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Foreword

Our rirsT JOURNEY to the Moon ushered in & new era in which man will no
longer be confined to his home planet. The concept of traveling across the
vastness of space to new worlds has stirred the imagination of men everywhere.
One-sixth of the Earth’s population watched as the Apollo 11 astronauts walked
and worked a quarter of a million miles away.

The success of this mission has opened new fields of exploration and
research — research which will lead to a greater understanding of our planet
and provide a new insight into the origin and history of the solar system. The
Apollo 11 mission was only a beginning, however. Subsequent missions will
reflect more ambitious scientific objectives and will include more comprehensive
observations and measurements at a variety of lunar sites.

This document is a preliminary report of the initial scientific observations
resulting from the Apollo 11 mission. We expect that further significant results
will come from more detailed analysis of the returned samples of lunar material,
and from additional study of the photographs and data obtained from the
emplaced experiments. Beyond that, we look forward to increasing international
participation in the exploration of the Moon and neighboring regions of our solar
system.

TroMas O. Pane

Administrator

National Aeronautics and Space Administration
Ocroser 31, 1969
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Introduction
Robert R. Gilruth and George M. Low

THE MANNED SPACE FLIGHT PROGRAM is dedicated to the exploration and use of
space by man. In the immediate future, men will continue exploring the Mooen,
adding greatly to our knowledge of the Moon, the Earth, and the solar system.
It is expected that in Earth orbital laboratories men will conduct experiments
and make observations that are possible only in the space environment.

In standing firmly behind the space science program, it has been necessary
to provide means for man to live and work in “this new ocean.” A transportation
system has had to be provided with a navigation system of great precision. An
extensive medical program has been necessary to provide data on man’s reaction
to the space environment, The Mercury, Gemini, and early Apollo missions have
produced, step by step, the answers needed for the Apollo 11 lunar landing
mission.

The rapid progress of the program obscured its great problems. The success
of the Apollo 11 mission was solidly based on excellent technology, sound deci-
sions, and a test program that was carefully planned and executed. To this
foundation was added the skill and bravery of the astronauts, backed up by a
fully trained and highly motivated ground team. It must not be forgotten that
the lunar mission was very complex from all points of view — planning, hard-
ware, software, and operations. Of necessity, margins were small and even small
deviations in performance or conduct of the mission could have jeopardized
mission success,

In parallel with the emphasis on engineering problems and their solution,
the scientific part of the Apollo 11 mission was planned and executed with great
care. The samples of lunar soil and rocks returned by the astronauts will add
much detailed scientific information, The photographs and observations of the
crew have already answered some questions man has asked for thousands of
years. The emplaced experiments have yielded data unavailable until now. This
report is preliminary and covers only the initial scientific results of the Apollo 11
mission. Much work remains for the large number of scientists involved to under-
stand and interpret the facts that are only partly exposed today.

vii



Summary of Scientific Results
W. N. Hess and A. ]. Calio

The scientific objectives of the Apollo 11 mis- .

sion, in order of priority, were the following:

(1) To collect early in the extravehicular ac-
tivity (EVA) a sample, called the contingency
sample, of approximately 1 kg of lunar surface
material to insure that some lunar material would
be returned to Earth,

(2) To fill rapidly one of the two sample re-
turn containers with approximately 10 kg of the
lunar material, called the bulk sample, to insure
the return of an adequate amount of material to
meet the needs of the principal investigators.

(3) To deploy three experiments on the lunar
surface:

{(a) A passive seismometer to study lunar
seismic events, the Passive Seismic Experiment
Package (PSEP)

(b) An optical corner reflector to study
lunar librations, the Laser Ranging Retroreflector
(LRRR)

(c) A solar-wind composition (SWC) ex-
periment to measure the types and energies of
the solar wind on the lunar surface

4) To fill the second sample return container
with carefully selected lunar material placed into
the local geologic context, to drive two core tubes
into the surface, and to return the tubes with the
stratigraphically organized material, called the
documented sample,

During these tasks, photographs of the surface
were to be taken using a 70-mm Hasselblad cam-
era and a closeup stereoscopic camera (the Apollo
Lunar Surface Closeup Camera (ALSCC) ). The
scientific tasks and a variety of other tasks were
planned for a 2-hr and 40-min time period.

According to mission plans, the time allotted
for the collection of the documented sample,
which had the lowest priority, would be short-
ened if time were insufficient. All the scientific
tasks were completed satisfactorily, all instru-

ments were deployed, and approximately 20 kg
of lunar material were returned to Earth. The
documented-sample period was extremely short,
however, and samples collected during this
period were not carefully photographed in place
or documented in other ways,

Nature of the Lunar Surface

The Apollo 11 lunar module (LM) landed in
the southwestern part of Mare Tranquillitatis,
approximately 50 km from the closest highland
material and approximately 400 m west of a
sharp-rimmed blocky crater approximately 180 m
in diameter. Rays of ejecta from this crater ex-
tend past the landing site. Rays from more dis-
tant craters, including the crater Theophilus, are
also in the landing region,

Surface material at the landing site consists of
unsorted fragmental debris ranging in size from
approximately 1 m to microscopic particles, which
make up the majority of the material. This debris
layer, the regolith, is approximately 5 m thick in
the region near the landing site, as judged by
the blockiness of material near various-sized
craters. '

The soil on the lunar surface is weakly cohe-
sive, as shown by the ability of the soil to stand
on vertical slopes. The fine grains tend to stick
together, procluding clods of material that crum-
pled under the astronauts’ boots. The depth of
the astronauts’ footprints and the penetration of
the LM landing gear correspond to static bearing
pressures of approximately 1 psi. The surfaces
were relatively soft to depths of 5 to 20 em. Deeper
than these depths, the resistance of the material
to penetration increases considerably, In general,
the lunar soil at the landing site was similar in
appearance, behavior, and mechanical properties
to the soil encountered at the Surveyor equatorial
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landing sites. Although the lunar soil differs con-
siderably in composition and in range of particle
shapes from a terrestrial soil of the same particle-
size distribution, the lunar soil does not appear to
differ significantly from similar terrestrial soil in
mechanical behavior.

Both rounded and angular rocks appear on the
surface in profusion. All degrees of burial are
present, and fillets on the sides of rocks, caused
by the powdery surface material being piled up
by some erosional process, were common. At least
three of the rocks returned to Earth have been
identified in photographs of the huar surface. On
what appears to be the upper surface of several
rocks, a thin rind of altered material approxi-
mately 1 mm thick is found, This rind is lighter
colored than the remainder of the rock and ap-
pears to be caused by shattering of mineral grains.

One outstanding feature of the surfaces of the
rocks returned to Earth is the existence of sev-
eral glass-lined pits 1 mm or smaller in diameter.
These glass-lined pits appear only on the sur-
faces of rocks. (More of these pits are observed
on the top surfaces of rocks with known orienta-
tions.) Quite clearly, these pits are of external
origin. The glass overlaps of the surface of the
rock and the resulting features clearly resemble
hypervelocity impact craters. However, the pits
do not resemble craters made in the laboratory
by hypervelocity particles, and the origin of the
pits is presently unknown.

The most interesting and unexpected surface
features discovered and photographed by the
astronauts are glassy patches on the lunar sur-
face that are described by the astronauts as re-
sembling drops of solder. These patches were
observed only inside several raised-rim craters
approximately 1 m in diameter. These glassy
blebs may be formed by low-velocity molten ma-
terial splattering into the craters, or they may
be formed from material that has been melted
in place. The section of this document entitled
“Lunar Surface Closeup Stereoscopic Photog-
raphy” presents an interesting theory of the ori-
gin of the blebs, based on radiation heating, This
theory postulates that within the last 100000
years, the Sun had a superflare or mininova event
that heated the lunar surface to a temperature
that caused material inside the craters to melt,
but did not cause surface material to melt. Ac-

cording to the theory, the reason that material
inside the craters melted while surface material
did not is that a focusing effect caused the tem-
perature inside the craters to increase. This radia-
tion-heating theory is certainly not yet proved,
but no other plausible theories have been ad-
vanced to explain the blebs’ being located only
in the bottoms of craters. None of the blebs
photographed by the astronauts were returned
in the sample containers, and no blebs have
been identified in the samples.

The Passive Seismic Experiment

Since the time of the Ranger 1 mission, scien-
tists have been trying to land a seismometer on
the surface of the Moon to search for moon-
quakes. Successful operation of a seismometer
is extremely important for understanding of the
internal structure of a planet and to a search for
possible layering or discontinuities. On the Apollo
11 mission, a seismometer was placed on the
surface of the Moon, and the instrument oper-
ated satisfactorily for 21 days. The instrument
contained four separate components, Three long-
period (LP) (approximately 15-sec resonance)
seismometers were alined orthogonally to meas-
ure surface motion both horizontally and verti-
cally. A single-axis, short-period (SP) seismom-
eter, with a resonant period of approximately
1 sec, measured vertical motion. The system had
tilt adjustment motors to level the system upon
command from Earth. The instrument was de-
ployed on the lunar surface approximately 16 m
from the LM and was turned on while the astro-
nauts were on the lunar surface. Signals were
received when the crewmen climbed the LM
ladder, used a hammer to pound on the core
tubes, and jettisoned equipment, including the
portable life support systems (PLSS).

Actual maximum instrument temperature (ap-
proximately 190° F) exceeded the planned maxi-
mum instrument temperature by approximately
50° F. Even at this elevated temperature, the
instrument worked satisfactorily during the first
lunar day and during part of the second. How-
ever, near noon of the second lunar day, the
instrument no longer accepted commands from
Earth stations; therefore, the experiment was
terminated,
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The LM appears to have been a rich source of
seismic noise. One class of repeating signals of
nearly identical structure that was observed
gradually died out over a period of many Earth
days. These signals seem to be related to events
on the LM such as fuel venting, valve chatter,
or other mechanical motion. The signals had a
dominant frequency of 7.2 Hz before LM ascent
and of 8.0 Hz following ascent. These frequen-
cies appear to be characteristic frequencies of
the LM structure,

Several events showing dispersion and having
the appearance of surface waves were detected
on the LP seismometers. These wave trains often
occurred simultaneously with a series of pulses
on the SP seismometer. It is not yet certain, but
these waves are probably not the result of real
seismic events but are of instrumental origin.

Several other classes of events of unknown
origins were observed. The following are pos-
sible source mechanisms for these observed seis-
mic signals:

(1) Venting gases from the LM and circulat-
ing fluids within the LM

(2) Thermoelastic stress relief within the LM
and the PSEP

(3) Meteoroid impacts on the LM, the PSEP,
and the lunar surface

(4) Displacement of rock material along steep
crater slopes

(5) Moonquakes

(6) Instrumental effects

It is unclear whether any of the received sig-
nals were actually of lunar-seismic-event origin.
One of the most important results of the PSEP
is the discovery that the background noise level
on the Moon is extremely low. At frequencies
from 0.1 to 1 Hz, the background seismic-signal
level for vertical surface motions is less than
0.3 mpm. This level is from 100 to 10000 times
less than average terrestrial background levels
in the frequency range of 0.1 to 0.2 Hz for micro-
seisms, Continuous seismic background signals
from 10 to 30 mum were observed on the records
of the horizontal seismometers. These signals
decreased considerably near lunar noon and may
have been due to lunar surface-temperature
changes which tilted the instrument.

- Of the many seismic signals recorded, several
were produced by the LM. Many of the signals

may be a result of real seismic events and may
be generated by moonquakes, impact events, or
movement of surface rocks. However, none of
the events can be clearly identified as real, and
none of the observed signals has patterns nor-
mally observed on recordings of seismic activi-
ties occurring on Earth. Clearly, the Moon is not
a very seismic body. Artificial seismic sources,
such as the impact on the lunar surface of the
Saturn IVB stage or the spent LM ascent stage,
will be useful for future lunar seismometers.

Laser Ranging Retroreflector

The LRRR consists of an array of finely ma-
chined quartz corners deployed on the lunar sur-
face and aimed at the Earth. The array is used
as a reflector for terrestrial lasers. By measuring
the distance from the laser to the reflector, small
changes in the motion of the Moon or the Earth
can be measured. The goal, when the system is
tully operational, is an uncertainty of 15 cm
(6 in.}, The LRRR will allow studies to be con-
ducted on (1) the librations of the Moon, both
in latitude and longitude, (2) the recession of
the Moon from the Earth caused either by tidal
dissipation or by a possible change in the gravi-
tation constant, and (3) the irregular motion of
the Earth, including the Chandler wobble of the
pole. The amplitude of the Chandler wobble
scems to vary in time with relation to major
earthquake events,

On the same day the LRRR was deployed satis-
factorily on the surface of the Moon, attempts
were made to range on the reflector from the
Lick Observatory in California and from the
McDonald Observatory in Texas. Some time was
required for the ranging attempts to be success-
ful because, initially, there was some uncertainty
as to the location of the landing site. After a few
days, this problem was solved, but ground-instru-
ment difficulties and weather problems caused
further delays. In approximately a week, both
observatories had received signals reflected by
the LRRR. The signals, although weak, were
clearly identifiable. By using this technique, the
distance to the Moon from the Earth has been
measured to an accuracy of approximately 4 m.
It should be noted that the distance to the Moon
is actually uncertain to a few hundred meters
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because of uncertainties in the velocity of light.
However, the distance expressed in light seconds
is accurate to approximately one part in 103,
which is consistent with the 4-m accuracy dis-
cussed previously.

The LRRR experiment will continue for months
or years before final data are obtained on many
of the detailed measurements to be undertaken,

The Solar-Wind Composition Experiment

For some time, direct measurements have been
made of the solar wind, establishing the presence
of approximately 5 percent helium ions in the
solar-wind stream, which is composed predomi-
nantly of protons. The solar wind is expected to
contain many heavier ions, probably representa-
tive of solar composition, but no direct measure-
ments of these heavier species have yet been
made. It now seems quite likely that the rare gas
measured in the powdery lunar samples is of
solar-wind origin, but this rare-gas source may
be confused with other gas sources. The meas-
ured rare gas represents an integration of the
solar wind into the soil over a period of many
millions of years.

An experiment was conducted during the
Apollo 11 mission to measure heavier elements
in the solar wind directly. A thin aluminum foil
of 4000 cm? was deployed on the surface of the
Moon facing the Sun. The solar-wind particles
were expected to penetrate approximately 107°
cm into the foil and to be firmly trapped there.
The foil was collected after 77 min, placed inside
one of the sample-return containers, and brought
to the NASA Manned Spacecraft Center (MSC)
Lunar Receiving Laboratory (LRL).

Approsimately 1 ft? of the foil was removed
in the LRL, sterilized by heat at 125° C for 39 hr,
and sent to Switzerland for analysis. Several small
pieces of the foil, each approximately 10 cm?,
were cleaned by ultrasonic methods, and the
noble gases were then extracted for analysis in a
mass spectrometer. Helium, neon, and argon
were found, and their isotopic composition was
measured. The results correspond generally to
solar abundances and are clearly nonterres-
trial, More complete results will be presented
when the major portion of the foil has been
analyzed.

The Lunar Samples

Of the 22 kg of returned lunar material, 11 kg
are rock fragments larger and 11 kg are smaller
than 1 cm in size. This material may be divided
into the following four groups:

Type A — fine-grained vesicular crystalline
igneous rock.

Type B — medium-grained crystalline igneous
rock.

Type C — breccia.

Type D — fines (less than 1 em in size).

The crystalline rocks contain mineral assem-
blages, crystal sizes, and gas cavities, indicating
that the rocks were crystallized from lavas or
near-surface melts. It is uncertain whether the
lavas were impact generated or of internal origin.
Twenty crystalline rocks were found in the re-
turned sample, 10 rocks of type A and 10 of
type B. Individual rocks weighed up to 919 g.
The type A rocks contain vesicles of 1 to 3 mm
in diameter faced with brilliant crystals. (Most
vesicles are spherical but some are ovate.) There
are also irregular cavities, or vugs, into which
crystals and other groundmass minerals project.
The percentages of the minerals present in type
A rocks are clinopyroxene, 53 percent; plagio-
clase, 27 percent; opaques (including abundant
ilmenite, minor troilite, and native iron), 18 per-
cent; and other translucent phases, and a minor
amount of olivine, 2 percent. Except for the high
content of opaques, which reflects the high iron
and titanium content, the mineralogy and chem-
istry of the rocks resemble terrestrial olivine-
bearing basalts.

The dark-brownish-gray speckled type B rock
is granular in texture and generally resembles
terrestrial microgabbros. The grain sizes are from
0.2 to 3 mm. The percentages of minerals in type
B rocks are as follows: clinopyroxene, 46 percent;
plagioclase, 31 percent; opaques (mainly ilmen-
ite), 11 percent; cristobalite, 5 percent; and other
minerals, 7 percent. No olivine is present in type
B rocks. Other unidentified minerals have been
found. The complete absence of hydrous mineral
phases in type A or type B rocks and the pres-
ence of free iron places a low limit on the amount
of water present in the melt from which the
rocks crystallized. The water content in the lunar
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material is considerably lower than the water
content in terrestrial basalts.

All the breccias are mixtures of fragments of
different rock types similar to type A or type B
rocks and are mixtures of angular fragments and
sphericles of glass of a variety of colors and a
variety of indices of refraction. Evidence of
strong shock is present in many type C rocks,
These rocks vary from being very friable and
soft to being as hard as the crystalline rocks.
Evidence points to the breccias being formed
by shock cementing or by lithification of the
powdery lunar surface material. Both techniques
of breccia formation are probably the result of
impact events.

Fines were returned to Earth in the bulk-
sample container and in the core tubes. The core
tubes showed no stratification of fines, and the
material was, in general, similar to the bulk-
sample fines, The type D material consists of a
variety of glasses, plagioclase, clinopyroxene,
ilmenite, and olivine. A few Ni-Fe spherules up
to 1 mm in diameter were found. Glasses, which
make up approximately 50 percent of type D
material, are of three types: (1) vesicular, glob-
ular dark-gray fragments; (2) pale or colorless
angular fragments with refraction indices of ap-
proximately 1.5 to 1.6; and (3) spheroidal, ellip-
soidal, dumbbell-shaped, and teardrop-shaped
bodies. Most of these glass types are smaller than
0.2 mm and range in color from red to brown to
green to yellow with refraction indices ranging
from 1.55 to 1.8. Unlike most terrestrial magnetic
glasses, many single glass particles are inhomo-
geneous. Like the Ni-Fe spherules, the type 3
rounded glass bodies seem to indicate melting
induced by strong shock. In fact, evidence for
shock is common in the fines and in the breccias.
However, only a few crystalline rocks show evi-
dence of strong shock in places other than near
the surface pits.

A chemical analysis of several samples of all
four types of glass was made using optical emis-
sion spectroscopy. A few samples were also ana-
lyzed using atomic absorption procedures. All
four types of lunar material samples have been
studied, and all types appear to be quite similar
chemically. There is no similar material common
on Earth. Several of the refractory metals are
very prominent. On Earth, a deposit containing

from 5 to 10 percent titanium is rare and might be
considered a titanium mine. Zirconium, yttrium,
and chromium are also present in amounts sub-
stantially larger than might be expected in
terrestrial basalts.

Another characteristic of the samples is that
they are low in alkali and volatile elements such
as sodium, potassium, rubidium, lead, and bis-
muth. Aside from this charactenstlc and the very
low water content mentioned previously, the
material might be considered to be similar to
terrestrial basalts. Because of the enrichment of
the refractory elements and the depletion of the
volatile elements, it is tempting to consider the
material to be similar to a cinder, being the end
product of a high-temperature environment, to
explain these modifications.

The rare-gas content of lunar samples has
been measured by mass spectroscopy. The con-
tent of beryllium, neon, argon, krypton, and
xenon has been measured in several samples.
The total rare-gas content in the fines and brec-
cias is approximately 0.1 cc/g, which is quite
high. These gases were found in the outside
layer of the crystalline rocks, but the gas content
found inside these rocks was very low. The gases
were found throughout the breccias, further indi-
cating that the breccias are formed, probably by
shock, from the fines. Quite clearly, most of the
measured rare gas is from the solar wind. Al-
though no isotopic ratios have been measured
previously for solar rare gases, the values ob-
tained from the preliminary examination com-
pare well with the values that would theoretically
be expected.

Several of the rocks measured contained radio-
genic “Ar, which, when coupled with data on
potassium abundance, enables dating of the time
of crystallization of the rocks by using the decay
process

Ay ——» 0K - gt (1)

This process gives an age of 3.0==0.7X10° yr,
which shows that the surface of the maria is
older than had been expected.

Age dating can also be accomplished by meas-
uring the amount of certain isotopes that are
produced by cosmic ray bombardment of the
lunar surface. This technique yields the time
that the rocks within a few feet of the lunar sur-
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face have been exposed to cosmic rays. The rocks
studied had cosmic-ray-exposure ages from 20X
108 to 160 X108 yr,

The organic content of the samples was studied
by two techniques: (1) pyrolysis with flame ion-
ization detection and (2) mass spectroscopy.
The amount of extractable organic material with
temperatures to 500° C is less than 1 part per
million (ppm). Some organic contaminants were
introduced into the samples by recovery and
processing in the LRL, and it is uncertain whether
an indigenous organic material exists in the
samples.

Several samples have been counted in the LRL
Radiation Counting Laboratory. The gamma
rays measured show the presence of several
cosmic-ray-induced radionuclides and the pres-
ence of thorium, uranium, and potassium. The
uranium and thorium concentrations are near the
concentration values of these elements found in
terrestrial basalts; however, the amount of potas-
sium present in the lunar samples is lower than
that in terrestrial basalts and is comparable to
the amount found in chondritic meteorites.

Conclusions

The major findings have been as follows:

(1) By using a fabric and mineralogy basis,
the rocks can be divided into two genetic groups:
fine- and medjum-grained crystalline rocks of
igneous origin and breccias of complex origin.

(2) The crystalline rocks, as shown by their
modal mineralogy and bulk chemistry, are differ-
ent from terrestrial rock and meteorites.

(3) Erosion has occurred on the lunar surface
in view of the fact that most of the lunar rocks
are rounded, and some of the rocks have been
exposed to a process that gives them a surface
appearance similar to sandblasted rocks. There
is no evidence of erosion by surface water.

(4) The probable presence of the assemblage
iron-troilite-ilmenite and the absence of any
hydrated phase indicate that the crystalline rocks
were formed under extremely low partial pres-
sures of oxygen, water, and sulfur. (Pressures
are in the range of equilibrium pressures found
within most meteorites. )

(5) The absence of hydrated minerals sug-
gests that no surface water has existed at Tran-

quility Base at any time since the rocks in this
region were exposed.

(6) Evidence of shock or impact metamor-
phism is common in the lunar rocks and fines.

(7) All the rocks have glass-lined surface pits
that may have been caused by the impact of
small particles.

(8) The fine material and the breccia contain
large amounts of all the noble gases which have
elemental and isotopic abundances indicative of
origin in the solar wind. The fact that interior
samples of the breccias contain these gases im-
plies that the samples were formed at the lunar
surface from material previously exposed to the
solar wind.

(9) “K -*°Ar measurements on igneous rocks
show that they crystallized from 3X10? to 4X10?
yr ago. The presence of nuclides produced by
cosmic rays shows that the rocks have been
within 1 m of the surface for periods of 20XX10%
to 160108 yr.

(10) The level of indigenous organic material
capable of volatilization or pyrolysis, or both,
appears to be extremely low, that is, considerably
less than 1 ppm.

(11) Chemical analyses of 23 lunar samples
show that all rocks and fines generally are chem-
ically similay,

(12) The elemental constituents of lunar sam-
ples are the same as those found in terrestrial
igneous rocks and meteorites. However, the fol-
lowing significant differences in composition
were observed: some refractory elements (for
example, titanium and zirconium) are notably
enriched, and the alkali and some volatile ele-
ments are depleted.

(13) Elements that are enriched in iron me-
teorites (i.e., nickel, cobalt, and the platinum
group) were not observed; such elements are
probably low in abundance.

(14) Of 12 radioactive species identified, two
were cosmogenic radionuclides of short half life,
namely 2Mn (5.7 days) and *V (16.1 days).

(15) Uranium and thorium concentrations are
near the typical concentrations of these elements
found in terrestrial basalts; however, the potas-
sium-to-uranium ratio determined for lunar sur-
face material is much lower than such ratios
determined for terrestrial rocks or meteorites,

(16) No evidence of biological material has
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been found to date in the lunar samples.

(17) The lunar soil at the landing site is pre-
dominantly fine grained, granular, slightly cohe-
sive, and incompressible. The hardness of the
lunar soil increases considerably at a depth of
15 cm. The soil is similar in appearance and be-
havior to the soil encountered at the Surveyor
equatorial landing sites.

{18) The PSEP deployed on the Moon op-
erated satisfactorily for 21 days and detected
several seismic signals, many of which originated
from astronaut activity or mechanical motions of
the LM. It is uncertain whether any actual lunar
seismic events were detected. The seismic-noise

background is much less on the Moon than on
Earth,

{19) The LLRRR was deployed on the Moon
and has been used as a target for Earth-based
lasers. The distance to the Moon has now been
measured to within an accuracy of approximately
4 m. Future studies will be made on the variation
of this distance to study in detail the motion of
the Moon and the Earth.

(20) Preliminary analysis has been made on
part of the aluminum SWC foil. Helium, neon,
and argon have been found in the analysis, and
the isotopic composition of each element has
been measured.
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Ficure 1-2. — Shortly after translunar
insertion, the astronauts photo-
graphed Tropical Storm Bernice in
the western Pacific Ocean off the
coast of Baja California. (NASA
AS11-36-5298)

gravity escape. At 3:17 get., the command and
service module (CSM) was separated from the
S-1VB, turned around, and docked with the
LM. The LM was removed from the 5-IVB at
4:17 get.

Provision was made in the flight plan for four
midcourse corrections (using the service module
propulsion system to refine the spacecraft tra-
jectory); however, the only necessary midcourse
correction took place at 26:45 g.e.t. Lunar-orbit
insertion of the spacecraft began at 75:50 ge.t.

Fioure 1-1. — On July 16, 1969, at 9:32 AM. e.dt, 7%
million 1b of thrust lifted the Apollo-Saturn V space-
craft carrving Astronauts Neil A. Armstrong, Michael
Collins, and Edwin E. Aldrin, .Jr., from the launch
site at Cape Kennedy.
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Figure 1-3. — Compare this westward
view (NASA AS11-36-5300) of the
central portion of Baja California,
taken shortly after the spacecraft
left Earth corbit on a trajectory to
the Moon, with the next picture.

Figure 1-4. — This view (NASA
AS11-36-5308) of the southemn
portion of the North American
Continent shows Baja California
again, the coast of southern Cal-
ifornia, and the mountains of
Mexico.
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Ficure 1-5. — Separation of the CSM
from the S-IVB occurred at 3:17
g.e.t. The panels that protected the
IM during launch were ejected,
and the CSM was docked with the
LM at 3:25 g.e.t. This photograph
{NASA AS511-36-5313) was taken
shortly before docking.

Ficure 1-68. — This photograph (NASA
AS811-38-5355) of the Earth, taken
from a distance of more than
100 000 n.mi., was made approxi-
mately 25 hr after launch. The
Eastern Hemisphere was remark-
ably cloud-free.
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Lunar Orbit

The lunar-orbit insertion maneuver was begun
at 75:50 g.e.t. The spacecraft was placed in an
elliptical orbit (61 by 169 n.mi,), inclined 1.25°
to the lunar equatorial plane. At 80:12 gee.t., the
service module propulsion system was reignited,
and the orbit was made nearly circular (66 by
54 n.mi.) above the surface of the Moon. During
each 2-hr orbit, the terminator (the line between
daylight and darkness) moved westward across
the Moon at the rate of approximately ¥ deg per
hour (30 km per orbit).

During the 59 hr and 34 min of spacecraft
lunar orbit, approximately 210° of the lunar
surface below the spacecraft orbit was illumi-
nated by the Sun and could be photographed.

At the orbital altitude, the lunar horizon was
approximately 300 n.mi. from the spacecraft
nadir. "

Photographs taken from lunar orbit provide
synoptic views for the study of regional lunar
geology. The photographs are used for lunar
mapping and geodetic studies, and they have
been valuable in training the astronauts for
future lunar missions. The following selected
photographs, taken from lunar orbit, are ar-
ranged in geographical sequence from the far-
side terminator to the nearside terminator, with-
out regard to the times at which they were
taken, The regions of the Moon covered by the
selected photographs are plotted on the map
that follows.
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Figure 1-7.— This diagram shows the approximate areal coverage plot of selected orbital

photographs.
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Ficure 1-8. ~ The view in this photo-
graph (NASA AS11-42-6276) is
toward the northeast near the far-
side terminator. The view is cen-
tered at 10° N, 163° W. The fea-
tures shown are not named.

Ficure 1-9.— The far side of the
Moon is pictured, looking south.
The features included in this view
have not vet been named. The co-
ordinates of the center of this
photograph (NASA AS11-42-6248)
are approximately 8° 8, 164° W.
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Ficure 1-10.--The center of this
photograph (NASA AS11-44-6608)
is located approximately 10° 8, 177°
W, and shows the view to the
southwest from the spacecraft.
Note the smooth mare-type fill in
the valleys in the foreground.

Freure 1-11. — The view looks north-
west across Mare Crisium (the Sea
of Crises). The large, dark-floored
crater Fimmnicus is in the foreground.
The average elevation of the high-
lands is several thousand meters
above the floor of the mare. (NASA
AS11-42-6222)
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Ficure 1-16. — Beyond the landing
site, looking toward the sunrise ter-
minator on the Moon, the craters
Sabine and Ritter lead into the
highlands between the Sea of Tran-
quility (Mare Tranquillitatis) and
the Central Bay (Sinus Medii).
(NASA AS11-41-6094)

Frcune 1-17. — The Iunar highlands
west of the Sea of Tranquility stand
out in stark relief when illuminated
by the morning Sun. The twin
craters Sabine and Ritter are in the
right foreground, and the crater
Schmidt is in the central fore-
ground. (NASA AS11-41-6123)
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Lunar Module Descent and Landing

The LM, with Astronauts Armstrong and
Aldrin aboard, was undocked from the CSM at
100:14 g.e.t., following a thorough check of all
the LM systems. The CSM (radio call sign
“Columbia”) was maneuvered away from the
LM (radio call sign “Eagle”). At 101:36 ge.t.,

the LM descent engine was fired for approxi-
mately 29 sec, and the descent to the lunar sur-
face began. At 102:33 get., the LM descent
engine was started for the last time and burned
until touchdown on the lunar surface. Eagle
landed on the Moon 102 hr, 45 min, and 40 sec
after launch.

Ficurr 1-18. — Eagle was photographed from Columbia by Astronaut Collins at the moment
the two spacecraft undocked. (NASA AS11-44-6566)
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Ficuse 1-19. — Shortly after undock-
ing, Eagle was rotated to permit a
visual inspection by Astronaut Col-
lins in Columbia. The probes that
extend downward from three of the
LM footpads sensed contact with
the surface during touchdown.
(NASA AS11-44-6584)

Freure 1-20. — A remarkable sequence
of three photographs, taken from
Eagle. (a) An oblique view (NASA

LM landing site AS11-37-5437) of the LM landing

site.
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Ficure 1-20(b). — An almost vertical
view (NASA AS11-37-5447) of
Columbia over the LM landing site.

Frcure 1-20{c). — A wvertical view
(NASA AS11-37-5448) of Colum-
bia almost 60 n.mi. above the crater
Schmidt as the two spacecraft ap-
proach the terminator,
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Lunar Surface Activities

Immediately after landing on the Moon,
Astronauts Armstrong and Aldrin prepared the
LM for liftoff as a contingency measure, A series
of photographs was taken through the LM win-
dows during this activity; and when the simu-
lated liftoff countdown was completed, the
astronauts ate. Following the meal, a scheduled
sleep period was postponed at the astronauts’
request, and the astronauts began preparations
for descent to the lunar surface.

Astronaut Armstrong emerged from the space-
craft first. While descending, he released the
Modularized Equipment Stowage Assembly
(MESA) on which the surface television camera
was stowed, and the camera recorded man’s first
step on the Moon at 109:24:19 g.e.t. A sample of
the Iunar surface material was collected and
stowed to assure that, if a contingency required
an early end to the planned surface activities,
samples of lunar surface material would be re-
turned to Earth. Astronaut Aldrin subsequently
descended to the lunar surface.

The astronauts carried out the planned se-
quence of activities that included deployment
of a Solar Wind Composition (SWC) experi-
ment, collection of a larger sample of lunar sur-
face material, panoramic photographs of the
region near the landing site and the lunar hori-
zon, closeup photographs of inplace lunar sur-
face material, deployment of a Laser-Ranging
Retroreflector {LRRR) and a Passive Seismic
Experiment Package (PSEP), and collection of
two core-tube samples of the lunar surface.
Approximately 24 hours after descending to the
surface, the astronauts began preparations to re-
enter the LM, after which the astronauts slept.
The ascent from the lunar surface began at
124:92 g.e.t., 21 hr and 36 min after the lunar
landing.

The photographs reproduced in this section
consist of mosaics (photographs joined together
to form panoramic views) and single photo-
graphs (to show more detail in specific areas).
The single photographs are arranged in the
sequence in which they were taken.

Before EVA

After EVA

Ticure 1-21. — Apollo 11 lunar sur-
face panoramas taken from the LM.



Panorama of the lunar surface looking east

Pancrama of the large crater approximately 200 ff east of the LM

Ficure 1-22. — Apollo 11 pancramas taken from the surface.
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Ficure 1-26. — Note the rounded,
eroded appearance of the rock in
the right foreground. (NASA ASI1-
40-5875)

Ficure 1-27.— The astronaut photo-
graphed his own footprint to permit
later study of the lunar surface
bearing strength. The thin, crusty
appearance of the surface was simi-
lar to that discovered during the
Surveyor soil mechanics experi-
ments. (NASA AS11-40-5877)
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Ficure 1-28. — The LM footpads were
also photographed for later study
of the surface mechanical proper-
ties, The foil wrapping provides
thermal insulation. (NASA AS11-
40-5926)

Ficure 1-29. — The LRRR and the
PSEP are being removed from the
MESA in the LM descent stage.
The Apollo Lunar Surface Closcup
Camera (ALSCC), which provides
stereoscopic pictures of the fine
surface structure, is in the fore-
ground. The television camera can
be seen beyond and to the right
of the SWC. (NASA AS11-40-
5931)
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Ficure 1-30. — The LRRR and the
PSEP are carried to the deploy-
ment area. The smface was softer
near the rim of the small crater in
the foreground, as can be seen by
the depth of Astronaut Aldrin’s
footprints. (NASA AS11-40-5944)

Ficure 1-31. — The LRRR has been
set up to face the Earth, and the
PSEP is being leveled. The PSEP
was placed behind the large rock
to shield the experiment from the
effects of liftofl. (NASA AS11-40-
5949)




PHOTOGRAPHIC SUMMARY 29

Ficure 1-32. — Shortly before enter-
ing the LM, Astronaut Armstrong
walked back approximately 200 ft
eastward to photograph the interior
of a crater he noted during descent.
The ALSCC is in the foreground.
{NASA AS11-40-5937)

w

Froure 1-33. — Tranquility Base i
shown from the rim of the crater
shown in the previous photograph.
Astronaut Armstrong’s shadow is in
the left foreground, and the shadow
of the ALSCC is in the right fore-
ground. (NASA AS11-40-5961)
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Ficure 1-34. — The astronaut is collecting a core-tube sample for later study by scientists.
The SWC experiment is still deployed. (NASA ASI11-40-5964)

The Return to Earth

At 124:22 get,, the engine of the LM ascent
stage was ignited, and a series of maneuvers was
begun. to permit rendezvous with Astronaut
Collins in the CM. Docking took place at 128:03
g.et. Astronauts Armstrong and Aldrin trans-
ferred to the CM, and the LM ascent stage was
jettisoned at 130:09 get. The service module
(SM) engine was reignited at 135:24 ge.t. to in-
crease the spacecraft velocity by 3279 fps for
escape from lunar orbit.

In transearth coast, as in translunar coast, only
one of four planned midcourse corrections was
required. This midcourse correction was per-
formed at 150:30 g.e.t. The SM was separated
from the CM at 194:49 g.et. The CM entered
the atmosphere of the Earth with a velocity of
36 194 fps and landed in the Pacific Ocean 195
hr, 18 min, and 35 sec after launch. Procedures
to prevent biological back-contamination of the
Earth were followed in recovering the crew, the
lunar samples, and the spacecraft.
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Ficure 1-35.— The lonely vigil of
Astronaut Collins in the CM nears
an end with the approach of Astro-
nauts Armstrong and Aldrin in the
ascent stage of the LM, The center
of the view is at lunar coordinates
1.5° N, 105° E. (NASA AS11-44-
6621)

Ficure 1-368. — Near 88° E, the two
spacecraft approach Mare Smythii
ag the Earth rises above the lunar
horizon. (NASA AS11-44-6642)
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LM landing site

Figure 1-37. — A nearly full Moon is viewed from a perspective never seen from Earth,
appreximately 60° E. The LM landing site is far to the west in this view.
(NASA AS11-44-6665)
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Froure 1-38. — A crescent Earth awaits the return of the first men to set foot on the Moonp.
(NASA AS11-44-6689)



2. Crew Observations

Edwin E. Aldrin, Jr., Neil A. Armstrong, and Michael Collins

The Apollo 11 mission offered us our first
opportunity to observe directly the operational
and scientific phenomena associated with land-
ings on the lunar surface. The lunar module
(LLM) crew participated in two mission-oriented
geologic field trips and also attended several
tens of hours of briefings dealing with the obser-
vational aspects of the mission. These briefings
included sessions on basic geologic principles,
rock and mineral identification and interpreta-
tion, impact geclogy, Surveyor program results,
lunar surface visibility characteristics, landing
site recognition, and LM landing characteristics.
In addition, considerable planning and simula-
tion time was devoted to preparation for the
evaluation of extravehicular mobility, a wvital
feature to scientific endeavors on the lupar
surface,

Landing and Ascent

We had trained to some extent on the specific
topographic characteristics of the site 2 landing
area to be able to identify our final landing
point, an important requirement for later mis-
sions. Operational problems during the early
visibility phase of final descent prevented obser-
vation of those features that would have enabled
us to locate our final landing point soon after
touchdown. Postmission examination of the de-
scent sequence photography showed several
features we had been trained to recognize;
therefore, we feel that it will be feasible to
locate landing points on future missions.

When we were first able to observe the terrain
ahead of us (at an altitude of about 2000 ft and
about 1 mile uprange), it was clear that we
would land in the vicinity of a blocky rim crater
about 200 yd in diameter. This crater was later
identified as one we had informally called West
Crater during our prelaunch training. The
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blocky area just north of West Crater was ini-
tially considered for a landing site because of
its obvious scientific interest; but as we ap-
proached this area, it proved to be too rough
for landing because of the numerous large and
blocky rocks, many larger than 5 or 10 ft in size.
We elected to overfly this area in preference
for the smoother spots a few hundred yards
farther west, As we proceeded west, it was
noted that several relatively open areas existed
between raylike fields of boulders. Qur final
approach was chosen to lie between two of these
boulder fields.

The site where we eventually landed was a
relatively smooth area; however, craters varying
in diameter from 1 to perhaps 50 ft were present
in the near vicinity of the touchdown point.
Crater density in this area appeared to be in-
versely proportional to crater size; for example,
the small-diameter craters were much more
abundant than those having a large diameter.
Several subdued ridges 20 to 30 ft high were
within our field of view but were some distance
from the spacecraft. In addition, a long boulder
field with many boulders averaging at least 2 ft
in diameter was several hundred feet north of
the landing point.

A large amount of fine lupar material ap-
peared to be moved during the terminal phase
of landing. The streaming dust was first evident
at about 100 ft in altitude and thickened to
about 73 percent loss of visibility at touchdown.
The path of this expelled material was parallel
to the lunar surface, and the material seemed to
travel a great distance (over the horizon) at a
high velocity. The dominant effect of the stream-
ing dust was to partially obscure and distort the
details of the surface and to make it difficult to
judge the horizontal velocity of the LM. After
the engine was shut down, there was no visual
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evidence that the expelled material was de-
posited anywhere on top of the surrounding sur-
face, and no lingering cloud of dust was
observed. No lunar dust was observed later dur-
ing liftoff; however, separation debris observed
at this time appeared to have a long flightpath
similar to the path exhibited by the lunar ma-
terial that was expelled during the terminal
phase of landing. One piece of debris was
observed to follow below us for several miles
before impacting the surface.

General Surface Characteristics

Color

The general color of the surface as viewed
close at hand is comparable to that we observed
from orbit at the same Sun elevation of about
10°. Actually, the surface is pretty much without
color other than shades of gray. Along the zero
phase angle line (down Sun), the color is a
light, chalky gray with a tan shade. As one locks
toward 90° to the sunline, the color becomes a
darker ashen gray with no apparent tan shades.
At all phase angles, the surfaces of rock frag-
ments appear to be a lighter gray than their
immediate surroundings; however, where such
fragments are freshly broken, the broken sur-
faces are very dark gray, much like country
basalt. Small gradations in color resulting from
very small topographical changes were visible.
Upon looking closely at the surface material
{ particularly the fine soil) during our excursion,
we observed a charcoal-gray to gray-cocoa color,
similar to that of a graded lead pencil,

Craters

Many, if not most, of the larger craters in the
immediate vicinity of the LM appeared to be
somewhat elongate secondary craters. Except
for a few of the smaller craters, almost all the
craters we observed had raised rims; however,
no rims were truly sharp. Other than West
Crater, we did not observe a crater whose rim
had a noticeably greater abundance of rock
fragments than its surroundings had. Also, there
were 1o observed indications of fragments hav-
ing rolled down the sides of craters.

The floors of craters near Tranquility Base
generally have about the same fragment concen-

tration as the rims have. The only exception to
this was the 33-ft-diameter, 15- to 20-ft-deep
crater about 200 ft east of the LM. This crater
had a mound of large rocks grouped slightly off
center that were much larger and more numer-
ous on the bottom than on the wall or rim of
the crater.
Rock Fragments

Rock fragments of a wide range of size, angu-
larity, and textural types were observed both
from the LM window and during our extra-
vehicular activities. Although some rock frag-
ments were obviously lying on top of the sur-
face, it was not always possible to judge their
depth of burial. In one case, a relatively angular
fragment resembling a distributor cap was found
to have most of its volume extending about a
foot underground, with a flat shelf at ground
level around the exposed part. In another in-
stance, a rock about 1 ft high, 1% ft long, and
% ft thick was apparently standing on edge,
although its depth of burial was unknown. In
the course of our use of the scoop, we encoun-
tered rocks buried under several inches of soil.

The major textural types of the rock fragments
we observed were as follows: plain, even-
grained basaltlike rocks; obviously vesicular
basaltlike rocks; basaltic-appearing rocks with
1 to 5 percent small white minerals; and rocks
consisting of aggregated smaller fragments. In
some instances, loosely aggregated clods of soil
were difficult to distinguish from rock fragments
until they were disturbed and broken up.

Some of the rocks that appeared to be vesicu-
lar at first glance were actually not vesicular.
Instead, they were surficially pitted by what
appeared to be small impact craters.

In addition to the rock fragments, we
observed smaller pieces of material that had a
metallic luster and resembled blobs of solder
splattered on an irregular surface. These pieces
of material were concentrated in scattered
aggregates at the bottoms of six or eight 3- or
4-ft-diameter craters. Elsewhere, several ex-
amples of lunar material that seemed to be
transparent crystals were observed on the sur-
face. These crystallike materials resembled
quartz crystals and appeared to be opaque from
some views and translucent from other views.
There were also small sparkly fragments that
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resembled biotite; however, these fragments
could not be examined closely. It was not pos-
sible to collect samples of these unusual mate-
rials at the time they were observed, and during
the sampling periods, none of these materials
were found. The solderlike material was photo-
graphed, however, using the closeup stereo-
scopic camera.

Soil Characteristics

The fine surface material is a powdery, graph-
itelike substance that seems to be dominantly
sand to silt size. When this material is in con-
tact with rock, it makes the rock slippery. This
phenomenon was checked on a fairly smooth,
sloped rock. When the powdery material was
placed on the rocks, the boot sole slipped easily
on the rock, and the slipping was sufficient to
cause some instability of movement. Otherwise,
traction was generally good in the loose, pow-
dery material,

Unexpected differences in the consistency and
softness of this top layer were noticed at loca-
tions having minor changes in surface topog-
raphy. These differences were manifested in sig-
nificantly different footprint depths. These depth
differences indicated that there may be different
depths of surface material covering the more
resistive subsurface, particularly on the rims of
small craters,

When the surface near the LM was viewed
following touchdown, the topography that had
been observed prior to touchdown had changed
little. Although there was no crater, the hunar
surface directly under the engine bell had a
singed and baked appearance. The baking ap-
peared to have made the surface material more
cohesive and perhaps made it flow together to
give a strong streaked pattern radiating from
below the bell. However, the impact of small
objects thrown on this material indicated that
the material was about as loosely bound as the
material away from the LM. The streaks, or ray
texture, when viewed down Sun were much
darker than the rest of the surface. Any erosion
that existed in this area was clearly radially out-
ward. However, this erosion was not obvious to
us beyond the limits of the landing gear. No
redeposition of material was observed away
from the LM except possibly for the powder

observed in the cavities of some rock fragments
close to the spacecraft. Also, the soil under the
LM showed no evidence of disruptive outgass-
ing of injected engine gases.

Visual examination of the LM and of the lunar
surface beneath the .M showed no effects from
fiuids that had vented from the LM. A slight
amount of vapor that may have escaped from a
boiler was observed at the top of the ILM.

Surface penetrability decreases quickly within
the first few inches of the surface. The first evi-
dence of this decrease was the 2- to 3-in, pene-
tration of the LM footpads and the rather shal-
low trenching by the landing probes. When
specifically probed more than 4 or 5 in., the sur-
face was found to be quite firm. This firmness
was clearly evident during deployment of the
staffs of the U.S. flag and the Solar Wind Com-
position Experiment. Probing of the initial 4 or
5 in. of the surface was relatively easy; however,
6 to 8 in. was as far as the flagstaff would pene-
trate the surface. The surface penetration by the
core tubes was no greater than 8 or 9 in., even
when the sampler extension was hammered hard
enough to be significantly dented. In contrast,
the soil offered very little lateral support to the
staffs and core tubes when they were left to
stand by themselves. There were no rocks under
the core tubes during the driving operations.
The material at the bottom of the core sample
appeared to be darker than the surface material,
and this material packed in the tube and ad-
hered to the sides of the tube in the same man-
ner as wet sand or silt,

When kicked or scuffed, lunar material moved
away radially. The ballistic trajectory patterns
of this kicked material depended upon the angle
of impact of the boot. Most of the particles had
the same angle of departure and velocity so that
a large proportion of the particles impacted the
same distance from their source. In the lunar
environment, a cloud of kicked material did not
settle slowly as would have occurred if material
were kicked on Earth. The material disturbed
by our walking or kicking was generally dark
when contrasted with undisturbed material
nearby,

Summarizing the vertical soil profile of lunar
materials as we observed it, the following zones
can be defined in order of increasing depth:
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(1) A very thin (less than one-eighth in.)
light-gray to tannish-gray dusty zone

(2) A thin (about one-fourth in.) dark-gray
caked zone that will crack 5 to 6 in. away from
where force is applied

(3) A 2- to 6-in-thick zone of soft, dark-gray
to cocoa-gray, slightly cohesive sandy-to-silty
material that will hold slopes of probably 70°

(4) A zone that is gradational with zone 3
and is similar to zone 3 except for a marked
increase in firmness and resistance to penetra-
tion

Zone 3 is the only zone with a thickness that
clearly varies with topography, being thickest
on the rims of small craters. There was, how-
ever, no noticeable thickening of zone 3 on the
rim of the large crater just east of the LM. The
distribution of rock fragments was not notice-
ably different among the soil zones, except for
an apparently lower concentration in zones 1to
3 on the rims of the small craters.

Sampling Operations

Contingency Sample

The contingency sample was obtained by
taking several partial scoops of soil from zones
1, 2, and 3 in the area in front of quad IV of
the LM. There was noticeable difficulty in
scooping deeper than about 2 or 3 in. because
of an increase in soil firmness. An effort was
made to include several small rock fragments in
the sample. All the sample was taken from an
area that did not appear to have been disturbed
by the descent engine gases.

Bulk Sample

The bulk sample was obtained in front of
quad IV and the +Y landing gear of the LM.
This sample consists largely of scoops of soil
from zones 1, 2, and 3 to a depth of about 3 in.
and of randomly selected rock fragments from
the surface. In some instances it was not pos-
sible to scoop more than 1 or 2 in. below the
surface: however, there appeared to be no hard
layer at that depth.

Documented Sample

The documented sample was taken very rap-
idly, and no attempt was made to actually docu-

ment the samples by voice or photography.
However, an effort was made to select as wide
a variety of samples as possible. The first few
rocks were collected from the surface and sub-
surface 15 to 20 ft north of the LM. In an
attempt to avoid the effects of the descent
engine gases, the rest of the rocks were col-
lected in the area between the LM and the
double elongate crater to the southwest of the
LM and in the area between the LM and the
Early Apollo Scientific Experiments Package
site to the south of the LM.

Core-Tube Sampler

The core-tube samples were taken approxi-
mately 10 ft apart about 20 ft northwest of the
LM. This area had been generally disturbed by
previous operations; however, the samples were
not taken directly in footprints.

Photographic Operations

The 70-mm Hasselblad photographs generally
were taken using the recommended exposure
settings. In some instances on the lunar surface,
however, we interpolated between these set-
tings. When exposure conditions were marginal
or when a large amount of film remained, we
used a range of exposures. Focus settings were
selected to give as good a focus as possible at
the object of interest, rather than using the pre-
selected focus detents.

Physiological Effects

Distances on the lunar surface are deceiving.
A large boulder ficld located north of the LM
did not appear to be too far away when viewed
from the LM cockpit. However, on the surface
we did not come close to this field, although we
traversed about 100 ft toward it. The flag, the
television camera, and the experiments, although
deployed a reasonable distance away from the
LM and deployed according to plan, appeared
to be immediately outside the window when
viewed from the LM cockpit. Because distance
judgment is related to the accuracy of size esti-
mation, it is evident that these skills may require
refinement in the lunar environment.

The lunar gravity field also has differing
effects on Earth-learned skills. Although the
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gravitational pull on the Moon is known to be
one-sixth of the gravitational pull on the Earth,
objects seem to weigh approximately one-tenth
of their Earth weight. The mass of an object
makes the object easy to handle in the reduced
lunar atmosphere and gravitational field. Once
moving, objects continue moving, although their
movements appear to be significantly slower in
the Junar environment. However, personal ma-
neuvering on the lunar surface gives the impres-
sion that the gravitational pull is similar to
Earth gravity; that is, suited mobility on the
Moon does not seem to be much different from
unsuited mobility on the Earth.

Finally, the absence of any natural vertical
features, coupled with the poor definition of the
horizon and the weak gravity indication at the
feet of an observer, causes difficulty in identifi-
cation of level areas when looking down at the
surface. The ability to discern level areas is
further complicated by the fact that, when a
lunar observer is wearing a spacesuit, the center
of mass of the lunar observer is higher and far-
ther back than the normal center of mass of an
observer on Earth.

Walking in the up-Sun direction posed no
problem, although the light was very bright

with the Sun shining directly into the visor.
While walking in the down-Sun direction, most
objects were visible, but the contrast was
washed out. Varying shapes, sizes, and glints
were more easily identified in the cross-Sun
directions.

Although Tranquility Base is a relatively
smooth area, the operation of a mobile vehicle
in this area would require careful planning,
Steep slopes, deep holes, and ridges cover the
surface. Special consideration must be given to
these characteristics when designing a mobile
vehicle that will operate in such an environment.

Solar Corona Observations

During translunar flight, we observed that the
solar corona had no noticeable structure or
variation in color. The change in illuminosity
with radius was similar to that of zodiacal light,
especially of long-time-exposure photographs of
zodiacal light. Because illuminosity decreased
evenly with radius, any estimate of the coronal
diameter would depend on how closely one were
looking at the illumination; if one were looking
very closely, the corona might have a diameter
of two, or maybe three, lunar diameters.
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concerning the positions, sizes, and orientation
of features on the lunar surface around the lunar
module (LM) are being extracted from the
photographs by methods that are necessarily
laborious. With further work, it is expected that
a fairly detailed picture of the topography and
geology of the landing site will be recovered and
that the original positions on the lunar surface
of additional returned specimens will be lo-
cated. When this has been accomplished, a full
interpretive report on the geology will be pre-
pared.

Regional Geologic Setting

The Apollo 11 LM landed approximately
20 km south-southwest of the crater Sabine D in
the southwestern part of Mare Tranquillitatis
(fig. 3-1). The landing site is 41.5 km north-
northeast of the western promontory of the Kant
Plateau (ref. 3-1), which is the nearest highland
region. The Surveyor 5 spacecraft is approxi-
mately 25 km north-northwest of the Apollo 11
landing site, and the impact crater formed by
Ranger 8 is 68 km northeast of the landing site.

Mare Tranquillitatis is a “blue” mare (refs.
3-2 and 3-3) of irregular form. The following
characteristics suggest that the mare material is
relatively thin:

(1) An unusual ridge ring named Lamont,
which occurs in the southwest part of the mare,
may be localized over the shallowly buried rim
of a pre-mare crater.

(2) No large positive gravity anomaly, such
as those occurring over the deep mare-filled cir-
cular basins, is associated with Mare Tranquilli-
tatis (ref. 3-4).

The southern part of Mare Tranquillitatis is
crossed by relatively faint, but distinct, rays
trending north-northwest (fig. 3-2) and by
prominent secondary craters that are associated
with the crater Theophilus, which is located
320 km southeast of the LM landing site,
Approximately 15 km west of the landing site is
a fairly prominent ray that trends north-north-
east. The crater with which this ray is associated
is not definitely known; the ray may be related
to the crater Alfraganus, 160 km southwest of
the landing site, or to Tycho, approximately 1500
km southwest of the landing site. Neither the
ray that trends north-northeast nor any of the

rays that trend north-northwest cross the landing
site; these rays are sufliciently close, however,
so that material from Theophilus, Alfraganus, or
Tycho is possibly found in the vicinity of the
LM landing site. Other distant craters may also
be the source of fragments which lie near the
LM landing site. In particular, the crater Moltke,
which is 40 km southeast of the landing site,
may be a source of fragments. Potential distant
sources of fragments are in the highlands and
in the maria.

On the basis of albedo and crater density,
three geologic units can be distinguished in the
mare material in the vicinity of the landing site,
The LM landed on the most densely cratered
unit of these three geologic units. These units
may correspond to lava flows of different ages;
if this is true, the unit at the landing site is prob-
ably the oldest.

A hill of terra material, located 52 km east-
southeast of the landing site, protrudes above
the mare surface. The occurrence of this hill
suggests that the mare material in this region
is very thin, perhaps no more than a few hun-
dred meters thick. Craters, such as Sabine D and
Sabine E (fig. 3-2), with a diameter greater
than 1 km, may have been excavated partly in
pre-mare rocks; and pre-mare rock fragments
that have been ejected from these craters may
occur in the vicinity of the LM landing site.

Geology of the Apollo 11 LM Landing Site

The LM landed approximately 400 m west of
a sharp-rimmed ray crater, approximately 180 m
in diameter and 30 m deep (fig. 3-3), which had
been informally named West Crater. West
Crater is surrounded by a blocky ejecta apron
that extends almost symmetrically outward ap-
proximately 250 m from the rim crest. Blocks
as large as 5 m wide occur on the rim and in
the interior of the crater. Rays of blocky ejecta
with many fragments from % to 2 m in width
extend beyond the ejecta apron west of the
landing point (fig. 3-4). The LM landed in a
region between these rays that is relatively free
of extremely coarse blocks.

At the landing site, the lunar surface consists
of unsorted fragmental debris, which ranges in
size from particles that are too fine to be re-
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Freune 3-3. — Mosaic of Lunar Orbiter 5 photographs showing the location of the LM landing
site and of West Crater.

solved by the naked eye to blocks 0.8 m wide.
This fragmental debris forms a layer, the lunar
regolith, which is porous and weakly coherent
at the surface. The regolith grades downward
into similar, but more densely packed, material.
The bulk of the regolith consists of fine par-
ticles, but many rock fragments were encoun-
tered on the surface and in the subsurface.
The surface of the regolith is pockmarked
with small craters ranging in diameter from only
a few centimeters to several tens of meters.
Immediately southwest of the LM landing site
is a double crater (15 m long, 8 m wide, and
1 m deep) with a subdued raised rim (fig. 3-5).
Approximately 60 m east of the LM landing site
is a steep-walled, but shallow, crater with a
raised rim. This crater, which is 33 m in diam-
cter and 4 m deep, was visited by Astronaut

Neil A. Armstrong near the end of the EVA
(figs. 3-3 and 3-6).

Many of the small craters have low, but dis-
tinct, raised rims; some rims are sharply formed,
but most rims are subdued. Other craters are
shallow and rimless, or nearly rimless. The small
rimless craters are commonly merged together
to form irregular shallow depressions. Both the
craters and the irregular depressions are distrib-
uted without apparent alinement or pattern.
Small craters are scattered irregularly on the
rims, walls, and floors of larger craters (fig.
3-5).

All the craters in the immediate vicinity of
the LM landing site have rims, walls, and floors
composed of fine-grained material. Scattered,
coarser fragments occur in about the same
abundance in these craters as occur on the inter-
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Ficure 3-4. — Hasselblad photograph AS11-37-5488 taken from the LM window and showing
a ray of coarse blocks north of the LM landing site.

FIGURE 3-5. — Mosaic of Hasselblad photographs taken from the LM window showing the
double crater located southwest of the LM landing site.

Froure 3-6. — Mosaic of Hasselblad photographs showing the 33-m-diameter crater east of the
LM landing site.
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crater areas. These craters are approximately
1 m or less in depth; they have evidently been
excavated entirely in the regolith.

In the 33-m-diameter crater east of the LM
landing site, the crater walls and rim have the
same texture as the regolith has elsewhere; how-
ever, a pile of blocks occurs on the floor of the
crater (fig. 3-6). The crater floor probably lies
close to the base of the regolith. Several craters
of about the same size as the 33-m-diameter
crater {with steep walls and shallow, flat floors
or floors with central humps) occur in the region
around the landing site (fig. 3-3). Judging from
the depths of these craters, the thickness of the
regolith is estimated to range from 3 to 6 m.

An unexpected discovery made by Astronaut

Armstrong was the presence of blebs of material
with specular surfaces. These blebs of material
partially covered 2- to 10-cm-diameter areas in
the bottom of six or eight 1-m-diameter raised-
rim craters. Astronaut Armstrong observed these
apparently glassy blebs, which resembled drops
of solder (fig. 3-7), only in craters. The form of
the blebs suggests they had been formed by the
splashing of molten material traveling at low
velocity, The distribution of the blebs suggests
that they are natural features on the lunar sur-
face; however, the possibility exists that the
blebs are artifacts that were produced by the
landing of the LM,

In addition to craters, the surface of the rego-
lith is marked by small, shallow troughs (fig.

Figure 3-7.— Closeup stereophotograph AS11-45-6704A showing glassy blebs on the lunar

surface.
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3-11). By using photographs taken 19 m south-
east and 12 m north of the center of the LM
landing site, a preliminary study was made of
the troughs. Most of the troughs are a fraction
of a centimeter to a centimeter deep, approxi-
mately % to 3 em wide, and 3 to 50 cm long;
three of these troughs that were observed are
2 to 3 m long. The troughs are located 3 to 5 cm
apart in areas in which they are prominent. One
set of troughs trends northwest; another set
(which is comparable to the northwest-trending
troughs in abundance, but are more dispersed in
orientation) trends northeast to north-northeast.
A few troughs were observed that trend in
other directions. Troughs of similar appearance
were noted in many other photographs, but the
orientations of these other troughs have not yet
been determined.

Coarse fragments are scattered in the vicinity
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Ficure 3-8. — Topographic map of part of the lunar
surface visible from both windows of the LM show-
ing the distribution of rock fragments.
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Frcure 3-9. — Cumulative size-frequency distribution of
rock fragments coarser than 3.2 em at the LM landing
site, compared with size and frequency of rock frag-
ments at Surveyor landing sites.

of the LM landing site in approximately the
same or somewhat greater abundance than is
found at the Surveyor 1 landing site (figs. 3-8
to 3-10) (ref. 3-5). These coarse fragments are
distinctly more abundant in these two sites than
they are at other Surveyor landing sites on the
maria, including the Surveyor 5 landing site,
which is northwest of the LM landing site. Simi-
lar to the Apollo 11 LM, Surveyor 1 landed near
a fresh blocky rim crater but beyond the apron
of coarse blocky ejecta. It may be inferred that
many rock fragments in the immediate vicinity
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Ficure 3-10. — Hasselblad photograph AS11-40-5851 of the region south of the LM landing
site from which selected rocks were collected by Astronaut Armstrong.

Ficure 3-11, — Hasselblad photograph AS11-40-5913
showing part of the lunar surface marked by linear
troughs. -

of the spacecraft, at both the Surveyor 1 and the
Apollo 11 landing sites, were derived from the
nearby blocky rim crater. Fragments derived
from West Crater may have come from depths
as great as 30 m beneath the mare surface.

The fine-grained matrix of the regolith con-
sists chiefly of microscopic particles. The rego-
lith is weak and easily trenched to depths of
several centimeters. Surface material was easily
dislodged when kicked. When the flagpole for
the U.S. flag and the core tubes were pressed
into the surface, they penetrated with ease to
a depth of 10 to 12 cm. At that depth, the
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regolith was not sufficiently strong, however, to
hold the core tubes upright; a hammer was
needed to drive them to depths of 15 to 20 cm.
At several places, rocks were encountered in the
subsurface by the tubes, rods, and scoop that
were pressed into the subsurface.

The astronauts” boots left prints approximately
3 mm to 3 em deep in the fine-grained regolith
material (fig. 3-12). Smooth molds of the boot
treads were preserved in the bootprints, and
angles of 70° were maintained in the walls of
the bootprints. The fine-grained surficial material
tended to break into slabs, cracking as far as
12 to 15 cm from the edges of the footprints.

The finest fraction of the regolith adhered
weakly to boots, gloves, spacesuits, handtools,
and rocks on the lunar surface. On repeated con-
tact, the coating on the boots thickened until

Freure 3-12. — Hasselblad photograph AS11-40-5877
showing an astronaut’s bootprint in the lunar surface.

boot color was completely obscured. When the
fine particles of the regolith were brushed off,
a stain was left on the spacesuits.

In places where fine-grained material was
kicked by the astronauts, the freshly exposed
material was conspicuously darker than the un-
disturbed surface. As at the Surveyor landing
sites, the subsurface material probably lies at
depths no greater than a millimeter from the
surface. The existence of a thin surface layer of
lighter colored material at widely scattered
localities indicates that some widespread process
of surface-material alteration is taking place on
the Moon.

Fillets of fine-grained material are banked
against the sides of most rock fragments. The
fillets were observed at least as far as 70 m from
the LM, and most of the fillets are almost cer-
tainly natural features of the surface. On sloping
surfaces, Astronaut Armstrong observed that the
fillets were larger on the uphill sides of rocks
than on the downhill sides of rocks. The sides
of rocks are ballistic traps, and the fillets have
probably been formed by the trapping of low-
velocity secondary particles. Asymmetric devel-
opment of fillets around rocks on slopes may be
partly caused by preferential downhill transport
of material by ballistic processes and partly
caused by downhill creep or flow of the fine-
grained material.

Disturbances of the Lunar Surface Produced
by Landing of the LM

During the landing of the LM, the lunar sur-
face was moderately disturbed by the LM de-
scent-propulsion-system engine blast and by
contact of the landing gear with the surface.
After the LM had descended to within 30 m of
the surface, a sheet of fine dust was observed to
move radially away from the center of the
rocket plume. Particles composing this sheet, in
general, traveled close to the surface and were
deflected by the larger rocks.

The descent propulsion system continued to
fire a short time after landing; thus, the area
beneath the rocket engine is darkened and has a
strongly swept appearance. No detectable crater
was formed beneath the rocket engine, but a
thin, coherent crust appears to have developed.
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Ficure 3-13.— Hasselblad photograph AS11-40-5921
showing the lunar surface beneath the LM descent
propulsion system.

The crust is locally offset or broken (fig. 3-13).
The upper surface of the crust is marked by a
large number of fine grooves and ridges that
are alined radially with respect to a surface
point lying approximately beneath the center of
the rocket engine. The radial pattern of grooves
and ridges extends at least several meters past
the +Y footpad to the north of the LM (fig.
3-14), in the direction from which the LM
approached immediately prior to landing. In
other directions, the swept ground does not
appear to extend much past the footpads.

Probes that extended below the footpads dug
only a short distance into the surface and were
dragged to the south during the landing. The
footpads skidded along the surface (fig. 3-14)
and dug in no more than a few centimeters at
the leading edge. A small mound of fine-grained
material piled up at the leading edge of each
footpad.

Surface Traverse and Sampling Activities
of the Astronauts
The surface traverse and sampling activities

of the astronauts have been reconstructed from
clues provided by the voice transeript, from re-

Ficure 3-14. — Hasselblad photograph AS11-40-5918
showing the swept ground adjacent to the +Y foot-
pad of the LM.

view and analysis of the lunar television pic-
tures, from analysis of the 16-mm pictures taken
with a time-sequence camera mounted in the
LM cockpit, and from detailed study of photo-
graphs taken with Hasselblad cameras before,
during, and after the EVA.

The camera stations for Hasselblad survey
panoramas taken on the EVA were located by
photographic triangulation from mosaics. Hori-
zontal angles between the LM footpads were
measured on the photographs as a function of
the known field of view, and the angles were
drawn on tracing paper. The paper was then
manipulated over a scale drawing of the LM
until the lines intersected the appropriate pads
at the proper place. Once the panorama loca-
tions had been determined, azimuths were meas-
ured from two or more panoramas to conspicu-
ous features on the surface, and the positions of
the features were plotted by triangulation to
produce the map of figure 3-15. Individual phe-
tographs were located, and their orientations
were measured by similar methods, using for
control both the LM footpads and other features
on the lunar surface that had been located by
triangulation from the panoramas.
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Ficure 3-15. — Preliminary map of EVA photographs and television pictures taken at the

landing site.

Because the graphical method by which these
data have been obtained is fairly crude, azi-
muths shown for individual frames may have
errors of 3° or more. Positions of most of the
camera stations are probably within a 1.5-m
circle centered at the point shown. The determi-
nations are sufficiently accurate, however, to

provide a useful control net for an overall view

of the astronauts’ traverse and a starting point
for more rigorous analytical photogrammetric
measurements.

A traverse map has been prepared (fig. 3-16),
using for control the object locations obtained
by graphic solution. The plot of the surface trav-
erse of the crew was obtained primarily from
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Ficure 3-16. — Preliminary traverse map of the landing site.

study of the Hasselblad photographs. Regions
disturbed by walking are easily detected be-
cause of their lower albedo. A rough estimate of
the minimum total distance traveled by Astro-

nauts Armstrong and Aldrin combined is 750 to
1000 m. The most distant single traverse was
made by Astronaut Armstrong to the 33-m-
diameter crater east of the LM.
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LRL specimen 1002

FiGure 3-17. — Enlargement of 16-mm sequence-camera photographs (magazine X) showing
Astronaut Armstrong immediately prior to and immediately after scooping up
two rock samples in the first of two contingency sample scoops. (a) Imme-
diately prior to scooping. The larger rock (6 cm in width) has been identified
as LRL specimen 10022 (fig. 3-23). (b) Immediately after scooping. Note the
scoop mark where the two rocks had been lying on the lunar surface.

a3
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Ficure 3-18. — Enlargement of 16-mm sequence-camera photographs (magazine K) showing
Astronaut Armstrong immediately prior to and immediately after taking the
second contingency sample scoop. (a) Immediately prior to second scooping.
Note LRL specimen 10023 below the scoop. {b) Immediately after second
scooping. Note LRL specimen 10023 is missing, and a shallow scoop mark is
visible.
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Sampling Log
Contingenty Sample

The contingency sample was collected in full
view of the sequence camera immediately north-
west of the LM, and the collection time was
approximately 3 min and 35 sec. The sample
bag was filled with two scoops of sample having
a total weight of approximately 14 kg. From
study of the sequence film data (figs. 3-17 and
3-18), the regions that were scooped have been
accurately located on a pre-EVA LM window
photograph. Both scoops included small surface
rock fragments that were visible from the LM
windows prior to sampling (fig. 3-19).

Buik Sample

Astronaut Armstrong required 14 min to col-
lect approximately 16 kg of bulk sample, from
the beginning of sampling to sealing of the
Sample Return Container (SRC). Of that time,
5 min were spent in sealing the SRC. Astronaut

specimen 10022)

Armstrong went out of the television field of
view three times during bulk sampling; he tra-
versed twice to the left of the field of view for
a total of 1 min and 11 sec and once to the
right of the field of view for 35 sec. At least 17
or 18 scoop motions were made in full view of
the television camera, and at least five scoop
motions were made within the field of view of
the sequence camera (fig. 3-20). The total num-
ber of scoops was 22 or 23, Nine trips back to
the Modularized Equipment Stowage Assembly
(MESA) were made to empty the scoop. An
average of 2% scoop motions was required to fill
the scoop.

Documented Samples

A total of 5 min and 30 sec was spent by
Astronaut Aldrin in obtaining the two core-tube
samples, both of which were taken in the vicinity
of the Solar Wind Composition Experiment. The
driving of the first core was documented by the
television camera and by two individual Hassel-
blad photographs. The second core-tube location

Frcure 3-19. — Hasselblad photograph AS?1-39-5777 taken from the LM window showing rocks
A, B, C, and D, which were collected in the contingency sample scoops.
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Froure 3-22 — Enlargement from Hasselblad photograph
AS11-40-5857 showing the rocks that were sampled
in the second contingency sample scoop. The rocks
have been tentatively identified as LRL specimens
10023 and 10032.

<---Approximate contact of - Vertical
\\fine-grained material

cm
Approximate scale

Fieure 3-23. — Approximate orientation of LRL speci-
men 10022 in linar coordinates.

lected in the second contingency sample scoop,
has a characteristic deep depression 1.2 to 1.5
cm in diameter on its exposed face. This de-
pression facilitates identification and orientation.

Measurement of the rock from the Hasselblad
photographs indicates that the exposed part is
approximately 5 cm long. The LRL specimens
10021 and 10023 were studied as possible
matches because they were the only two remain-
ing rocks in the contingency sample that were
large enough. The LRL specimen 10021 was re-
jected because it does not contain a sufliciently
deep depression of the proper size (1.2 c¢cm) to
match that observed on the sampled rock. The
LRL specimen 10023, however, contains a deep
pit of the appropriate size. An approximate ori-
entation of LRL specimen 10023 with respect to
its position on the lunar surface is shown in
figure 3-24,

Less than 5 c¢m from rock C is a small rock
1% cm wide (rock D on figs. 3-19 and 3-22) that
was almost certainly collected in the second con-
tingency sample scoop but is too small to be
clearly resolved in the 16-mm sequence-camera
photographs. On the basis of size and shape,
this rock has been tentatively correlated with
LRL specimen 10032, which is the 12th largest
fragment in the contingency sample.

Bulk Sample

During collection of the bulk sample, five
separate scoop marks were made within view of
the EVA sequence camera. The location of these
marks on the lunar surface has been verified (fig.
3-20). At least two small rocks, 1 to 2 cm wide,
were included in scoops 4 and 5 (fig. 3-20) but
are too poorly resolved to be identified in the
photographs. Larger rocks collected in the bulk
sample include three or four rocks approxi-
mately 10 em wide, five rocks approximately
5 ¢cm wide, and 15 or more rocks that range
from 1 to 5 cm wide. Thus far, only one rock
10 em wide has been located and oriented.

A subrounded, equidimensional rock was de-
termined to be missing from a point approxi-
mately 4 m from the --7Z footpad at a 250°
azimuth (fig. 3-25). The rock was located by
comparison of pre-EVA and post-EVA LM win-
dow photographs. (For an example, sec fig.
3-26.) A study of figure 3-27, taken after bulk
sampling, verified that the rock had been re-
moved by the bulk sampling scoop. A sceop
mark is clearly visible in figure 3-27 in the posi-
tion that the rock had occupied. Measurement
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Fieure 3-24. — Orientation diagram of LRI specimen 10023. (a) The specimen is shown as
viewed from the southeast. The rounded surface and the approximate inter-
section of the rock surface with the lunar surface is shown. Orientation of the
specimen in lunar coordinates is shown. At top is LRI photograph $-69-45394,
{b) This diagram shows the flat, northwest face of the sample and the approxi-
mate intersection of the rock surface with the lunar surface. Orientation of the
specimen in lunar coordinates is shown. At top is LRL photograph S-69-45392,

of the specimen by comparison with bootprints
shows that it is 10 cm wide. The LRL photo-
graphs were searched for the larger rocks col-
lected in the bulk sample. The northeast face of
the rock as seen in photograph AS11-40-5853
(fig. 3-28) was readily identified in the LRIL
photograph §-69-45610 of LRL specimen 10046
(fig. 3-28).

Documenied Sample

Several rocks in the documented sampling
area south of the +Z footpad have been found
to be missing, moved, stepped on, or possibly
sampled. As yet, no definite correlations between

missing rocks and LRL specimens have been
made, but it is possible that several larger speci-
mens will be found after closer study.

The pre-EVA and post-EVA LM window
photographs show the southeastern part of the
sampling area (figs. 3-29 and 3-30). Missing
rocks, labeled E, F, and G in figure 3-29, are
clearly visible in photograph AS11-40-5945
taken during the EVA (fig. 3-31). Rock E ap-
pears to have been stepped on and broken, while
rocks F and G have definitely been removed
from their original position. Several small elon-
gate depressions near rocks F and G may be
seen in the post-EVA photograph (fig. 3-30),
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Ficure 3-25. — Enlargement from Hasselblad photo-
graph ASI11-40-5853 showing undisturbed rocks and
LRL specimen 10046.

<

Frcure 3-26. — Enlargement from Hasselblad photo-
graph AS11-37-5502 showing the disturbed rocks and
changes that occurred during EVA. ,L
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These depressions may have been formed by the
dragging of the specimens across the surface as
they were being collected. Rock F, which is ap-
proximately 20 cm across, apparently was not
returned in the documented sample container,
and it is suspected that this rock corresponds to
a large fragment picked up with the sampling
tongs and then dropped by Astronaut Armstrong
in this vicinity during documented sampling.!
With more detailed study, there is a good possi-
bility that rock G can be correlated with an LRL
specimen.

Rock Fragments

Individual specimens of returned rock have
been studied by the Lunar Geology Experiment

'Personal communication from Astronaut Armstrong,
Aug. 27, 1969,

0

Ficume 3-27. — Hassclblad photograph  AS11-40-5887,
which was taken from the second panorama-photo-
graph station, showing the region from which LRL
specimen 10046 was taken.

team by comparing Hasselblad photographs of
the rocks in their original positions on the Iunar
surface and photographs of the rocks taken in
the LRL. The purpose of these studies was to
determine the local geologic environment of
each specimen and the relationship of each
specimen to other rocks and materials at the
sample locality, From the field geologic relations
and the hand specimen characteristics of each
rock, an attempt has been made to extract the
data that bear on geologic processes that have
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cm

Ficome 3-28, — Hasselblad photograph AS11-40-5853
and LRL photograph $-69-45610 of LRL specimen
10046 showing the lunar orientation of the specimen.

affected the specimen and to extract data on the
geologic history of the specimen.

The data presented have been derived en-
tirely from photographs and have been obtained
independently from mineralogical and other in-
vestigations conducted in the LRL. Each re-
turned rock specimen is considered to be a
geologic entity with a unique history, and the
specimen is investigated as a whole, as it was
collected on the Moon, rather than analyzed for
its components. Of particular interest are the
diverse surfaces of each rock, from which much
can be learned about the history of the rock
after it became a fragment in the lunar regolith.

Ficure 3-29. — Hasselblad photograph AS11-39-5147
taken from the LM window looking south. This photo-
graph shows rocks F and G, which were probably
moved during the documented sampling period.

Ficure 3-30.— Hasselblad photograph AS11-39-5794
taken from the LM window looking south showing the
region where rocks F and G are missing.

By studying many rocks from this standpoint,
the processes may be elucidated by which the
lunar regolith and its constituent fragments were
formed.

Rock fragments at the Apollo 11 LM landing
site have a wide variety of shapes, and most of
the fragments are embedded to varying degrees
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Ficure 3-31. — A section of Hasselblad photograph
AS11-40-5945 showing the detail of rocks F and G.

in the fine matrix of the regolith. A majority of
the rocks are rounded to subrounded on their
upper surfaces, but angular fragments of irreg-
ular shape are also abundant. A few rocks are
rectangular slabs with a {aint platy structure.
Many of the rounded rocks, when collected,
were found to be flat or of irregular angular
shape on the bottom. The exposed part of one
unusual rock, which was not collected, was de-
scribed by Astronaut Armstrong as resembling
a distributor cap. When this rock was dislodged
with a kick, the sculptured “cap” was found to
be the top of a much bigger rock, the buried
part of which was larger in lateral dimensions
and angular in form.

The rocks sampled are of two basic types:
(1) rocks with crystalline textures of fine- to
medium-grain size and (2) aggregates of clastic
material. The most abundant of the returned
crystalline rocks are fine-grained rocks with
vesicular or platy textures that resemble ter-
restrial basalts. During his traverse on the Moon,
Astronaut Armstrong called these rocks basalts
and commented on the vesicles in some of them.
One of the best examples of these basaltlike
materials is LRL specimen 10022, which is de-
scribed in a later section of this report.

Subordinate in number to the basaltlike speci-
mens are medium-grained rocks that are com-

posed dominantly of dark-colored minerals plus
a white mineral, which may be plagioclase.
When interpreted in terms of terrvestrial rocks,
these lunar rocks resemble diabases and gabbros
(LRL specimen 10047), and feldspathic pyrox-
enites or peridotites (LRL specimen 10044). The
grain size of these specimens is 0.5 to 2 mm. The
texture, as revealed under stereoscopic examina-
tion of the photographs, consists of large
amounts of a euhedral dark-colored mineral,
which may be clino-pyroxene, with two cleav-
ages at about right angles and a white cleavable
mineral, which may be plagioclase. Some rocks
contain rounded dark-colored minerals sur-
rounded by jackets of the plagioclaselike and
pyroxenelike minerals. In LRL specimen 10044,
moreover, a stratiform banding is visible, al-
though it is difficult to distinguish from exfolia-
tion shells that are present in the same specimen.
These features are similar to the textures and
banding found in specimens from mafic phitonic
complexes on Earth,

Aggregates of weakly to strongly indurated
clastic materials, which are composed mostly of
rough-surfaced spheroidal to angular grains and
of clasts ranging from less than 0.1 to more than
1 em in diameter, constitute about half of the
returned rocks. These rocks appear to have been
formed by induration of the lunar regolith mate-
rial. Microbreccia is an appropriate term for
them. Typical specimens, which are described
in a following section of this report, are LRL
specimens 10023 and 10046. In two of the rocks
studied, the material appears to show stratifica-
tion (at the small scale of the specimen). Many
rounded grains are too small for their true char-
acter to be identified in photographs. Some
specimens appear to be composites, perhaps
made by cementation of silt-sized particles;
others appear to be rock fragments.

Minute deep pits, ranging from a fraction of
a millimeter to approximately 2 mm in diameter,
occur on the rounded surfaces of most rocks.
These pits were observed by Astronaut Arm-
strong, who recognized that they had been pro-
duced on the surface of the rocks and that they
were distinguishable from vesicles. Many of
these pits are lined with glass. They are present
on two microbreccia specimens (LRL specimens
10023 and 10046) that have been identified in
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photographs taken on the lunar surface and for
which the orientation of the rocks at the time
they were collected is known. The pits are found
primarily on the upper sides of these specimens;
therefore, they clearly have been produced by a
process acting on the exposed surface. The pits
do not resemble impact craters produced in the
laboratory, and their origin has not been deter-
mined.

On the rounded surfaces of some rocks, a thin,
altered rind has developed. The rind, which has
been observed on both the crystalline rocks and
the microbreccias, is characteristically approxi-
mately % to 1 mm thick. On freshly broken
faces, the rind is observed as a thin, light-colored
zone. The rind appears to be caused in part by
the shattering of mineral grains. Halos of light-
colored material, which is similar to the rind in
appearance, occur around the pits on many
specimens.

The rounding of the exposed upper surfaces
of many rocks suggests that processes of erosion
that lead to gradual rounding are taking place
on the lunar surface. Several processes may be
involved. On some rounded rock surfaces, indi-
vidual clasts and grains (of which the rocks are
composed) and glassy linings of the pits on the
rock surfaces have been left in raised relief by
general wearing away or ablation of the surface.
Rocks that exhibit this differential erosion most
prominently are microbreccia. The ablation may
be caused primarily by small-particle bombard-
ment of the surface.

Exfoliation is another major process of round-
‘ing. The rounded forms that characterize the top
surfaces of some of the rocks collected are clearly
caused by the peeling off of closely spaced ex-
foliation shells. Examples of rocks rounded by
exfoliation are LRL specimens 10044 and 10047,
The curved shells passing completely around the
specimen cross the mineral banding of the strati-
form rock (LRL specimen 10044) without devi-
ation and round off the corners of the rock. The
distributor-cap form observed by Astronaut
Armstrong may have developed by exfoliation
and could have been produced by spalling of
the free surfaces of the rock as a result of one or
more energetic impacts on the top surface.

The following paragraphs provide descriptions
of LRL specimens 10022, 10023, 10032, 10046,

and 10047 and tentative identification of the
regions of the lunar surface from which the
samples were selected.

Geologic Specimen Descriptions

LRL Specimen 10022

Geologic environment. LRL specimen 10022
is the third largest fragment collected in the
contingency sample., The specimen has been
tentatively identified in photographs of the
lunar surface, pending confirmation by photo-
grammetric measurements. The photographic
coverage of the specimen locality is good. Photo-
graphs AS11-39-5773, AS11-39-5774, and AS11-
39-5777, taken from the LM windows, provide
stereoscopic coverage of the locality, but only
with a short stereographic base. Photograph
AS11-40-5857, taken from near the foot of the
spacecraft ladder {panorama 1), also shows the
specimen.

A region approximately 1.1 by 24 m sur-
rounding LRL specimen 10022 was studied from
the photographs. The specimen is located ap-
proximately 2.5 m north of the center of the
spacecraft +Z footpad. Parts of the locality are
obscured by shadows cast by the +Y landing
struts of the spacecraft. The region studied is
relatively level, with no pronounced topographic
features (fig. 3-32). Areas enclosed by the
break-in-slope symbol in figure 3-32 are coa-
lescing, subdued depressions. Located approxi-
mately 4 cm northeast of LRI specimen 10022
is a sharp irregular depression approximately 10
cm across, which is the only depression of this
type in the region studied. Elongate troughs
measuring a fraction of a centimeter deep, % to
2 em wide, and 3 to 20 cm long are prominent
features at this locality. While most of the largest
troughs trend northeast, another set of troughs
trends northwest. Examination of photographs
taken during the EVA indicates that similar
troughs are present at least as far as 60 m from
the LM.

Approximately 280 fragments between % and
2 cm, and 11 fragments (including LRL speci-
men 10022} between 2 and 8 cm wide, are
scattered over the region studied. Of the 11
larger fragments, LRL specimen 10022 and one
smaller fragment are angular; the other nine
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Froure 3-32. - Hasselblad photograph AS11-39-5777
and map showing the region around LRL specimens
10022 and 10028 that was studied.

fragments are rounded. The 11 larger fragments
appear to be randomly scattered over the region
studied, Fragments 1 to 1% cm wide are con-
centrated more heavily than average in two
areas within subdued depressions located west
and northwest of the center of figure 3-32,

Of the 11 fragments larger than 2 cm wide,
five rest on the surface, and as many as one-third
to one-half of the other six appear to be buried.
The extent to which fragments smaller than 2

cm wide are buried appears to vary uniformly
from almost total burial to no burial.

All the larger fragments have fillets of fine-
grained material banked against the sides that
are observable in the photographs. The fillets
are approximately 1 to 1% cm high on the four
largest fragments and are proportionately smaller
on the other seven fragments.

The 11 fragments that measure larger than 2
cm wide have no apparent relationship to sur-
rounding features, except for their own fllets,
The clusters of small fragments lying in the west
and northwest sectors of the center of the map
area may be remnants of low-velocity impact
projectiles that formed the craters.

LRL specimen 10022 lay within a level part
of the region, approximately 30 cm from the
edge of the nearest subdued depression. No ap-
parent relationship exists between the specimen
and the subdued depressions. It is conceivable
that the sharp irregular depression 4 cm to the
northeast of LRL specimen 10022 is a secondary
crater from which the specimen skipped. How-
ever, the presence of a fillet of fine-grained
material against the specimen suggests that it
had been in place for an appreciable length of
time, probably sufficiently long for any secondary
crater that may have been caused by the speci-
men to be more subdued than the sharp depres-
sion by surface processes.

LRL specimen 10022 is roughly tabular in
form and was slightly embedded in the regolith,
tilted southeast at a low angle to the surface.
The exposed part of the specimen is angular,
and the unexposed part is rounded ( fig. 3-33).
The fillet of fine-grained material was approxi-
mately 1 em high and 1% em wide, and the fillet
covered the southern part of the upper surface
of the rock. Little of the rock lay below the gen-
eral level of the surrounding surface. The fllet-
rock contact is marked by a light-colored zone
approximately one-third em wide on the re-
covered specimen (fig. 3-33).

The fragment nearest LRL specimen 10022,
located 2 em south of LRL specimen 10022,
was also collected in the contingency sample
and has been tentatively identified as LRL
specimen 10028. LRL specimen 10022 is one of
two crystalline rocks of significant size in the
contingency sample and is dissimilar in appear-
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Figurr, 3-33. — LRL photographs S-69-45209 and S-69-
45210 of LRL specimen 10022, (a) LRL photograph
§-69-45209. (b) LRL photograph 5-69-45210.

ance to LRL specimen 10028 and to all the other
fragments in the contingency sample. LRL spec-
imen 10022 is the most angular of the 11 largest
fragments in the region studied, which suggests
that LRL specimen 10022 may have been in its
photographed position on the lunar surface for a
shorter period of time than other fragments of
comparable size. However, the crystalline na-
ture of the specimen suggests that it may be
more resistant to erosion, which may also ac-
count for its higher degree of angularity. The
more rounded, buried part of the specimen sug-
gests that the underside was at one time the
upper surface and that the underside has been
exposed to lunar surface erosion processes for a
longer time than the present upper side,

Description. LRL specimen 10022 is a smaller
(2 by 4 by 6 cm) specimen of fresh-appearing
vesicular lava and is similar in vesicularity, tex-
ture, and crystallinity to many terrestrial basalts.
Smooth-walled vesicles ranging from 0.1 to 4
mm in diameter occupy approximately 15 per-
cent of the rock by volume. Some vesicles are
well oriented into vesicle trains; the vesicles
flatten and partially merge, near one edge of
the specimen, into an incipient zone of platy
jointing, Except where several vesicles have
merged into vuglike cavities, the majority of the
vesicles are either nearly spherical or have been
pulled into prolate spheroids that are apparently
oriented by flow. The vesicle walls appear to be
smooth, but slight modification shows that at
least some of them are coated by a botryoidal
substance with a vitreous luster.

Although the minerals are extremely fine-
grained, the apparently intergranular to dikty-
taxitic texture typical of basalt lava can be seen
in the photographs. The texture appears identi-
cal to that of many fresh olivine basalts from the
Oregon Cascades. Microlites appear to have heen
oriented by flow, and the flow lines deviate
around many of the vesicles in the same pattern
common to terrestrial basalts.

The outside of this specimen shows a higher
albedo than the interior. This condition was pos-
sibly caused by the opening up of the cleavages,
grain boundaries, and tiny incipient cracks in
the rock. This whitish rind, which is barely no-
ticeable on the edges of the broken surface in
LRL photograph S-69-45380, penetrates the
rock to a depth of approximately 1 mm. Pits
filled with glassy material and small fractures
containing glassy materials occur on the surface
of the specimen.

LRL Specimens 10023 and 10032

Geologic environment. LRL specimen 10023
was collected approximately 4 m west of the
+Y footpad. LRL specimen 10032 is believed
to have been collected within a few centimeters
of LRL specimen 10023. A region approximately
2.5 by 3 m and centered on the rock (fig. 3-34)
was studied to determine the geologic environ-
ment of these specimens. The region is gently
rolling with several broad, subdued, and irregu-
lar depressions and four well-defined circular
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Ficure 3-34. — Hasselblad photograph A$11-39-5774
and map showing the region around LRL specimens
10023 and 10032 that was studied.

craters, One circular crater has a distinct raised
rim around three-quarters of its circumference.
LRL specimens 10023 and 10032 are embedded
on the western edge of a subdued, irregular de-

pression in a part of the surface that slopes
gently to the east.

Two well-defined sets of linear features ex-
tend across the region studied, The first set con-
sists of both slightly curved and straight troughs
that range in length from approximately 2 cm to
approximately 10 to 15 em and trend in a north-
easterly direction. This set is best seen when
figure 3-34 is viewed obliquely from the upper
right-hand corner.

Within the northeast set of lineations, a north-
trending zone approximately 15 to 20 cm has
wide straight troughs that trend northeast and
curved troughs that trend in a northerly direc-
tion, This zone is most noticeable when figure
3-34 is viewed obliquely from the upper left-
hand corner. The north-trending zone is on part
of the surface that slopes gently toward the west,
where the lower angle of lighting enhances the
detectability of subtle breaks in slope,

The second set of linear features may be seen
in the Hasselblad photographs as ridges, narrow
troughs, and subtle tonal differences that trend
in a northwesterly direction, These features can
be seen best by viewing figure 3-34 obliquely
from the upper right-hand and lower left-hand
corners.

Approximately 1000 fragments between % and
I em wide, 35 fragments between 1 and 6 cm
wide, and two fragments 15 cm wide are scat-
tered over the region studied. LRI specimen
10023 is the third largest fragment in the area,
Most fragments of intermediate size are angular,
but LRL specimen 10023 is rounded on the side
facing the LM. One of the two largest fragments
is very rounded, and the other has a prominent
flat face. The small fragments are locally con-
centrated in low areas and are absent from
higher areas. In addition, the number of small
fragments tends to decrease toward the south
and southeast.

Most larger fragments (1 to 20 cm wide) do
not appear to be related to the depression in the
surface. However, fragments measuring 1 to 3
cm wide that surround the two sharper depres-
sions in the southwest part of the region could
be pieces of projectiles that caused the two de-
pressions. Impact of the larger rock in the north-
west part of the region studied could have



68 APOLLO 11 PRELIMINARY SCIENCE REPORT

formed the depression that lies immediately to
the right of the rock.

Most small fragments rest on the surface or
are buried only slightly, as suggested by the
relatively long, sharp shadows they cast. The
intermediate and large fragments (I to 15 cm
wide) have fillets or embankments of fine-
grained material around their visible sides.

On the two largest fragments and on LRL
specimen 10023, the fillets appear to be better
developed or perhaps restricted to the south-
east faces. The fillets have gradational bound-
aries that change to sharp boundaries as they
are traced from left te right around the south-
east faces of the rocks. The distribution of the
fillet is especially well shown on the large rock
near the western edge of the region studied.
Examination of stereophotographs AS11-40-5856
and AS11-40-5857 shows that the southeast face
of the rock, which appears to overhang the lunar
surface slightly, has a fillet that extends approxi-
mately two-thirds up the face and ends abruptly
at the southwest corner of the rock.

These relationships suggest that the fillets

were either formed from or enhanced by mate-
rial moving toward the northwest, that is, paral-
lel to the northwest set of lineations. Possibly
both the fillets and the northwest-trending line-
ations have been partly formed from or en-
hanced by fine-grained material swept along the
lunar surface by the effluent of the LM descent
propulsion system.

Neither LRL specimen 10023 nor LRI speci-
men 10032 has any evident genetic relationship
to the local depressions and craters or to either
large or small fragments in the region studied.
Like the other large fragments, LRL specimen
10023 has a well-developed fillet on the south-
east face. If the fillets are of natural origin, the
presence of the fillet on the LRL specimen 10023
indicates that the specimen was located in the
position in which it was found for at least the
period of time that was required for the fillet to
be formed. However, if the fillets near the LM
have been built largely during the landing by
the descent engine effects, then LRL specimen
10023 could have been emplaced fairly recently.

Description. LRL specimen 10023 has an ovoid
shape and is tapered at one end, with a broadly
rounded side and a nearly Hat side. The specimen
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Fieure 3-35. — Photographs and maps of LRL specimen
10023. {a) LRL photograph $-69-45394 and map
showing the view from southwest of the specimen.
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is approximately 5.5 cm long, 2 to 3 cm wide, and
1.5 to 2 em thick. Part of the rounded side is
covered with fine dust, but the flat side is fairly
free of dust and reveals that the specimen is a
fine-grained clastic rock with scattered sub-
rounded rock fragments of up to 5 mm in diam-
eter,

The rounded ovoid shape of the specimen
(fig. 3-35(a)) is irregular in detail, In the cen-
tral part of the rounded side, a broad depression
is formed by many coalescing, shallow, and ir-
regular cavities and round pits. Adjacent to this
depression, toward the tapered “front” end,
round deep pits are abundant and so closely
spaced that some pits intersect others and indi-
cate more than one generation of pitting. Fewer
of these pits were evident near the edges of the
specimen, and none could be identified from the
photograph of the flat side of the specimen.

0 1 2
cm (b)

Frcure 3-35 (continued). — (b) LRL photograph §-69-
45393 and map of the flat side of the specimen.

The flat side of the specimen (fig. 3-35(b)) is
marked by two parallel flat surfaces separated
by an irregular longitudinal scarp approximately
% to 1 mm high. A few small cavities are present,
but no round pits of the type found on the
rounded side appear. An irregular fracture pat-
tern occurs on the flat side. The fractures are
short, discontinuous, and largely filled with dust.

On the rounded side of the rock, near the
tapered end, is a set of short fractures, 3 to ¢

Obfique view of front, top,and right side
L ] i
0 1 ?
cm (c)

Freure 3-35 (concluded). — (¢) LRL photograph S-69-
45387 and map showing the pits on the rounded side
of the specimen.
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mm long. These fractures are largely dust filled
and do not appear to penetrate far into the
rock. On a few sides and corners, short, curved
fractures exist, which may be exfoliation fea-
tures.

The numerous pits on the rounded side of the
specimen (fig. 3-35(c)) range in size from ap-
proximately 0.3 to 2.3 mm. Most of these pits
are deep, but some of the larger ones are shallow
and bowl shaped. Many have raised rims, and
some of the rims are surrounded by narrow,
whitish halos. The larger pits grade in shape
into irregular cavities and depressions. Cavities
appear to be a composite of merged pits of
various sizes. On the edges and flat side of the
rock, the irregular cavities are few and small
(mostly less than 1 mm long), and they appear
to be caused by the dropping out of one or more
lithic fragments or mineral grains.

LRL specimen 10023 is a fine-grained clastic
rock containing widely and irregularly scattered,
subangular rock fragments. The average grain
size of the distinguishable fine material is ap-
proximately 0.2 mm. The rock fragments range
from 0.5 to 4 mm and are mostly concentrated
near the tapered end of the specimen, although
fairly large fragments appear in other parts of
the specimen. Most of the fine material consists
of medium-gray, angular to subangular grains.
Scattered through this matrix are white grains,
many of them tabular or lath shaped, which re-
semble crystals and cleavage fragments. A few
white grains appear to be curved and others are
Y-shaped, which gives them the appearance of
shards. These white grains range in size from
0.2 to 1 mm in length. Some of the larger laths
show partial separation along apparent cleavage
planes.

The larger rock fragments or clasts all seem to
be fine-grained crystalline rocks with the texture
of basalt. Randomly oriented, lath-shaped white
“crystals” compose 40 to 60 percent of these
rocks and are enclosed by a matrix of smaller
gray minerals. The average grain size of the
crystals is approximately 0.5 mm. Although many
of the rock clasts are elongate, there appears to
be no preferred orientation.

A faint layering that is essentially parallel to
the flat face of the rock can be traced on the
lower sides of the specimen. The layers are 1 mm

or less in thickness and seem to be marked by
alternating coarser and finer textures. Some of
the elongate white grains appear to be concen-
trated along thin layers and are oriented parallel
to the planar structure.

LRI specimen 10032 is bounded by numerous
irregular faces that show no apparent control
by joints or other platy structures, Most faces
are remarkably fresh with only slightly rounded
edges and corners. One face, however (fig.
3-36(a)), is smoothly undulating with more
rounded edges and corners, and this face is
therefore assumed to have been the top as the
specimen rested on the lunar surface. This ori-
entation is consistent with the correlation of
LRL specimen 10032 with rock D in figures
3-19 and 3-22. The specimen has a pointed end,
which is believed to have been oriented toward
the LM landing site. No evidence remains of an
apron or fillet of fine particles having been
banked up against the sides of the specimen.

Irregular vesicles ranging in size from approx-
imately 0.2 to 1 mm wide are unevenly scattered
throughout the rock, but most are concentrated
in two zones 5 to 6 mm apart, as shown in figure
3-36(b). Most of these vesicles show a parailel
elongation and form a distinct lineation that is
interpreted to represent the direction of flow of -
lava. Two larger, nearly spherical vesicles 1 and
2 mm wide appear on two of the faces. Most of
the vesicles seem to be lined with smooth spec-
ular material, but in a few vesicles, small crys-
tals are visible on the walls.

LRL specimen 10023 is a breccia of small
subangular lithic fragments in an extremely fine-
grained matrix. The specimen strongly resembles
the material of the regolith, as photographed by
the Apollo Lunar Stereo Closeup Camera, ex-
cept that this specimen is strongly indurated.
The shape and distribution of pits suggest that
the rounded side of the specimen was formerly
the top surface and that the flat side was the
bottom surface. However, the specimen was not
oriented with the flat side down at the time it
was collected; both the rounded and the flat
sides were partially buried in the regolith. Prob-
ably the rock had not been in its last position on
the lunar surface for a substantially long period
of time.

Description. LRL specimen 10032 is a small
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Explanation

Y Light-colored crystals and crystal aggregates

A 4 Light-colored crystal aggregates
Nearly complete dust cover
Shadowed area

& [rregular pits

e Small pits with white halos

o

Small vesicles (?)
~  Small fractures

. Small, bright spherules

Ficure 3-36, — Photographs and maps of LRL specimen
10032. (a} LRL photograph $-69-46010 and map of
the top of the specimen,

irregular rock fragment, approximately 2 cm long,
1 cm wide, and % cm thick (the 12th largest from
the contingency sample ), whose location has been

Bottom and end view

I N N N |

0 .5 l
cm {b)

Ficure 3-36 (continued).— (b) LRL photograph 5-69-
46007 and map of the bottom and end of the specimen.

tentatively identified on the lunar surface. Study
of the specimen has been based on LRL photo-
graphs S-89-46006 to S-69—46015, in which the
specimen is enlarged approximately six times.
The different views are stereoscopic.

On the assumed top of the specimen, a few
scattered small, round pits appear that seem dif-
ferent from the vesicles. These pits are 0.2 to
0.4 mm wide and several are surrounded by a
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smaller fragments are buried varies uniformly
from almost total burial to no burial.
All but one of the larger fragments have fillets
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Explanation

Q LRL specimen 10046

>  Rounded rock fragment
JSiteted Angular rock fragment
o> Rock fragment
Fillet of fine-grained material on the side of
T a rock fragment; boundaries show the break
in slope away from the fragment
- The break in slope at the margin of a subdued

depression of a crater; hachures point downslope
Axis of shallow trough
Ficure 3-37. — Hasselblad photograph AS$11-40-5853

and map showing the region around LRL specimen
10046 that was studied.

of fine-grained material banked against the sides
that are observable in the photographs. The
fillets are approximately 1 to 2 cm high on the
large fragments. No correlation between the
height of the fillets and the angularity of the
rocks has been established.

The relatively large, angular fragments ap-
pear from the LM window partial panoramas to
be mere abundant in the vicinity of the 2-m-
diameter crater (upper left, fig. 3-37). The pos-
sibility exists that the angular blocks were ejected
from within the regolith (from the 2-m-diameter
crater) and that the rounded fragments have
been exposed at the lunar surface for a longer
period of time. It is also possible that the angular
fragments are more resistant to lunar surface
erosive processes than are the rounded frag-
ments.

The LRL specimen 10048 is unique among the
rocks in the small block field. Photographs and
maps of this specimen are shown in figure 3-38.
The specimen is only slightly embedded in the
regolith (no more than 1 or 2 cm) and is the
only rounded fragment that protrudes markedly
above the surface. The specimen is the only
large fragment of equant shape. The fillet ex-
tends approximately 1 cm high on the specimen.
The lack of burial and low fillet of the specimen
suggest that it has been in its present position
for a short period of time. However, the large
number of pits on the lunar top surface of the
specimen {fig. 3-38(e)) suggests that the upper
surface of the specimen has been subjected to
lunar surface processes for a long period of time.

Description. LRL specimen 10048 is a large
rounded rock that was collected in the bulk
sample. Six stereoscopic orthogonal views of the
specimen were photographed. Arbitrary num-
bers and relative orientations have been assigned
to the respective faces as follows:

Face no. Figure no.
1 (front) 3-38(a)
2 {right side) 3-38(b)

Photographs
S-69-45614 to S—-69-45616

5-69-43611 to S—69—45613 and
5-69-45623 to S-69-45625

3 (rear) 3-38(c) S-69-45609 .and S-69-45610

4 {left side) 3-38(d) S-69-45617 to S-69-45619 and
5—69-45629 to 5-69-45631

5 (top) 3 38(e) S5-69-45620 to S-69-45622

6 (bottom) 3-38(f) S$-69-456286 to S§-69-45628
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Explanation

Large, light clast

Small, light clasts

Heavy dust coating on the surface
Moderate dust coating on the surface
Light dust coating on the surface
Shadowed area

Z RGeS

-~—~— Fracture

""" Subtle trough or base of subtle scarp; probably
the eroded edge of a resistant internal layer; in
places, light-colored clasts are alined along
adjacent ridges

frregular cavity

© 3

Pit, commonly with raised rim and light-colored halo

Ficure 3-38. — Photographs and maps of LRI specimen
10046. (a) LRL photograph $-69-45616 and map of
the front (face 1} of the specimen.

[T VS .
0 1 2
cm (b}

Frcure 3-38 (continued). — (b) LRL photograph S-69-
45613 and map of the right side (face 2] of the spec-
imen.

LRL specimen 10046 was oriented before col-
lection (fig. 3-28) with face 1 to the southwest,
face 2 to the southeast, face 3 to the northeast,
face 4 to the northwest, and faces 5 and 6 as
the top and bottom, respectively. Fine particles
partly obscure faces 1, 3, 4, and 6.

LRL specimen 10046 is roughly ovoid, meas-
ures approximately 10 by 8 by 7.5 em, and has
three approximately orthogonal flattened sides
(faces 3, 4, and ). Face 1 is a relatively smooth,
convex surface with a deep irregular indentation
in the upper right corner. Face 2 is smoothly
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icl

Froure 3-38 (continued). — (¢) LRL photograph S-69-
45609 and map of the rear (face 3) of the specimen,

rounded on the top and left sides and is irregu-
larly broken at the bottom and the right sides.
Face 3 is virtually flat but has sharp irregular
indentations scattered over it. Face 4 is a rough,
broken surface that is largely coated with fine
particles. The lunar top surface of the specimen
(face 5) is gently domed, smooth on a coarse
scale, and densely pitted on a fine scale. The
lunar bottom surface of the specimen is vir-
tually planar and is heavily covered with fine
particles.

Subtle troughs and ridges, which are approxi-
mately parallel with the base of the specimen,
are visible on faces 1, 2, 3, and 4. These troughs
and ridges are probably the eroded edges of a
series of resistant layers that are most easily

low! 1 ]
0 1 2
cm {d)

Freure 3-38 (continued). — {(d) LRL photograph 5-69-
45619 and map of the left side (face 4) of the spec-
imen.

visible where the rock surfaces are obliquely
lighted. The stratiform appearance of the speci-
men is enhanced by a very slight sorting of fine
and coarse clasts in alternate layers and by the
discontinuous local alinement of light-colored
clasts.

A fracture system, which is most strongly de-
veloped on the lunar south and is displayed on
faces 1, 2, and 6, cuts the specimen. One series
of fractures can be traced approximately parallel
with the base across face 2. Another set of arcu-
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cm (e}

Figurr 3-38 (continued).— (e) LRL photograph S-69-
45622 and map of the lunar top (face 5) of the spec-
men,

ate fractures oriented from wvertical to almost

horizontal can be seen in faces 1 and 2. The

orientation of the two arcuate fractures con-
centric with face 2 suggests that the fractures
may be the inner boundaries of exfoliation shells.

Shallow circular pits that occur on the lunar
top surface of the specimen appear less fre-
guently on other faces of the specimen. The pits
range in size from less than % to 3 mm in diam-
eter. Most of the pits have a specular lining,

which is generally of either a botryoidal or a

——

S
Face 6 (bottom)

0 1 2
cm )

Froure 3-38 (concluded). — {f) LRI photograph S-69-
45628 and map of the hunar bottom (face 6} of the
specimen.

radially ridged form. The pits commonly have
raised rims with subdued to sharp profiles.
Raised rims are commonly bounded by steep
or reversed (undercut) outer slopes. Some of
the sharp-rimmed pits have light-colored halos
with diameters four times as great as the pit.
The pits are unevenly distributed on the six
faces of LRL specimen 10046. They are most
abundant on the lunar top surface of the speci-
men and occur with decreasing abundance on
faces 2, 1, 6 {bottom), 3, and 4. On the top
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surface, the pits are closely spaced, and some
pits are superimposed on other pits. In some
cases, old pits are almost totally destroyed by
superposition of younger pits. On the top surface
and on faces 1 and 2, the number of pits in-
creases rapidly with decreasing diameter between
a 3-mm and a %-mm pit diameter. Too few pits
are visible on faces 3 and 4 to judge the size-
frequency distribution. On the bottom, which is
largely coated with fine particles, only large
pits are easily detected, Pits of a given size tend
to cluster; that is, several pits of approximately
the same size and degree of freshness tend to be
found in proximity.

Irregular cavities are present on faces 2, 3, 4,
and 5. These cavities range in size from 1 to 4
mm on the surface of the specimen and vary
from very shallow to very deep. In some cases,
the bottom and sides of the cavities are in
shadow in all available photographs. The edges
of these cavities range from irregular to smooth
and from sharp-edged to subdued. The visible
interiors of the cavities are commonly specular.
On faces 2 and 4, some of the deep cavities are
rounded in outline and interconnected. In sev-
eral cases, the cavities are alined and tapered as
though drawn out. Most of the irregular cavities
occur in the rock matrix, but a few occur in
large lithic clasts. These latter cavities may be
vesicles.

The surface in which greatest pitting is evi-
dent is bounded in part by a short scarp (pos-
sibly 1 mm high) that defines a fairly con-
tinuous cap or rind on the rock. A cross section
of the cap is revealed in the scarp. The upper
surface of the cap is lighter gray than the sur-
rounding sides of the rock and, except for pitting,
exhibits no throughgeing structures. In a cross
section, the cap exhibits a fine-textured hackly
appearance, and microfractures that occur in
the cap do not persist into the rock below.
Major fractures penetrating the body of the rock
do not cut the cap.

The rock is an aggregate of clasts consisting
of approximately 10- to 20-percent recognizable
irregular lithic fragments and possibly crystal
fragments in a very fine-grained heterogeneous
matrix. The average grain size of the matrix is
less than 0.1 mm. The matrix consists predomi-
nantly of medium-gray grains with scattered

light- and dark-gray clasts. Light-gray angular
clasts occur bimodally both within the matrix
and as coarse clasts. As a matrix constituent,
these clasts range in size from less than 0.1 mm
to approximately 1.5 mm, Coarse clasts of light-
gray material range in diameter from approxi-
mately 5 mm to 3 cm.

The coarse, light-gray clasts are angular and
irregular but are equant or rarely tabular in
form. The clasts have sharp contacts with the
matrix. Some of the finer clasts are dull, some
are highly reflective, and some appear to be
fragments of single crystals. One fragment on
face 1 resembles a zoned feldspar with an
altered core and twinned rim. At least two types
of rock are represented in the larger light-gray
clasts. One is a very fine-grained vesicular rock
that is well represented by large clasts on face
4. The other rock is crystalline with an average
grain size of approximately 0.3 mm.

Dark-gray clasts are scattered throughout the
matrix but are the least abundant of the three
photometrically distinguishable components. In-
dividual grains range from less than 0.1 to
0.2 mm, but locally they are spatially concen-
trated to form an irregular, subrounded aggre-
gate of several millimeters in width (lower center
of face 1).

In a few cases, light-gray clasts stand in relief
above the surrounding matrix, which suggests
that these clasts are more resistant to processes
of erosion occurring on the Moon. In contrast,
aggregates of dark-gray clasts (face 1) appear to
erode in negative relief.

LRL specimen 10046 is a microbreccia. The
general character and distribution of its com-
ponent fragments are similar to those exhibited
by photographs of the unconsolidated surface
material taken by the Iunar closeup camera. This
similarity suggests that the specimen may have
been derived by a process of induration of the
unconsolidated surface material. The subtle
stratification that is visible on three faces of the
rock may have been produced by the process
of induration, er it may indicate a sedimentary
layering process. The external form of the speci-
men has probably been influenced by at least
four separate processes: (1) fracturing of the
body rock, (2) exfoliation, (3) pitting, and (4)
surface erosion (or ablation).
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LRL specimen 10046 has a complex history of
movement on the lunar surface, and this history
is reflected in its surface form. The most angular
face (face 3) is oriented toward the northeast,
and the least angular face (face 6) is on the
bottom. The lack of pitting on face 3 indicates
that this face was probably the bottom of the
specimen at one time, leaving faces 1 and 6
exposed to processes of pitting. At some time
in the recent past, possibly at the time one of
the nearby craters was formed, the rock was
reoriented. This reorientation exposed face 3
to erosion. The general rounding of the surface,
the fracturing of the body of the rock, and the
fact that three faces of the rock are relatively
angular suggest that the reorienting process may
have happened more than once and that the
process may have happened at irregular inter-
vals of time.

LRl Specimen 10047

Description. LRL specimen 10047, which is a
small rock from the bulk sample box, was col-
lected within 8 m of the LM from a region on
either the northwest or the southwest side of
the LM landing site. The specimen has not yet
been identified in photographs of the lunar
surface. The specimen has an unusually angular
shape, except for one side that appears to have
been rounded off by lunar erosional processes,
and the rounded side is assumed in this descrip-
tion to be the top side. The maximum dimensions
are approximately 5.5 cm in length, 4 em in
width, and 3.3 ¢m in thickness. Although much
of the specimen is covered by a thin, dark-
colored coating of fine particles, a finely crystal-
line texture shows on parts of most faces, and a
faint but definite primary foliation shows on the
top and one end of the specimen.

This study is based on LRL photographs
S5-69-45632 to S-69-45655. A total of 24 photo-
graphs, in which the rock was enlarged approxi-
mately three times its original size, gave excel-
lent stereoscopic coverage and good definition
of the structural and textural features (fig. 3-39).

As viewed from the top (LRL photographs
5-69-45644 to 5-69-45646), I.RL. specimen 10047
is roughly rectangular in shape. This shape is
apparently controlled by a conjugate system of
small, irregular joints; but the unusual angu-
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Explanation
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White crystals

White crystal aggregates

Black, shiny, crystal clots or segregations
Ovoid grains

Heavy dust coating on surface

Moderate dust coating on surface

Light dust coating on surface

Shadow

Small, round pits

ZCIENERRIAR.

°
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@

Small pits with white halos
irregular cavities or vugs

.~ lrregular fractures

Ficure 3-39. — Photographs and maps of LRI specimen
10047, (a) LRL photograph 5-69-45644 and map of
the top of the specimen,
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Bottom view (b}

Ficure 3-39 {continued). — (b) LRL photograph S-69-
45649 and map of the bottom of the specimen.

larity (exhibited on the other faces) is caused by
another system of joints that intersects the first
system at angles of 20° to 45° and by the occur-
rence of irregular fractures. The hottom of the
specimen (LRL photographs S-69-45649 to S-
69-45651), with faces meeting at an angle of
approximately 70°, exhibits the most angular
edge. This edge may have been embedded in
the regolith to a depth of 1 to 2 cm. Other
edges are considerably more rounded, particu-
larly those that bound the top surface.

Two types of small fractures appear on vari-
ous faces, particularly on the rounded top of
the rock, One type consists of fairly straight,
short (1 to 2 cm) fractures that are roughly
parallel to the faces of the rock. Most fractures

Top

(c}

Ficure 3-39 (continued).— (¢} LRL photograph S-69-
45647 and map of the front of the specimen.

are partially filled with fine particles. The second
type consists of curved fractures that are roughly
parallel to the rounded ends and edges of the
rock. In detail, these fractures are irregular,
partly open, and bordered in part by crumbly
granular material. The fractures appear to bound
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cm {d)

Ficure 3-39 (continued). — (d) LRL photograph S-69-
45633 and map of the side of the specimen,

a series of exfoliation shells that are most prom-
inent on the rounded top.

Scattered over the various faces of the speci-
men are irregular cavities or vugs that are 0.5
to 2.5 em long., The cavities are most abundant
on one of the bottom faces. Small crystals can
be seen projecting from the cavity walls at vari-
ous angles. Because of their extreme irregularity
in shape and distribution, these vugs do not
appear to be ordinary vesicles; they resemble
cavities formed by leaching or by removal of
some unknown mineral or mineral aggregates.
The crystals projecting from the walls seem to be
integral to the fabric of the rock, rather than
having been deposited in the vugs.

Small pits 0.2 to 1.5 mm in diameter are irregu-
larly scattered over the top surface of the speci-
men, and a few pits appear on the sides of the

Out of focus

(e)

Ficure 3-39 (continued). — {e) LRL photograph S-69-
45638 and map of the side of the specimen.

specimen. Some of the pits are steep sided as
though drilled, while others are conical with
raised rims. Several of the pits are surrounded by
a white halo that seems to be composed of an
array of white mineral grains with a slightly
raised outer margin,

The texture of LRL specimen 10047 is best
seen on a side face that is shown by LRL photo-
graphs S-69-45632 to S-69-45634 and is sketched
on LRL photograph $-69-45633. The rock ap-
pears to be holoerystalline with an average grain
size of approximately 0.5 mm, although some
crystals are slightly more than I mm in length.
At least two components can be recognized.
White, lath-shaped to stubby rectangular Ccrys-
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Bottom

cm (f)

Figure 3-39 (concluded). — (f) LRL photograph S-69-
45652 and map of the rear of the specimen.

tals resembling plagioclase make up approxi-
mately 50 percent of the rock. The distribution
of the crystals gives the rock a slightly diabasic
texture. The crystals range from 0.3 to 1.2 mm
long, and many are grouped into aggregates as

Jarge as 2 mm in diameter. Some of these aggre-
gates exhibit a faint cleavage that is typical of
plagioclase, especially on a relatively fresh
broken surface such as that shown in LRL photo-
graph S-69-45561.

Surrounding the white crystals is a more finely
granular matrix of dark-gray to nearly black
minerals of approximately 0.2- to 0.5-mm grain
size. Many of these minerals appear as stubby
subhedral prisms that exhibit brightly reflectant
crystal and cleavage faces. Locally, these dark
grains are grouped in aggregates or clots up to
2 mm in diameter. Whether the dark grains rep-
resent one mineral or more than one mineral
cannot be discerned from the photographs.

Fresh broken surfaces shown in LRL photo-
graph S-69-45561 exhibit, on the top and upper
sides, a thin surface crust approximately 1 mm
or less thick of high albedo, in contrast to the
darker tone of the fresh interior. The extreme
whiteness that characterizes the surface of the
crystals, resembling plagioclase, and the rela-
tively high reflectivity of other grains are ap-
parently caused by a lunar weathering process.
Shock metamorphism, a process by which the
minerals on the surface may have been minutely
shattered by the impacts of many small particles
on the rock, seem to be the most reasonable
explanation for the formation of this crust. Shock
effects may also account for the white halos that
are evident around many of the round pits.

On the rounded top and on one end of LRL
specimen 10047, the white crystals and aggre-
gates exhibit a crude but distinct foliation, which
trends roughly parallel to the long dimension
of the top surface and dips at a steep angle to
this surface. Many of the lath-shaped crystals
are oriented almost parallel with the foliation
and, along with crystal aggregates, are concen-
trated in crude layers. This foliation is similar
to primary flow structures in both extrusive and
intrusive terrestrial igneous rocks.

The textural features and general appearance
of LRL specimen 10047 strongly suggest an
igneous origin, but the medium-grain size could
be characteristic of either a thick lava flow or a
small intrusive body such as a dike. The faint
foliation indicates the small intrusive body to be
the better choice. The specimen resembles a
terrestrial diabasic basalt or fine-grained gabbro.
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4. Apollo 11 Soil Mechanics Investigation

N. C. Costes, W. D. Carrier, |. K. Mitchell, and R. F. Scott

The Apollo 11 lunar landing mission afforded
man the first opportunity for direct collection of
data relating to the physical characteristics and
mechanical behavior of the surface materials of
an extraterrestrial body by other than remote
means, In particular, the first manned lunar land-
ing provided a unique capability for acquiring
information that would aid in the accomplish-
ment of the following broad objectives:

(1) To enhance the scientific understanding of
the nature and origin of the materials, and the
mechanisms and processes responsible for the
present morphology and consistency of the lunar
surface '

(2) To provide engineering data on the inter-
action of manned systems and manned operations
with the lunar surface, thereby aiding in the
evaluation of the Apollo 11 mission, and in the
planning of future lunar surface scientific inves-
tigations and related engineering tasks support-
ing these activities

To obtain this information, the Apollo Pro-
gram Office directed that a Soil Mechanics Inves-
tigation be included in the scientific experiments
planned for the Apollo 11 mission. The investi-
gator team was charged with the responsibility
for the systematic acquisition and analysis of
lunar soil mechanics data to insure maximum
return of geotechnical information from each
facet of the planned lunar surface operations.

Specific scientific objectives of the Soil Me-
chanics Investigation at the Apollo 11 landing
site included the following:

(1) To verify lunar soil models previously
formulated from Earth-based observations and
laboratory investigations and from lunar orbiting
and unmanned lunar landing missions

(2) To determine the extent of variability in
lunar soil properties with depth and lateral posi-
tion
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(3) To aid in the interpretation of geological
observations, sampling, and general documenta-
tion of maria features

In addition, the Soil Mechanics Investigation
was aimed toward the following engineering ob-
jectives:

(1) To obtain information relating to the inter-
action of the lunar module (I.LM) with the lunar
surface during landing and to lunar soil erosion
caused by the spacecraft engine exhaust

(2) To provide a basis for altering mission
plans because of unexpected conditions

(3) To assess the effect of lunar soil proper-
ties on astronaut and surface vehicle mobility

(4) To obtain at least qualitative information
needed for the deployment, installation, opera-
tion, and maintenance of scientific and engineer-
ing stations and equipment to be used in extended
lunar exploration

Knowledge of Lunar Surface Mechanical
Properties Before Flight

No attempt will be made in this section to give
a complete history of the development of the
state of knowledge of the lunar surface mechan-
ical properties. The purpose of this discussion is
to provide a background for better evaluation of
the results of the mission and to make compari-
sons between the properties that have been de-
duced from various sources. Using these com-
parisons, the reliability of different sets of meas-
urements can be assessed, and the suitability of
the techniques used prior to Apollo 11 can be
evaluated.

Several sources of preflight information about
lunar surface mechanical properties exist. These
sources of information include ground-bhased
visual observations, thermal measurements, radio
and radar measurements, the lunar surface pho-
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tographs obtained by the U.S. Ranger and Lunar
Orbiter spacecraft, the data from landings of the
Soviet Luna 9 and Luna 13 spacecraft, and the
direct estimates of the lunar surface properties
derived from the five soft landings of the U.S.
Surveyor spacecraft.

The results of the Surveyor spacecraft tests
and analyses led to the construction of a lunar
soil model of an essentially incompressible,
slightly cohesive soil that is composed primarily
of grains ranging in size from silt to fine sand.
The lunar soil hehaved in a manner similar to
the behavior of terrestrial soils with a density of
approximately 1.5 g/cc. A cohesion of approxi-
mately 0.1 psi and a friction angle of 35° to 37°
(in the normal pressure range of a few psi) satis-
factorily represented the mechanical properties
observations made of the lunar material to a
depth of several inches. Where the soil extends
to depths greater than several inches, an increase
in strength with depth was observed. In places,
the soil may overlie rock fragments that are only
a few inches or less beneath the surface. { More
information can be found in refs. 4-1 to 4-11.)

Postulated Soil Behavior During Descent and
Touchdown of the LM

On the basis of the previously discussed lunar
soil model, various soils have been postulated
and used for calculations related to the descent
and landing of the LM on the lunar surface.
Some of these computations have been con-
cerned with the dynamics of the landing;! for
example, from computations, LM footpad pene-
trations of 4 to 6 in. were expected in a simul-
taneous four-point touchdown at a vertical
downward velocity of 3 {ps and at zero lateral
velocity, if the lunar soil extended to a depth of
one or two times the footpad diameter (ie., 3 to
6 {t).

The effect of the descent propulsion system
{DPS) engine exhaust on the soil surface has
also been studied from several viewpoints. If the
lunar surface is considered to consist of soil
grains in the postulated size range, but is taken
to be impervious to gas flow, calculations by
Hutton (ref. 4-12) indicated the extent of lunar
soil surface erosion that may be anticipated in a

'E. M. Shipley, personal communication, 1968.

nominal descent. For the soil model considered,
Hutton found that erosion would begin during a
vertical descent to the surface when the exit
plane of the DPS engine nozzle was approxi-
mately 25 ft above the surface. Hutton also
found that following a vertical descent, the final
erosional crater that would develop beneath the
engine after landing and engine shutdown would
be approximately 3 to 4 in. deep and 5 to 6 ft
in diameter. This erosional crater formed by the
flow of exhaust gases over the lunar surface
would be ring shaped, and the maximum crater
depth would occur some distance from the center
of the crater. The effect of the blowing surface
material on the visibility from the LM was also
examined.

By considering the lunar soil to be a medium
that is permeable to gas flow and has a perme-
ability in the range appropriate for the grain size
of the lunar soil model material and by ignoring
the erosion mechanism, Scott and Ko (ref. 4-13)
examined the mechanics of compressible gas
flow through the soil medium under lunar sur-
face conditions. On analysis of the Surveyor test
results and of postlight tests, scaled to the LM,
Scott and Ko found that a vertical descent {or
steady engine firing in one position) followed by
a rapid shutdown of the engine could give rise
to gas pressures inside the soil that would exceed
the lunar weight of the soil overburden. Thus,
shutdown could be followed by a venting of the
gas through the surface soil, accompanied by
upward ejection of the surface soil. The extent
and amount of soil removed by such explosive
outgassing depend, for any given soil and engine,
considerably upon the flightpath and the engine-
shutdown pressure transients. A slow vertical de-
scent and a rapid decay at shutdown would
produce the largest quantity of ejected soil
material.

Postulated Soil Behavior During Lunar Surface
Extravehicular Activity

Calculations based upon the adopted lunar
soil model indicated that during the lunar sur-
face extravehicular activities (EVA), the astro-
nauts’ boots should not sink more than approxi-
mately 1 to 2 in. into the lunar surface if the
Iunar soil extended to a depth of a few inches
to several feet. Traction on the lunar surface was
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anticipated to be good. No difficulties in obtain-
ing surface soil samples, driving core tubes, or
installing staffs in the ground were expected if
the soil was sufficiently deep. Mobility problems
might be expected only if an astronaut attempted
to descend or ascend crater walls with slope
angles greater than approximately 15°,

Data Sources for the Investigation

The Soil Mechanics Investigation was included
at a late phase of the Apollo 11 mission planning;
consequently, the main guideline given to the

investigator team was that no special soil me-

chanics testing or sampling devices were to be
added to the hardware already planned for the
mission. Accordingly, the following were the
main sources from which soil mechanics data
could be extracted:

(1) Real-time astronaut observations, descrip-
tions, and comments during the mission

(2) Real-time television during the lunar sur-
face EVA

{3) Sequence camera, still camera, and close-
up stereoscopic camera photography

(4) Spacecraft flight mechanics
data

(5) Various objects of known geometry and
dead weight that came in contact with the lunar
surface during the mission and subjected the lunar
soil to either a static or dynamic loading; such
objects included the I.M, the astronauts, and
the Early Apollo Scientific Experiments Package
(EASEP) instrument units

(6) The Apollo lunar handtools

(7) Various poles and shafts inserted into the
lunar surface in the course of the EVA, including
the contingency sampler handle, the Solar Wind
Composition {SWC) experiment staff, the flag-
pole, and the core tubes

(8) Astronaut technical, photographic, and
scientific debriefings

(9) Preliminary examination of Earth-re-
turned lunar soil and rock samples at the Lunar
Receiving Laboratory (LRL)

Figure 4-1 shows the LM footpad geometry
and the strut force-stroking characteristics. If the
LM rests on a level lunar surface and the LM
weight is equally distributed among the four
footpads, each footpad exerts a static vertical

telemetry

force of approximately 700 1b on the lunar sur-
face.

Figure 4-2 shows the configuration of the
astronaut boot sole. In lunar gravity, the weight
of the suited astronaut is approximately 64 lb.
The area of a flat boot sole, not considering the
ribs of the sole, is approximately 65 in.?

Because the astronauts were essential in con-
ducting the investigation and providing real-time
evaluation, especially with regard to unexpected
results, special effort was made to delineate, dur-
ing astronaut training, simple tasks and observa-
tions yielding meaningful soil mechanics infor-
mation, as well as expected behavior of lunar
soil under various loading conditions.

The EASEP instrument units are shown in
figures 4-3 and 4-4. In lunar gravity, the weights
of the Laser Ranging Retroreflector (LRRR)
and the Passive Seismic Experiment Package
(PSEP) are 8.7 and 18.7 lb, respectively. The
bearing areas of the pallets on which these two
instrument packages rest are 708.5 and 732.1 in.%,
respectively, The Apollo lunar handtools are
shown in figure 4-5. These tools are described
in detail in the report concerning lunar geology.
The bottom sections of the shafts mentioned in
item 7 of the list of soil mechanics data sources
are shown in figures 4-6 to 4-9,

In addition to the data obtained from the
Apollo 11 mission, preflight data were available
from simulation studies performed by the investi-
gator team on soils having physical and me-
chanical characteristics similar to those indicated
by the results obtained from the Surveyor mis-
sions. These test results have been documented
and reports are being prepared by N. C. Costes
et al. {George C. Marshall Space Flight Center),
J. K. Mitchell et a