveyor bag on the Apollo 12 spacecrafi. The
sample, inside a small Beta cloth bag, was attached to
the flap of the interim stowage assembly (ISA), a bag
of the type in which samples were returned on the
Apollo 14, 15, and 16 missions. At recovery of the
Apolle 16 command module, the sample was de-
tached from the ISA and returned to the Manned
Spacecraft Center (MSC) in one of the padded crates
used for lunar samples. On arrival at MSC, the sample
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was taken to the magnetic properties laboratory at
the Lunar Receiving Laboratory, where the NRM of
the sample was measured several times during a
period of 4 days. During this time, it was stored in a
field-free room. No significant change occurred in the
NRM during this storage test. Next, the sample was
demagnetized by the AFD technique in steps to 100
Oe (fig. 7-53). It was possible to eliminate the soft,
acquired component in the sample in an alternating
field of 20 Qe. At this point, the direction and
intensity of magnetization were approximately the
same as they were in the sample before it left the
Earth (fig. 7-54). In figure 7-55, the intensity of the
stable component (2 X 10" emu/g) has been sub-
tracted from the NRM so that the magnetization
added by the Apollo 16 trip can be more easily
compared with that of the tests described in the
following discussion. The component added by the
Apolto 16 trip is very similar in behavior to the
original soft component of this rock when it first
came back from the Moon. The intensity of the soft
component was somewhat less than that found after
the first (Apollo 12) trip.

In an attempt to simulate the soft component, a
series of IRM’s was induced in the sample by using
steady fields of 10, 12,15, 20, and 40 Oe for a period
of 1 min each. This magnetization was then cleaned
by the AFD technique. These demagnetization curves
are compared with the curves of the original Apollo
12 NRM soft component and the Apollo 16 trip-
added component in figure 7-55. The IRM curves are

Apollo 16

FFIGURE 7-54.-Stereographic projection of the direction of
magnetization of sample 12002,78 during AFD after the
Apollo 12 and 16 missions. Lines connect points repre-
senting consecutive degrees of demagnetization. Crosses
represent downward-dipping directions and circles
upward-dipping directions.
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FIGURE 7-55.—Demagnetization curves for sample 12002,78
after return from the Apollo 12 and 16 missions and after
exposure to fields of 10, 12, 15, 20, and 40 QOe. Numbers
on curves represent magnetizing field intensities in
oersteds.

similar to the curve of the trip-added magnetization.
Thus, the trip-added magnetization is well simulated
by an IRM that is induced by exposure to a steady
field of 12 to 15 Qe applied for 1 min, and io
simulate the original NRM would require exposure of
the sample to 30- to 35-Oe fields.

Conclusions

During the return of lunar samples to Earth, at
least some samples are subjected to magnetic fields of
some tens of oersteds. These fields are capable of
inducing in these samples a magnetization that can
casily be removed upon AFD in relatively low fields
{50 Oe or less). This magnetization is similar in
behavior and intensity to the soft component of
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magnetization found in many lunar samples; there-
fore, the soft compoenent is at least in part, if not
totally, an artifact of the trip.
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INTRODUCTION

The purpose of the soil mechanics experiment is
to determine the physical characteristics and mechan-
ical properties of the lunar soil to depths of several
decimeters and their variations in lateral directions,
on slopes, and between different regions of the Moon.
Measurements using a self-recording penetrometer
(SRP), in conjunction with observational data and
information on soil characteristics obtained from
returned samples, have enabled determination of
parameters for density profiles, porosity profiles, and
strength parameters.

An understanding of lunar-soil properties is impor-
tant to lunar studies such as (1) formation and
compaction of surface layers, (2) characterization of
deposits of different composition, (3) slope stability
and downslope movement of soil and rock fragments,
(4) prediction of seismic velocities, (5) estimation of
thermal properties for use in heat-flow studies,
(6) characterization of dielectric properties for use in
radar-backscatter and electrical-property studies,
(7) gas diffusion through the lunar surface,
(8) definition of appropriate conditions for later
terrestrial-simulation studies, and (9) various types of
soil-property-dependent engineering analyses.

The Apollo 16 mission has made it possible to
study a lunar highlands area and to compare the
properties of the soil on slopes (as exemplified by the
soil blanketing the Descartes material on Stone

&University of California at Berkeley.
PNASA Manned Spacecraft Center.
CCalifornia Institute of Technology.
Apfassachusetts Institute of Technology.
®NASA Marshall Space Flight Center.
TPrincipal Investigator.
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Mountain to the south of the lunar module (LM)
landing point) with properties of the soil covering the
Cayley Plains in the vicinity of the LM.

Although many of the analyses and results pre-
sented in this report are preliminary and more
detailed analyses and simulations are planned, it
appears that objectives of the experiment have been
achieved, as discussed in the following subsections.

SUMMARY OF PREVIOUS RESULTS

The mechanical properties of lunar soil as deduced
to date have been summarized by Mitchell et al. {ref.
8-1) who note that the soil behavior is similar to that
of terrestrial soils of comparable gradation, even
though the two soil types are compositionally dissim-
ilar. Particle-size distribution, bulk density, and parti-
cle shape appear to control physical behavior.

A variety of data sources indicates that the soil
porosity, density, and strength vary locally and with
depth. Densities may be in the range of 1.0 to 2.0
g/lem3, and values greater than 1.5 g/cm? are prob-
able at depths of 10 to 20 cm. Despite these locai
variations, however, Houston etal. (ref. 8-2) have
found that the mean porosity at each of the previous
Apollo landing sites was the same (43.3 percent) for
the upper few c