NASA SP-184

SURVEYOR

Program Resulﬁiﬁ:s

NATIONAL AERONAUTICS AND SPACE ADMIN;IEVTVRATION



ik




SURVEYOR

Program Results






NASA SP-184

SURVEYOR

Program Results

Compiled by
Surveyor Program
Lunar and Planetary Programs Division
Office of Space Science and Applications

Scientific and Technical Information Division

OFFICE OF TECHNOLOGY UTILIZATION 1969

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C.



For Sale by the Superintendent of Documents,

U.S. Government Printing Office, Washingron, D.C. 20402
Price $4.75

Library of Congress Catalog Card Number 68-62647



Preface

This, the final report under Surveyor Program
auspices by the Surveyor Scientific Team, pre-
sents the key findings resulting from five Sur-
veyor landings on the Moon. The vast amount
of new lunar data generated by these missions
will doubtless be studied for a long time to
come, and additional individual papers can be
expected in the future.

Arrangements have been made to provide
interested scientists, not connected with the
Surveyor Program, with Surveyor data on
request; pictures and other information can be
obtained from the National Space Science Data
Center, Goddard Space Flight Center, Green-
belt, Md. 20771. o

The Surveyor program was planned to
achieve soft landings on the Moon by automated
spacecraft capable of transmitting scientific and
engineering measurements from the Junar sur-
face. The program had three major objectives:
(1) to develop and validate the technology for
landing softly on the Moon, (2) to provide data
on the compatibility of the Apollo manned
lunar-landing spacecraft design with conditions
to be encountered on the lunar surface, and
(3) to add to our scientific knowledge of the
Moon. All of these objectives have been achieved
to a degree far beyond original expectations.

Surveyor I, the first U.S. spacecraft to land
softly on the Moon, returned a large quantity
of scientific data during its first 2 lunar days
of operation on the lunar surface. Following its
landing on June 2, 1966, in the southwest por-
tion of Oceanus Procellarum, the spacecraft
transmitted 11 240 high-resolution television pie-
tures. Surveyor I completed its primary mission
successfully on July 14, 1966, after transmitting,
in addition to the television pictures, data on
the bearing strength, temperatures, and radar
reflectivity of the Moon. Subsequent engineer-

v

ing interrogations of the spacecraft were con-
ducted through January 1967.

Surveyor 11, launched on September 20, 1966,
was intended to land in Sinus Medii, a different
area of the Apollo zone. When the midcourse
maneuver was attempted, one vernier engine
failed to ignite, and the unbalanced thrust
caused the spacecraft to tumble. Although re-
peated efforts were made to salvage the mission,
none was successful.

Surveyor 111 sucecessfully landed on the Moon
on April 20, 1967, touching down in the eastern
part of Oceanus Procellarum. This spacecraft,
like its predecessors, carried a survey television
camera and other instrumentation for determin-
ing various properties of the lunar-surface ma-
terial. In addition, it carried a surface-sampler
instrument for digging trenches, making bearing
tests, and otherwise manipulating the lunar
material in the view of the television system.

Inits operations, which ended on May 4, 1967,
Surveyor IIT acquired a large volume of new
data and took 6326 pictures. In addition, the
surface sampler accumulated 18 hours of opera-

~ tion, which yielded significant new information

on the strength, texture, and structure of the
Iunar material to a depth of 17.5 cm.

Surveyor IV, carrying the same payload as
Surveyor ITI, was launched on July 14, 1967.
After a flawless flight to the Moon, radio signals
from the spacecraft abruptly ceased during the
terminal-descent phase, approximately 2} min-
utes before touchdown. Contact with the space-
craft was never reestablished.

Surveyor V landed in Mare Tranquillitatis
on September 11, 1967. This spacecraft was
basically similar to its predecessor, except that
the surface sampler was replaced by an alpha-
backsecatter instrument, a device for determin-
ing the relative abundance of the chemical
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elements in the lunar material. In addition, a
small bar magnet was attached to one of the
footpads to indicate the presence of magnetic
material in the lunar soil.

Because of a critical helium-regulator leak in
flight, a radically new descent profile was engi-
neered in real time, and Surveyor V performed a
flawless descent and soft landing within the rim-
less edge of a small crater, Mare Tranquillita-
tis, on a slope of about 20°,

During its first lunar day, which ended at
sunset on September 24, 1967, Surveyor V took
18 006 television pictures. The alpha-backscatter
instrument provided data from which the first
in situ chemical analysis of an extraterrestrial
body has been derived. This analysis showed
that the lunar sample was similar to terrestrial
basalt. Results of the bar-magnet test were com-
patible with this finding. Surveyor V also per-
formed a rocket-erosion experiment on the
Moon, in which its engines were fired for 0.55
second to determine the effects of high-velocity
exhaust gases impinging on the lunar surface.

On October 15, 1967, after having been ex-
posed to the 2-week deep freeze of the lunar
night, Surveyor V responded immediately to the
first turn-on command and operated until sunset
of the second lunar day, October 24, 1967,
during which time it transmitted over 1000
additional pictures.

Surveyor VI landed on the Moon on Novem-
ber 10, 1967. The landing site was in Sinus
Medii, essentially in the center of the Moon’s
visible hemisphere, the last of four potential
Apollo landing areas designated for investiga-
tion by the Surveyor program.

The performance of Surveyor VI on the
lunar surface was virtually flawless. From
touchdown until a few hours after sunset on
November 24, 1967, the spacecraft transmitted
290952 television pictures and the alpha-
scattering instrument acquired 30 hours of data
on the chemical composition of the lunar
material. On November 17, 1967, the vernier
rocket engines of Surveyor VI were fired for
2.5 seconds and the spacecraft lifted off the
lunar surface and translated laterally about 8
feet to a new location, the first such known
excursion on the Moon. This ‘“lunar hop”’
provided excellent views of the surface disturb-
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ances produced by the initial landing and fur-
nished significant new information on the effects
of firing rocket engines close to the lunar surface.
The displacement provided a baseline for stere-
oscopic viewing and photogrammetric mapping
of the surrounding terrain and surface features.

Other data provided by Surveyor VI include
pictures of a bar magnet installed on a footpad
to determine the concentration of magnetic
material in the lunar surface; views of the stars,
Earth, and the solar corona; lunar-surface tem-
peratures up to 41 hours after sunset; radar
reflectivity data during landing; touchdown-
dynamics data during the initial landing and
the Iunar hop which provided additional infor-
mation on the mechanical properties of the
lunar surface material; and on-surface doppler
tracking data for refining existing information
on the motions of the Moon.

On November 26, 1967, Surveyor VI was
placed in hibernation for the 2-week lunar night.
Contact with the spacecraft was resumed for a
short period on December 14, 1967.

The successful accomplishment of the Sur-
veyor VI mission not only satisfied all Surveyor
obligations to Apollo, but completed the scien-
tific investigation of four widely separated mare
regions in the Moon’s equatorial belt, spaced
roughly uniformly across a longitude range be-
tween 43° W and 23° E, from which important
generalizations regarding the lunar maria have
been derived.

The investigations in the Apollo zone having
been satisfactorily accomplished, Surveyor VII
could be sent to an area of primary scientific
interest, the rugged, rock-strewn ejecta blanket
near the prominent, comparatively young, ray
crater Tycho.

The area selected for investigation, a site
about 18 miles north of Tycho, differs consider-
ably from those examined by previous Surveyors.
This region was chosen because it is in the high-
lands, well removed from the maria, and was
expected to be covered with debris excavated
from beneath the surface of the highlands when
Tycho was formed. It thus provides a signifi-
cantly different type of lunar sample for com-
parison with those of previous missions.

In view of the very rugged nature of the ter-
rain in the landing area north of Tycho and the
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consequent hazards to landing, in preflight mis-
sion planning it was necessary to reduce the
target area from the 30-km-radius circle used for
previous Surveyor missions to one with a 10-km
radius; that is, one-ninth the usual area. The
mission was planned to employ two midcourse
maneuvers in order to maximize the probability
of landing within the small target circle.

Because of the excellent performance of the
launch vehicle and the spacecraft, however, only
one midcourse maneuver was found to be neces-
sary. Surveyor VII landed less than 1% miles
from the center of the target circle, about 18
miles north of the rim of Tycho. Touchdown oc-
curred at 01:05:36.3 GMT on January 10, 1968.

During the first lunar day, 20 993 television
pictures were obtained. An additional 45 pic-
ture were obtained during the second lunar day.

The alpha-scattering instrument, after com-
pleting its background count in the intermediate
position, failed to deploy the remainder of the
distance to the lunar surface. The surface sam-
pler was then brought into action and, by means
of a series of intricate maneuvers, was able to
force the alpha-scattering instrument to the sur-
face. The surface sampler was later used to pick
up the alpha-scattering instrument after the first
chemical analysis had been completed and to
move it to two other locations for additional
analyses.

These delicate operations demonstrated the
versatility of the surface sampler as a remote
manipulation device and the precision with
which its operations can be controlled from the
Earth.

Approximately 66 hours of alpha-scattering
data were obtained during the first lunar day on
three samples: the undisturbed lunar surface, a
Iunar rock, and an area dug up by the surface
sampler. An additional 34 hours of data were
obtained on the third sample during the second
Iunar day.

The surface sampler dug a number of
trenches, conducted static and dynamic bearing-
strength tests, picked up rocks, fractured a rock,
weighed a rock and performed various other
manipulations of the lunar material. The per-
formance of the instrument and its controllers
was outstanding.

In addition to acquiring a wide variety of
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lunar-surface data, Surveyor VII also obtained
pictures of the Earth and performed star sur-
veys. Laser beams from the Earth were success-
fully detected by the spacecraft’s television
camers in a special test of laser-pointing
techniques.

Postsunset operations were conducted for 15
hours after local sunset at the end of the first
lunar day at 06:06 GMT on January 25, 1968.
During these operations, additional Earth and
star pictures were obtained, as were observa-
tions of the solar corona out to 50 solar radii.

Operation of the spacecraft was terminated at
14:12 GMT on January 26, 1968, 80 hours after
sunset. Second-lunar-day operations began at
19:01 GMT on February 12, 1968, and con-
tinued until 00:24 GMT on February 21, 1968.

In summary, five Surveyors have landed and
operated successfully on the lunar surface.
Four of these examined widely separated mare
sites in the Moon’s equatorial belt; the fifth
investigated a region deep within the southern
highlands. Four spacecraft survived the extreme
cold of the lunar night and operated for more
than one lunar day/night cycle. In total,
the five Surveyors operated over a combined
elapsed time of about 17 months on the Moon,
transmitted more than 87 000 pictures, per-
formed 6 separate chemical analyses of surface
and near-subsurface samples, dug into and
otherwise manipulated and tested the lunar
material, measured its mechanical properties,
and obtained a wide variety of other data which
have greatly increased our knowledge of the
lunar surface and the processes that have been
acting on it.

The scientific and technological contributions
of Surveyor to the future exploration of the
Moon and planets have provided a major step
forward in man’s drive to explore the universe.
This final report stands as a tribute to the
hundreds of engineers, scientists, technicians,
and managers—in industry, Government, and
the scientific community—whose devotion and

professional excellence made Surveyor’s re-

markable achievements possible.

BeNJAMIN MILWITZEY

Assistant Director for Automated Systems

Apollo Lunar Ezxploration Office
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1. Introduction

L. D. Jaffe and R. H. Steinbacher

Preliminary science results from each success-
ful Surveyor have been presented in separate
mission reports, issued just subsequent to the
end of each mission (refs. 1-1 to 1-5). In this
Surveyor report, these preliminary findings
are reviewed and summarized, the results from
each mission are compared and, in some cases,
the results are given of analyses made after the
publication of the mission reports.

This section presents briefly those spacecraft
characteristics most necessary to an under-
standing of the scientific data obtained and
the corresponding characteristics of spacecraft
operations. An account by the Surveyor Scien-
tific Evaluation Advisory Team of the major
findings from Surveyor is presented in chapter
2. Subsequent chapters, prepared by Surveyor
Investigator Teams and Working Groups, pro-
vide further information in individual technical
areas,

Selected lunar pictures, along with appro-
priate explanatory material, are presented in
pert 3 of the mission reports (refs. 1-6 to 1-10).

Spacecraft

The Surveyor 1 spacecraft configuration is
shown in figure 1-1. The spaceframe structure
was of tubular aluminum; hinged to the space-
frame were three landing legs, each with a
shock absorber and a hinged footpad.The foot-
pads and blocks, attached under the space-
frame near each leg hinge, were constructed of
energy-absorbing aluminum honeycomb to re-
duce landing shock. Two thermally controlled
compartments housed the electronic equipment.
A vertical mast carried the movable solar panel
and planar-array antenna (high gain). Two de-
ployable omnidirectional antennas (low gain)
were also available for communication.

The main retro engine of the spacecraft
utilized solid propellant. Each of the three
liquid-fueled vernier engines was throttleable
from about 460- to 120-N! thrust. Nitrogen gas
jets provided attitude control when the engines
were off. For attitude reference, the spacecraft
carried Sun and Canopus sensors, and gyro-
secopes. A radar altimeter furnished an altitude
mark to initiate main retrofiring during descent
to the lunar surface. Another radar, providing
measurements of velocity and altitude, was
used with the vernier engines in a closed loop
under control of an onboard computer for the
final phases of the descent.

Surveyor I, designed to attain the engineering
objectives of the Surveyor program, carried a
television system for operation on the lunar
surface and over 100 engineering sensors, such
as resistance thermometers, voltage sensors,
strain gages, accelerometers, and position indi-
cators for movable spacecraft parts. No instru-
mentation was carried specifically for scientific
experiments.

The television camera flown on Surveyor I
is shown in figure 1-2. The vidicon tube, lenses,
shutter, filter, and iris were mounted along
an optical axis inclined approximately 16°
to the central axis of the spacecraft; they were
topped by a mirror that could be turned in
azimuth and elevation. The azimuth, elevation
focal length, focus, exposure, iris, and filter
were adjusted as needed by commands from
Earth. Focal length adjustment provided either
narrow-angle (6.4°) or wide-angle (25°) fields
of view. The vidicon could be scanned to provide
either a 200- or a 600-line picture. The 200-
line pictures could be transmitted over an

IN (newton) is a standard international unit; I N is
equal to 105 dynes.
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PLANAR ARRAY ANTENNA VERNIER ENGINE 3

SOLAR PANEL FOOTPAD 1
MAST CRUSHABLE BLOCK |
OMNIDIRECTIONAL ANTENNA A CRUSHABLE BLOCK 2
OMNIDIRECTIONAL ANTENNA B VERNIER ENGINE 2
CANOPUS SENSOR ATTITUDE CONTROL JET
FLIGHT CONTROL COMPARTMENT FOQTPAD 2
SHOCK ABSORBER 3 LANDING LEG 2
FOOTPAD 3 SHOCK ABSORBER 2
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CRUSHABLE BLOCK 3

POOOORGI®E® ®®

O
®
®
O,
®
®
@
®
©
@

SURVEY TELEVISION CAMERA

Ficure 1-1.—Surveyor I spacecraft configuration.
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Figure 1-2.—Surveyor I television camera.
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omnidirectional antenna or the planar-array
antenna; the planar-array antenna was used for
all 600-line pictures. The observed resolution
for 600-line pictures was 0.5 mm at 1.6 meters
from the camers.

At the time of the Surveyor I landing, addi-
tional spacecraft were in various stages of
fabrication as part of the engineering effort.
Changes were made to the design of these
spacecraft to accommodate a scientific payload
commensurate with spacecraft capability and
schedule (fig. 1-3). Table 1-1 lists the scien-
tifically significant spacecraft variations used.
Many of the engineering changes made to
increase Surveyor’s reliability and perform-
ance, though not listed here, resulted in a
better quality and greater amount of data
(ref. 1-11).

On Surveyor 111, a simplified surface-sampler
instrument replaced the approach (downward-
looking) television camera which had been
carried, but not used, on Surveyor I. The
surface sampler consisted primarily of a scoop,

approximately 12 cm long and 5 cm wide, with
a motor-operated door. The scoop was mounted
on a pantograph arm that could be extended
about 1.5 meters or retracted close to the space-
craft by a motor drive. The arm could also be
moved in azimuth or elevation by motor
drives, or dropped onto the lunar surface
under force provided by gravity and a spring.
The surface sampler could manipulate the
lunar surface material in a number of ways, and
the results could be observed by the television
camera.

The hood on the Surveyor III television
camera was fitted with a bonnet extension to
provide additional shading for the lens and
filter, thus extending the area of glare-free
operation. Two auxiliary mirrors were attached
to the spaceframe so that the camera could
provide a better view of surface alterations
produced by the vernier engines and by a
crushable block.

Surveyors V and VI carried a television
camera and an alpha-scattering instrument to

TasLE 1-1. Payload differences among Surveyor spacecraft
Instrumentation Surveyor I Surveyor IIT Surveyor V Surveyor VI Surveyor V11
Television camera_____________ Yes Yes Yes Yes Yes
Filters_ . _________ Color Color Color Polarizing Polarizing
Glare hood_ ... _____.___ Standard Extended Extended Box Box
Elevation limit_ _.__._____ 35° 35° 35° 70° 70°
Photometric targets_ . _____ 2 2 2 2 3
Surface sampler_ __ . __________ No Yes No No Yes
Azimuth range_ _ ______ __ | _______...... 4+40° to ol __ +71° to
—72° s —41° =
Alpha-scattering instrumeént_.__.| No No Yes Yes Yes
Auxiliary mirrors_ ____________ None 2 (flat) 2 (convex) 3 (convex) 3 (convex)
View under alpha- | ___. Yes Yes Yes
seattering instrument.
View under vernier | _____.._. Engines 2 Engine 3 Engines 2 Engines 2
engine. and 3. and 3. and 3.
View under crushable |-.______._____ Block 3 Block 3 Blocks 2 and | Blocks 2 and
block. 3. 3.
Magnets:
Footpads - o e | Block 2 Block 2 Blocks 2 and
: 3.
Surface sampler. - - o ||t Yes
Stereoscopic and dust- No No N»o No Yes
detection mirrors.

» Arm movement CW(+) and CCW(—) rotation from the perpendicular to the spaceframe.
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TSURVEYOR IO
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TELEVISION CAMERA
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Ficure 1-3.—Configuration of various Surveyor spacecraft showing changes in scientific
payloads (models).
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analyze chemically the lunar soil. This instru-
ment was designed to irradiate the lunar
surface with alpha particles from curium-
242 sources and to measure the spectra of alpha
particles scattered back. It also provided
spectral data on protons produced by (e, p)
reactions with the atoms of the lunar surface.
These spectra could be interpreted in terms of
the kind and quantity of elements present in
the surface. Physically, the instrument consisted
of a sensor head, a cube about 15 cm on a side,
which, on command, could be lowered to the lunar
surface by a nylon cord; and an alpha-scattering
electronics compartment located on the space-
frame (refs. 1-12 and 1-13).

Surveyor VII carried, in addition to the
camera and the alpha-scattering instrument,
a soil mechanics surface sampler similar to
that on Surveyor ITI. The Surveyor VII
surface sampler, however, was mounted with
a slightly different orientation so that it could
reach the alpha-scattering instrument after
deployment; because of the orientation change,
it was not able to reach a spacecraft footpad.

The Surveyor V television camera was the
same as that on Surveyor III. However, on Sur-
veyors VI and VII, a new hood was added to
provide better protection from glare and a better
range in azimuth and elevation for the mirror.
Polarizing filters were used on the Surveyor VI
and VII cameras rather than the color filters
used on the early missions. For camera calibra-
tion, Surveyors I, III, V, and VT carried photo-
metric targets on a footpad and on an
omnidirectional antenna boom; Surveyor VII
carried an additional target on the other
omnidirectional antenna boom.

To give greater area coverage, the auxiliary
viewing mirrors were changed from flat to con-
vex for Surveyors V, VI, and VII. For Surveyor
V, one mirror was oriented to provide a view of
the alpha-scattering-instrument sensor head on
the surface rather than of the area under vernier
engine 2. An additional viewing mirror was used
on Surveyors VI and VIT so that the area under
vernier engine 2 and crushable block 2 could be
observed. Surveyor VIT also carried a mirror on
the mast to provide a stereoscopic view of an
area intersecting the arc of surface-sampler

reach, and seven small mirrors to detect adher-
ing dust.

Surveyors V and VI carried a bar magnet and
a nonmagnetic control bar on one footpad to
indicate the presence of lunar surface material
with high magnetic susceptibility. Surveyor VII
carried a similar magnet and control bar on two
footpads and two small, horseshoe-shaped mag-
nets placed in the pressure pad of the door of the
surface-sampler scoop. All magnets could be
observed by the television camera.

Surveyors V, VI, and VII incorporated some
paint-pattern changes to reduce the brightness
contrast between the dark lunar surface and
some spacecraft parts painted white on earlier
missions. The footpad tops were painted in
stripes to reveal clearly any lunar material that
might be deposited on them.

Landing Sites

Four Surveyor spacecraft landed in the lunar
maria, near the equator. These sites were
selected primarily because they were being con-
sidered for Apollo manned lunar landings. Sur-
veyor VII, the last in the series, landed in the
highland region close to the crater Tycho, a site
chosen primarily for its scientific interest; it was
thought to be a sample of very young highland
material, which could have originated at con-
siderable depth. The availability of Lunar Or-
biter photographs of the area was considered in
selecting landing sites for all Surveyors except
Surveyor I, which preceded the Lunar Orbiter
flights. The suitability of each site for making a
safe landing was evaluated as part of the site-
selection process (refs. 1-14 and 1-15).

Table 1-2 lists the varieties of terrain on
which the Surveyors landed and their seleno-
graphic locations. Four sets of coordinates are
given: The first set is based on radio tracking
of the spacecraft during its flight to the Moon;
the second is based on radio doppler tracking
of the landed spacecraft from Earth. Both of
these methods locate the site in inertial co-
ordinates relative to the center of gravity of
the Moon. The third set is a listing of the seleno-
graphic coordinates, in the system used in the
Orthographic Atlas and in the Lunar Charts of
the Aeronautical Chart and Information Center
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F16UuRre 1-4.—Lunar Orbiter IIT photograph of Surveyor I on the lunar surface (enlarged
from high-resolution frame H-194, framclet 248). The superimposed image is a model
of the Surveyor spacecraft in a similar configuration and lighting to the Lunar Orbiter
photograph. The image of the model and shadow was photoreduced on negative film
to about the same size as it is on the Lunar Orbiter film. The resulting print was
rephotographed through a television camera to produce a sean pattern.

(refs. 1-16 and 1-17).2 These coordinates were
obtained by determining the position of the
landed Surveyors on Lunar Orbiter photo-
graphs by matching features shown in Surveyor
pictures with corresponding features in the
Lunar Orbiter photographs (refs. 1-2, 1-4, 1-5,
and 1-19 (see ch. 3)). The Lunar Orbiter photo-
graphs were, in turn, related to the Orthographic

? The fourth set is a listing in a more recent scleno-
graphic coordinate system, based on the catalogs of
Mills (ref. 1-18) and of Arthur (ref. 1-19).

Atlas and Mills/Arthur coordinates by matching
large features, visible from Earth. Surveyor I
was photographed on the lunar surface by
Lunar Orbiters I and III; figure 1-4 is an
enlargement of a Lunar Orbiter photograph
of Surveyor I, together with a laboratory
photograph of a Surveyor model with similar
configuration and lighting. The Lunar Orbiter
photographs of the other Surveyor landing
sites were made before the Surveyors landed.
Surveyor V has not yet been identified in Lunar
Orbiter photographs; it may be outside the
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area of Lunar Orbiter high-resolution coverage.

The differences among the four sets of co-
ordinates result, in part, from random errors
and, in part, from systematic errors in the
models used. Differences between the inertial
and the selenographic coordinates arise from
uncertainties in the selenographic grid and
from differences between the center of figure
and the center of gravity of the Moon.

Spacecraft Operations

Surveyor spacecraft were launched from
Cape Kennedy, Fla., by Atlas/Centaur launch
vehicles. After injection on a trajectory inter-
secting the Moon, the spacecraft were separated
from the launch vehicles. Midcourse maneuvers,
utilizing the vernier engines, were performed
to bring the spacecraft within the desired
landing areas. For the terminal descent, the
main retro engine was ignited to provide most
of the braking. After the main engine burned,
nominally at about 10-km altitude, it was
jettisoned, and the vernier engines continued
to slow the spacecraft. To reduce disturbance
of the lunar surface by engine exhaust, the
vernier engines were turned off (except for
Surveyor ITI) when the spacecraft altitude was
about 4 meters and approach velocity was about
1.5 m/sec. The spacecraft then fell freely to the
surface. The velocity components at touch-
down were in the range of 3 to 4 m/sec vertically
and less than 0.5 m/sec horizontally. The
spacecraft masses at injection were 995 to 1040
kg; at touchdown, 294 to 306 kg.

The vernier engines on Surveyor IIT did not
shut down before initial touchdown, but con-
tinued to burn, lifting the spacecraft from the
surface. It landed again about 20 meters
from the initial position, with engines still on,
and lifted off a second time. The engines were
then turned off, and the spacecraft touched
down again 11 meters from the position of the
second touchdown. The vertical velocity com-
ponent for the three touchdowns was 1 to 2
m/sec; the horizontal component, 0.3 to 0.9
m/sec.

Table 1-3 shows the times at which the
Surveyors landed. After touchdown, an en-
gineering interrogation was made, then an

TaBLE 1-3. Times for Surveyor touchdowns
and last data returns

Space- Touchdown Last data return
craft
) SR June 2, 1966; Jan. 7, 1967, 07:30
06:17:36 GMT. GMT.
T | Apr. 20, 1967; May 4, 1967; 00:04
00:04:17 GMT. GMT.
Vooo.. Sept. 11, 1967; Dee. 17, 1967; 04:30
00:46:42 GMT. GMT.
VI .. Nov. 10, 1967; Dee. 14, 1967; 19:14
01:01:04 GMT. GMT.
VII.___| Jan. 10, 1968; Feb. 21, 1968; 00:24
01:05:36 GMT. GMT.

initial series of 200-line television pictures was
transmitted through an omnidirectional an-
tenna. The planar-array antenna was then
pointed toward the Earth, and the trans-
mission of 600-line television pictures was
initiated. Engineering interrogations were inter-
spersed with the various science operations.

Operations continued and some data were
received for periods of 2 weeks to 8 months
after landing, as shown in table 1-3. Opera-
tions were not always continuous; e.g., the
spacecraft were shut down a few hours or days
after each local sunset.

TLunar operations were commanded from,
and spacecraft data were received through,
the Deep Space Station 25-meter communi-
cations antennas at Goldstone, Calif.; Tid-
binbilla (near Canberra), Australia; Robledo
(near Madrid), Spain; and Johannesburg,
South Africa. Occasionally, the 65-meter an-
tenna at Goldstone and the 25-meter antenna
at Honeysuckle Creek (near Canberra), Aus-
{ralin, were used.

A variety of data, not all from scientific
instruments, was received from each space-
craft; sensors carried aboard the spacecraft for
engineering infcrmation also provided scientific
data about the Moon. The types of measure-
ments and the scientific instrument or sensor
that provided them are listed in table 1-4.

There were 87 674 television pictures obtained
from the lunar surface (table 1-5). Photo-
grammetric, photometric, polarimetric, and
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TaBLE 1-4.  Measurement sources and types of scientific information derived from Surveyor spacecraft

Instrument or sensor

Scientific information obtained

Television eamera__ ______________________

Alpha-scattering instrument__ _____________

Soil mechanics surface sampler_____________

Spacccraft leg strain gages, landing radar
system, flight control gyros, and accelerom-
cters.

Spacccraft resistance thermometers, solar
panels, Sun sensors, and directional
antenna.

Magnets___._____________________________

Spacceraft vernier-propulsion system and
attitude-control jet system.

Lunar topography, surface structure and geology; lunar photom-
ctry, polarization, and color; cohesion of lunar surface material;
terrestrial photometry, polarization, and color; terrestrial at-
mospheric transmission, color, and cloud patterns: solar corona
cxtent, photometry, and polarization; ability to point lasers from
Earth to lunar locations.

Chemical composition of lunar surfacc and near surface; radiation
level on lunar surface.

Bearing and shear strengths of lunar surface and near-surface
material; cohesion, internal friction, and density of lunar surfacc
material; surface-rock strength and density.

Bearing strength, cohesion, internal frietion of lunar surface ma-
terial; radar reflectivity and dielectric constant of lunar surface
material; density and elastic velocity of lunar surface material.

Lunar surface temperatures, thermal inertia, and directional in-
frared emission.

Content of magnctic particles in lunar surface material.
Lunar surface permeability to gases, cohesion, adhesion, response
to gas crosion,

colorimetric data were included. Ameng the

TaBLE 1-5. Number of Surveyor television

objects observed were pictures
Pictures taken per lunar day s Total
Spacecrafrt Ppictures
Lunar surface____} 5 sites in maria and highlands; 18t day 2dday | 4th day taken
objects 1% meters to 30 km from
camera; undisturbed surface and
that disturbed by spacecraft; at iii """""" lg ggé e 1 é g;g
l o o Y L R RS SRR € D -] O i S S
Sun angles of 0° to 90°, and in  {l------------ 15006 | Tioas | e e
carthlight. VI 29 952 29 952
Earth.__________ In sunlight, at various phases and VIi """""" 20903 | ;5 ““““““ 51 038
time intervals; eclipsing Sun, ~ 'iieeeo-----op SUMYS L 40 ‘
Lasers on Earth__| At l-watt output. -
Solar corona____._ Inner and outer, to 50 solar radii. Total-_ oo 87 67¢
Planets_ ________ Mercury, Venus, and Jupiter.
Stars_._________ To 6th magnitude. » These numbers refleet later information than those

given in the mission reports (refs. 1-1 through 1-5).

By means of the alpha-scattering instrument,
chemical analyses, covering major constituents
with atomic numbers from carbon to iron,
were made on six surface and slightly subsurface
samples at two mare sites and at one highland
site. Further analysis of the data obtained may
permit some extension of this range of elements
and determination of the flux on the lunar
surface of protons with energies on the order
of 100 MeV.

With the surface sampler, measurements
were made of the bearing load versus penetra-
tion curve for the granular lunar surface
material and of its bearing capacity and shear
resistance as a function of depth in the depth
range of 1 to 20 cm. The nature of surface
deformation was observed from trenching,
static bearing, and impact; data were obtained
on cohesion, internal friction, and porosity of
the near-surface granular material at one mare
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and one highland site. Strength and density of
individual rocks were also measured.

Strain gages on the leg shock absorbers of
the spacecraft provided records of the leg loads
during touchdown. In conjunction with flight
control data on the spacecraft position and
velocity, and television observations of the
surface disturbances associated with landings
these records furnished information on bearing
strength, cohesion, internal friction, elastic
velocity, and porosity of the material at, and
just below, the surface at all Surveyor landing
sites.

Thermal sensors, measuring temperatures of
spacecraft components radiatively coupled to
the surface, permitted determination of surface
temperatures, thermal inertia, and directional
infrared emission at all sites.

The magnets carried by Surveyors V, VI,
and VII provided information on the content
of ferromagnetic and ferrimagnetic particles at
two mare sites and one highland site.

At the mare landing sites, firings against the
lunar surface of the vernier rocket engines on
Surveyors IIT, V, and VI and of the attitude-
control jets on Surveyors I and VI provided
information on the permeability of the surface
to gases, the lunar surface cohesion, response to
gas erosion, and adhesion to terrestrial materials.
On the Surveyor VI mission, 8 days after
landing, the engines were fired in such a way
as to lift the spacecraft 3.5 meters from the
surface; it landed 2.4 meters from its original
position.

Television pictures and other scientific data
from Surveyor may be obtained from the
National Space Science Data Center, Greenbelt,
Md. 20771. Individual pictures can best beiden-
tified by the spacecraft mission and GMT day of
year and time at which they were taken.
Mosaics can best beidentified by catalog number.
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The successful soft landings made by five
Surveyors permitted detailed examinations of
the lunar surface at four mare sites along an
equatorial belt and at one highland site in the
southern hemisphere. The aiming areas, selected
before launch, were chosen after examination of
telescopic and Lunar Orbiter photographs (ex-
cept for the Surveyor I mission, which preceded
the Lunar Orbiter flights). All five spacecraft
landed within these selected areas. The landing
sites were:

Surveyor I.—Flat surface inside a 100-km
crater in Oceanus Procellarum, 1 radius from
the edge of a rimless 200-meter crater.

Surveyor III.—Interior of a subdued 200-
meter crater, probably of impact origin, in
Oceanus Procellarum.

Surveyor V.—Steep, inner slope of a 9- by
12-meter crater, which may be a subsidence
feature, in Mare Tranquillitatis.

Surveyor VI.—Flat surface near a mare ridge
in Sinus Medii.

Surveyor VII.—Ejecta or flow blanket north
of, and less than 1 radius from, the rim of the
crater Tycho in the highlands.

At each of the Surveyor landing sites, the
lunar surface is covered by a layer of fragmental
debris, predominantly fine grained, which is
littered with a variety of rock fragments, and
spotted with overlapping small craters. The
average thickness of the debris layer, or regolith,
was determined for each of the mare landing
sites from the depth of the smallest craters with
blocky rims. The thickest regolith (10 to 20
meters) was found at the Surveyor VI site. The
regolith near Surveyor I is 1 to 2 meters thick,
and at the Surveyor V site is less than 5 meters.
The thickness of the regolith within the 200-
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meter crater where Surveyor III landed varies
from about 1 to 2 meters on the rim to perhaps
10 meters or more at the crater center.

Small Craters

Small craters account for the irregularities of
largest relief on the surfaces at the mare landing
sites. Most of the small craters at each of the
landing sites have a cup shape with walls and
floors concave upward and low, subdued rims,
but some are nearly rimless. Most of the cup-
shaped craters are believed to be of impact
origin. Dimple-shaped craters lacking raised
rims and crater chains are common at the Sur-
veyor V site and were observed at the Surveyor
IIT site; these may have been formed by drain-
age of the surficial fragmental debris into sub-
surface fissures.

Many irregular craters, ranging in size from
a few centimeters to several meters in diameter
and lined with clods of fine-grained material,
were observed at all landing sites. These are
inferred to be secondary impact craters formed
by cohesive blocks or clods of weakly cohesive
fine-grained material ejected from nearby pri-
mary craters.

The cumulative size distribution of small
craters a few centimeters to several tens of
meters in diameter is consistent with a power
law having an exponent of —2. This cor-
responds to that expected for a steady-state
population of craters produced by prolonged,
repetitive bombardment by meteoroids and by
secondary fragments from the Moon. There are
fewer craters larger than 8 meters in diameter
at the Surveyor VII site than at the mare
landing sites; this indicates that the Tycho
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rim material on which Surveyor VII landed is
relatively young.

Resolvable Rock Fragments

Some rock fragments are on the surface and
others are partly embedded to various depths
in o finer grained matrix. The fragments are
scattered somewhat irregularly, but strewn
fields of blocks are found around some of the
larger craters. The Surveyor VII landing site
has the largest number and variety of re-
solvable rock fragments; the Surveyor V and
VI sites have the least number. Most are
relatively angular, but some well-rounded
fragments are present and appear, in general,
to be embedded fairly deeply in the finer
surface material. The fragments tend to be
equant in shape, but some are distinctly
tabular and a few have the form of sharp,
narrow wedges.

Most of the resolvable fragments on the
surface are brighter, under all observed angles
of illumination, than the unresolved fine-
grained matrix. A knobby, pitted surface is the
most common surface texture developed on the
bright, coarse, rounded rock fragments. The
pitted texture and the rounding of the frag-
ments are probably produced by impact of
small particles. Further evidence that the
surfaces of the rocky fragments have been
subjected to an erosive, or abrasive, action is
evident on one of the rocks overturned by the
surface sampler on Surveyor VII. This rock was
rounded on the exposed side and angular on the
subsurface side. Spotted rocks, observed at the
Surveyor I and V sites, are common near
Surveyor VII. In many cases, the lighter
material forms slight protrusions on the frag-
ment, suggesting that it is more resistant to
lunar erosion processes.

The density of one rock near Surveyor VII
was found to be in the range of 2.4 to 3.1
g/em?, with a most probable value of 2.8 to
2.9 glemd. A similar rock was broken by a
moderately strong blow from the surface
sampler. Most of the resolvable blocks on the
Iuna: surface appear to be dense, coherent
rock, but some appear less dense and porous.
Many blocks at the Surveyor VII site, and a
few at the Surveyor I site, are distinctly

vesicular. Some coarse fragments are clearly
aggregates of smaller particles. Some of these
aggregates are compact and angular, whereas
others appear to be porous and probably are
only weakly compacted.

Particle Size

Between 4 and 18 percent of the lunar
surface is covered by fragments coarse enough
to be resolved by the television camera (coarser
than 1 mm). The size-frequency distribution
of resolvable fragmental debris at each Sur-
veyor landing site can be represented by a
simple power function. At the mare sites, the
exponent of the size-distribution function is,
in all cases, less than —2; at the Surveyor VII
site, on the rim flank of Tycho, the exponent
is —1.8. Fragments coarser than 10 cm are 5
to 10 times more abundant on the rim of Tycho
than on the maria.

The ability of the finer grained matrix ma-
terial to conform to smooth surfaces and to
preserve fine imprints; its permeability to
gases; its cohesion; and its optical properties,
before and after disturbance, all suggest that
the bulk of the material has a particle size
between 2 and 60 microns.

Structure and Mechanical Behavior of the Fine
Material

At all landing sites, the fine matrix, or lunar
soil, Is granular and slightly cohesive; the soil is
compressible, at least in its upper few centi-
meters, as indicated by the footpad and erush-
able block imprints; and its static bearing
strength increases with depth as follows:

(1) In about the upper millimeter: less than
0.1 N/em? (from imprints of small, rolling
fragments).

(2) At a depth of 1 to 2 mm: 0.2 N/em?
(from imprints of the alpha-scattering-instru-
ment sensor head).

(3) At a depth of about 2 e¢m: 1.8 N/em?®
(from imprints of erushable blocks on Surveyors
VI and VII).

(4) At a depth of about 5 cm: 5.5 N/em?®
(from penetrations of footpads on Surveyor I).

The higher rock population at the Surveyor
VII site did not, in general, increase the bear-
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ing strength of the soil compared with that at
the Surveyor I, ITI, and VI sites.

The estimated soil shear wave velocity is
between 15 and 36 m/sec, and the compres-
sional wave velocity between 31 and 91 m/sec.
These estimates, based on oscillations in the
spacecraft landing leg forces at touchdown of
four landings, are lower than those expected
for terrestrial soils with other mechanical
properties as listed in this report,

Viscous soil erosion (erosion by the entrain-
ment of soil particles as gas flows over the
surface) occurred during vernier-engine and
attitude-control jet firings. During the Sur-
veyor V vernier-engine firing, soil and rock
fragments up to 4.4 cm in diameter were moved
by viscous erosion. At engine shutdown, ex-
haust gas, which had diffused into the soil,
erupted, producing a crater 20 ¢m in diameter
and 0.8 to 1.3 ¢cm deep under one engine.

The permeability of the lunar soil at the
Surveyor V site to a depth of about 25 c¢m is
1X107% to 7107% e¢m? This corresponds to
the permeability of terrestrial silts. The soil
cohesion bounds were determined to be:

(1) 0.007 to 0.12 N/em?
engine firings).

(from vernier-

(2) 0.05 to 0.17 N/em? (from attitude-
control jet firings).
Lunar material thrown against spacecraft

surfaces in several cases adhered to the space-
craft components. Adhesion of soil to the
Surveyor VII surface-sampler scoop was ob-
served to increase toward the end of the lunar
day. The adhesive strength of the lunar mate-
rial impacting and adhering to the Surveyor
VI photometric target is estimated to be
between 10% and 10° dynes/cm?,

Soil properties, similar to those described,
also were indicated during the surface-sampler
operations. The bhearing-strength values and
the soil behavior during all tests are consistent
with a granular material possessing a cohesion
of 0.035 to 0.056 Njem?, an angle of internal
friction of 35° to 37°, and a density of about
1.5 g/cm?® These values apply to soil depths
between a few millimeters and about 10 cm.
An increase of strength with depth in the soil
near Surveyor IIT was observed to a depth of

about 20 ¢cm; this increase was not found at the
Surveyor VII location. The soil was also found
to be more brittle at the Surveyor III site.

Assuming that the lunar soil is derived from
the rock fragments, the above rock and soil
densities indicate a soil porosity of 0.4 to 0.5,
on the average, from depths of a few milli-
meters to about 10 cm.

Optical, Thermal, and Radar Characteristics

Television observations with color filters
indicate a gray Moon even in disturbed areas.
No demonstrable differences in color were
observed on any of the coarse blocks so far
examined, which are all gray, but lighter than
the fine-grained gray matrix of the surface.
Photometric measurements at each Surveyor
landing site show that the undisturbed fine
matrix of the mare surface has a normal lumi-
nance factor (normal albedo) that varies from
7.3 to 8.2 percent, and the mare material dis-
turbed by the footpads and by the surface
sampler has a normal luminance factor that
ranges from 5.5 to 6.1 percent. The normal
luminance factor for the fine-grained, undis-
turbed and disturbed material at the Surveyor
V11 site is higher than that of the corresponding
mare material. The normal luminance factor
for the rock fragments ranges from 14 to 22
percent both on the maria and on the rim flank
of Tycho. Light scattered from the surfaces of
some rock fragments at the Surveyor VII site
is as much as 30 percent polarized at phase
angles near 120°. This suggests these rocks are
crystalline or glassy, and that their surfaces
are relatively free of fine particles.

Observations of the fine-grained parts of the
lunar surface disturbed by the landing and
liftoff of the Surveyor VI spacecraft, and by
rolling fragments set in motion by the space-
craft, have shown that lunar material exposed
at depths no greater than a few millimeters
has a significantly lower normal luminance
factor than the undisturbed surface. A similar,
abrupt decrease in normal luminance factor at.
depths of 3 mm or less was observed at the
Surveyor III and V landing sites. The occur-
rence of this rather sharp contact of material
with contrasting optical properties at widely
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separated localities on the Moon suggests that
some process, or combination of processes,
lightens the material at the lunar surface. If
this is true, it may imply that a complementary
process of darkening occurs at depths of a few
millimeters and deeper, so that the abrupt
albedo contact is not destroyed as a result of
repetitive turnover of the lunar surface by
solid-particle bombardment.

Where the fine-grained matrix of the surface
material was compressed and smoothed by the
Surveyor footpads or the surface sampler, the
photometric properties were changed. The pho-
tometric function of the smoothed surfaces is
more like that of a Lambertian scatterer than
the undisturbed, fine-grained lunar material.
This indicates the pore spaces of the fine-
grained material tend to be filled in by com-
pression against smooth surfaces on parts of
the spacecraft.

In general, lunar surface temperatures de-
rived from spacecraft thermal data taken during
the lunar day are in qualitative agreement with
Earth-based data. For each mission during
which there was an eclipse, the same value of
thermal parameter (kpc)™'/% was obtained from
spacecraft eclipse and postsunset data, whereas
the values for Earth-based postsunset data are
lower than those from Earth-based eclipse data.
On all spacecraft except one, the same values
were obtained in the two directions viewed by
the pertinent spacecraft sensors; in the case
of Surveyor VII, the thermal parameter values
in the two directions were different; this
discrepancy apparently was caused by some
rocks close to the spacecraft. When Surveyors
IIT and V landed in craters, it was observed
that the local lunar surface temperatures
depended primarily on the Sun elevation angle
to the local lunar surface slope. It should be
noted that all Earth-based and spacecraft data
indicate that the lunar surface material is a
very good thermal insulator.

Radar backscatter data from the lunar
surface, at 2.5- and 3.2-cm wavelengths, were
obtained during the last 3 minutes of the de-
scent for each Surveyor landing. The radar
system consisted of four independent radars.
Signal strengths from each beam have been
interpreted in the form of the radar cross

section as a function of the angle of incidence
in the range 0° to 60°. The general form of
these functions for all landing sites is approxi-
mately the same. However, the entire curve is
higher by nearly a factor of 2 for the Tycho
region than for the mare sites. Because of
strong fading on the radar beams near normal
incidence, a reliable estimate of the normal-
incidence reflectivity cannot be made. The
radar reflectivity of the Tycho rim area is
about 30 percent higher than the average
reflectivity of the Moon as measured from
Earth; the mare areas are about 30 percent
lower. In particular, it is estimated that the
reflectivity of the Surveyor V area (Mare
Tranquillitatis) is between 3 and 5 percent.
The Surveyor data confirm a rather low value
(about 2.5 to 3) for the dielectric constant of
lunar surface material, with a clear distinction
between the mare and highland regions.

Chemical Composition

Surveyor obtained the first direct information
about the chemical nature of the lunar surface
material. At two mare sites (Surveyor V and
VI missions) and one highland site (Surveyor
VII mission), the presence of magnetic material
in the lunar soil was demonstrated, and the
amounts of the most abundant chemical ele-
ments were established.

Analytical data were obtained on six samples
of lunar material, three at the mare sites and
three at the highland site. The analyses indicate
that the most abundant chemical element on
the Moon is oxygen (5745 atomic percent);
second in abundance is silicon (2045 atomic
percent); and third is probably aluminum
(about 7 atomic percent). These are, in the
same order, the most common elements in the
Earth’s crust. The three samples from the
maria are almost identical chemically, implying
that the surface material of large fractions of the
lunar maria have this composition. The high-
land sample differs principally in having about
half as much of the ‘“iron”-group elements
(titanium through copper) as do the samples
from the maria.

The amount of oxygen is estimated to be
sufficient to form oxides of all of the metals,
and so indicates that the bulk of the material
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is relatively stable chemically (although a
small amount of radiation-decomposed material
cannot be excluded). The relative abundance
of the principal elements on the lunar surface
is similar to that of terrestrial basalts, which
often have the amount of magnetic material
observed in the lunar soil. The chemical com-
position found is significantly different from
the most common meteorites (metallic or
stony) falling on the Earth.

These chemical analyses are in strong dis-
agreement with that expected for primordial
solar system material, whether this be con-
sidered condensed solar atmosphere, terrestrial
ultrabasic rocks, or chondritic meteorites. They
clearly contradict a Junar origin for most
meteorites and are inconsistent with a Junar
origin for tektites.

The similarity of the lunar samples with
basaltic composition and the morphology of
surface features observed in terrestrial and
Lunar Orbiter photographs are strong circum-
stantial evidence that some melting and
chemical fractionation of lunar material has
occurred in the past. The bulk composition of
the Moon, however, remains obscure. The lower
abundance of the ‘iron”’-group elements in
the highlands, as compared with the maria,
provides an explanation for the albedo
differences between these two major geologic
units and, in addition, suggests a significant

differenceinrock density consistent withisostasy.

Observations of the Earth and of the Solar Corona

Pictures of an eclipse of the Sun by the Earth
were made during the Surveyor III mission.
Using the camera color filters, sufficient data
were accumulated to produce color pictures of
the light transmitted through the Earth’s
atmosphere during the eclipse. These results
indicated that the observed light primarily
was the result of refraction by the Earth’s
atmosphere and that clouds present at the limb
occulted the light.

During the Surveyor VII mission, pictures of
the Earth were taken with various polarizing
filters. The highly polarized component of light
appeasr to be the result of specular reflection
from ocean surfaces. Pictures of Earth-based
laser beams directed toward the spacecraft’s
lunar location were also made in a test of the
ability of Earth stations to direct very narrow
beams to a specific location on the lunar surface,
in preparation for a possible laser reflector
experiment.

The solar corona was photographed after
sunset on the Surveyor I, V, and VII missions,
frem the innermost K-corona at 2 solar radii to
well beyond the known outer F-corona at 60
solar radii. The data will provide information
on the previously unobserved region between
15 and 50 solar radii.






3. Television Observations From Surveyor

E. M. Shoemaker (Principal Investigator), E. C. Morris, R. M. Batson, H. E. Holt, K. B. Larson,
D. R. Montgomery, J. J. Rennilson, and E. A. Whitaker

Five successful Surveyor spacecraft landed
on the Moon between June 1966 and January
1968 and returned over 87 000 pictures from
the Iunar surface. Surveyors I, IIT, V, and VI
landed on mare surfaces; Surveyor VII landed
in the southern highlands on the flank of the
crater Tycho, the youngest, large bright-ray
crater on the Moon. Table 3-1 lists the day
and times of landing of each spacecraft, their
location and the Sun elevation at the time of
landing.

Surveyors I, II1, V, and VI provided pictures
of various lunar-mare features, such as the
surface in intercrater areas, the inner walls of a
Iarge subdued crater, the inside of a small
drainage crater, and a close view of a mare
ridge.

The terrain around Surveyor VII, in contrast
to the terrain of the maria, consists of ridges
and valleys superimposed on a broadly undu-
lating surface. The Surveyor VII pictures
revealed a great variety of coarse rock {rag-
ments probably excavated from the depths of
Tycho. Some fragments are vesicular, others
appear dense; some fragments are spotted,
suggesting differences in crystallinity or compo-
sition in the [ragments.

TABLE 3-1.  Surveyor times, locations, and approzimate Sun elevations at landing

The size distribution of craters and fragments;
the thickness of the fragmental debris layer, or
regolith; and the colorimetric, photometric, and
polarimetric properties of various Junar-surface
materials were determined from the pictures
for each landing site.

Stereoscopic pictures of the lunar surface
were obtained from Surveyors VI and VII
Surveyor VI vernier engines were ignited; the
spacecraft lifted off the lunar surface and
landed about 2.5 meters from its original
position, thus providing a base for stereoscopiec
pictures. Surveyor VII was equipped with a
9- by 24-cm mirror attached to the spacecraft
mast; this mirror was oriented to provide a
reflected view, as seen from the television
camera, of a small area in front of the space-
craft. Sterposcopic pictures were obtained by
recording direct images of this area and images
reflected from the mirror.

The television cameras of Surveyors I, V, and
VII were operated more than one lunar day.
Surveyor I transmitted over 800 pictures
during the second lunar day of operation;
subsequent engineering interrogations were
continued through January 1967. After a
warmup period of about 147 hours after sunrise

! Location, selenographic
coordinates Approximate
Spacecrafl Landing, GMT hr:min:sec Sun elevation
at landing, deg
Longitude Latitude
Surveyor I_______] 06:17:36 on June 2, 1966 . ____._________________. 43.22°W | 245°8S 28
Surveyor ITI______ 00:04:17 on Apr. 20, 1967 _ _ _____________________.__. 23.34° W 2.97° 8 i1
Surveyor V_______ 00:46:42 on Sept. 11, 1967__________________________ 23.20° E 1.42° N 17
Surveyor VI______ 01:01:04 on Nov. 10, 1967 __ _____________ .. 1.40°W | 0.53° N 3
Surveyor VII_ __. 01:05:36 on Jan. 10, 1968______ . ______ . __ . __________ 11.47° W | 40.86° S 13
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on the second lunar day, Surveyor V responded
to the first turn-on command and subsequently
transmitted over 1000 pictures before the
second lunar-day sunset. Surveyor V was
revived again the fourth lunar day, but only a
few pictures were taken. Surveyor VII was
revived about 120 hours after sunrise the second
lunar day; about 45 pictures were taken in the
200-line mode before suspension of camera
operation.

Most pictures transmitted by the five
Surveyor spacecraft were Tteceived at the
Goldstone, Calif., Tracking Station of the
Deep Space Network. Pictures were also
received at the Canberra, Australia, and
Robledo (near Madrid), Spain, Tracking
Stations.

Television Camera
D. R. MoxTGOMERY AND E. C. MoRRI&

Surveyor’s 7.31-kilogram (16.1-1b) television
camera (fig. 3-1) consisted of a mirror, filters,
lens, shutter, vidicon, and attendant electronic
circuitry. Each picture, or frame, was imaged
through an optical system onto the photo-
conductive surface of a vidicon, which was
scanned by an electron beam. The camera was
designed to accommodate scene luminance
levels from about 0.008 to 2600 ft-1., employing
both electromechanical mode changes and iris
control. On the Surveyor I, IT1, and V missions,
frame-by-frame coverage of the lunar surface
could be obtained over 360° in azimuth and from
40° above the plane normal to the camera
Z-axis to —65° below this plane. On the
Surveyor VI and VII missions, the coverage in
elevation was increased to +90° above the
plane normal to the camera Z-axis. The camera
was capable of a resolution of about 1 milli-
meter at 4 meters and could focus from 1.23
meters to infinity. Camera operation was
controlled by commands from Earth. Com-
mandable operation allowed each frame to be
taken with a lens setting and mirror azimuth
and elevation position appropriate for a given
view of the lunar surface.

The edge of the mirror (fig. 3-2) was a 10.5-
by 15-cm ellipse, and the mirror was supported

Figure 3-1.—Surveyor I television camera.

at its minor axis by trunnions. Its reflecting
surface was formed by vacuum deposition of
Kanogen on a beryllium blank, followed by a
deposition of aluminum and finally by deposi-
tion of silicon monoxide. The reflecting surface
was flat within one-fourth wavelength at A=2550
mu and had an average specular reflectance of
86 percent. The mirror rotated about two
mutually perpendicular axes by means of two
drive mechanisms, one for azimuth and the
other for elevation; the position of the mirror
about each axis was measured by a potenti-
ometer.

Within the mirror housing was a filter wheel
(fig. 3-3), which contained three color or polariz-
ing filters, in addition to a fourth section con-
taining a clear element.

The image was formed by means of a vari-
able-focal-length lens (fig. 3—4), placed between
the vidicon and the mirror assembly. The focal
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Ficurr 3-2.—Mirror assembly of the Surveyor tele-
vision camera. (a} Surveyor I television camera hood
and mirror assembly. A small visor was added to the
top of the hood on the Surveyor III camera. (b)
Mirror assembly and redesigned hood used on
Surveyors V, VI, and VII.

Freure 3-3.—Filter wheel of the Surveyor television
camera.
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length could be varied from 25 to 100 milli-
meters, resulting in optical fields of view of
about 25.3° to 6.43°; however, the camera was
always operated at either the 25- or 100-millim-
eter focal length. Additionally, the lens assem-
bly could be varied in focus by means of a
rotating focus cell. An adjustable iris provided
effective aperture changes from f/4 to f/22, in
increments which resulted in change of aperture
area by a factor of . The iris could be controlled
by command; also available was a servo-type
automatic iris control, which adjusted the
aperture area in proportion to the average scene
luminance. As in the mirror assembly, potenti-
ometers were geared to the iris, focal length, and
focus elements to allow determination of these
settings for each picture. A beam splitter on the
lens assembly sampled 10 percent of incident
light for operation of the automatic iris.

Light energy from object space was converted
to an equivalent electrical signal in the image
plane by the vidicon tube (fig. 3-5). The size of
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Froure 3-4.—Lens assembly of the Surveyor television
camera. (a) Front view. (b) Back view.

the image frame on the vidicon tube was 11
millimeters square. A reference mark was
included in each corner of the scanned frame,
which provided, in the video signal, an elec-
tronic level representing optical black for the
scanned image. In the normal, or 600-line mode
of operation, the frame was scanned once each
3.6 seconds. Each frame required nominally 1
second to be read from the vidicon and required
220-kilohertz bandwidth for transmission. In
the second mode of operation, one 200-line frame
was scanned each 61.8 seconds. Each frame
required 20 seconds to complete the video
transmission and utilized a bandwidth of 1.2
kilohertz. This 200-line mode was used for
omnidirectional antenna {ransmission from
the spacecraft.

A mechanical focal plane shutter, located
between the camera lens assembly and the
vidicon image sensor (fig. 3-6), could be
operated in two modes. In the normal mode of
operation, on Earth command, the shutter
blades were sequentially driven by rotary
solenoids across an aperture in the shutter base
plate. The time interval between the initiation
of each blade determined the exposure interval,
nominally 150 milliseconds. In the other shutter
mode, the blades could be positioned to leave
the aperture open and the frame scanned every
3.6 seconds during 600-line operation, or every
61.8 seconds during 200-line operation. This
open-shutter mode of operation was useful in
the imaging of scenes with low luminance levels,

PROGRAM RESULTS

Figtre 3-5.—Vidicon tube of the Surveyor tclevision
camera.

Frevre 3-6.—Shutter assembly of the Surveyor tele-
vision camera.
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such as the sky with stars, and planets and the
lunar surface illuminated by Earth light.

A third operational mode, used for stellar
observations and lunar-surface observation
under extremely low luminance conditions, is
referred to as an integrating mode. This mode
also could be applied, by Earth command, to
either the 200- or 600-line scan mode. The
shutter of the camera was commanded open
and the vidicon allowed to accumulate light
energy from the scene, after which the shutter
was commanded closed and the frame read
from the vidicon. Pictures could be taken when
scene luminance was as low as 0.008 ft-1, with
the integrating mode.

Two photometric/colorimetric reference tar-
gets were mounted on the spacecraft within
view of the camera (fig. 3-7). These targets,
one mounted on omnidirectional antenna B and
the other on the spacecraft leg adjacent to
footpad 3, were oriented so that the line of
sight of the camera, when viewing the target,
was normal to the plane of the target. Surveyor
VII had one additional target mounted on omni-
directional antenna A. Each target was iden-
tical and contained a series of 13 gray wedges
arranged circumferentially around the target.
In addition, three color wedges, whose CIE
(Commission Internationale d’'Eclairage 1931)
chromaticity coordinates are known, were lo-
cated radially from the target center. A series
of radial lines was incorporated in each chart
to provide a gross estimate of camera resolu-
tion. Finally, the chart contained a centerpost
which served as a gnomon, to aid in deter-
mining the solar angles after lunar landing.

TaBLE 3-2.  Comparison of Surveyor camera characteristics: 600-line mode

Characteristic

Fioure 3-7.—8urveyor V picture of photometrie ref-
erence target mounted on leg 2 of the spacccraft.
The gray steps arc indicated by numbers. A small
pin protrudes from the center of the target and casts
a shadow downward across the target (Sept. 16, 1967,
04:36:25 GMT).

The basic camera design, used on the first
three successful Surveyor missions, was later
improved for the last two flights. Advances
were made primarily in mirror-movement ac-
curacy and, most important, in filter positioning
and intermediate iris control.

The sensitivity and dynamic range were
different for each Surveyor camera. In general,
however, this was not a serious problem during
mission operations because of the large range
in iris and shutter capability. A comparison of
the camera characteristics on each flight is
given in table 3-2.

Dynamierange__________________ . ___________..___
Signal-to-noise ratio, dB___________________________
Horizontal relative response at 600 lines (at center of

vidicon) - - e
Vertical relative response at 600 lines (at center of

vidicon) . . .
Slope of system transfer characteristie curve_ ________

Surveyor I | Surveyor Il Surveyor ¥ | Surveyor VI | Surveyor VII
13:1 7.9:1 14. 4:1 15.4:1 11, 1:1

36. 4 41 43.9 40. 0 43. 6
0.17 0. 38 0.3t 0.20 0. 20

® | o 0. 40 0. 46 0. 33
1‘41‘ 1.4 1.2 11 0. 98

= Not tested.

339462 0—~—60———3
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Categories of Pictures
R. M. Barson anp K. B. Larson

Surveyor television pictures were taken in
sequences called panoramic surveys and in
other sequences designed to obtain optimum
photographic coverage of areas of special in-
terest. Panoramic surveys cover the area from
65° below the camera horizontal to the horizon.
A mechanical stop, 132° counterclockwise and
225° clockwise from the 0° azimuth, prevented
taking pictures in a very small sector. During
the Surveyor I, T1I1, and V missions, no pictures
were taken to the left of the 126° azimuth or to
the right of the —213° azimuth because of the
possibility that the camera mirror might stick
on one of the end stops. Stronger azimuth
stepping motors were used on the Surveyor VI

SURVEYOR: PROGRAM RESULTS

and VII cameras, making it possible to take
pictures at the end stops without the danger
of sticking. Panoramic surveys were taken in
both wide- and narrow-angle lens modes.
Narrow-angle panoramas were taken fto
record surface detail with the highest resolution
possible. Between 900 and 1000 pictures were
required to record the full panorama in the
narrow-angle mode. These pictures were taken
every 6° horizontally and every 5° vertically
until the entire area visible to the camera was
photographed. Successive horizontal rows of
pictures were offset 3° from each previous row
to avoid gaps in coverage. Iris and focus were
set at their optimum values for recording lunar-
surface detail. Figure 3-8 (see table 3-3) is a
diagrammatic representation of survey pan-
orama sequences in the narrow-angle mode.

TaBLE 3-3. Calibrated camera elevations (in degrees) for elevation steps ® listed in figs. 3-8 and 3-9
Elevation step Surveyor I Surveyor I Surveyor ¥V Surveyor VI Surveyor VII
0 . © —68 —66. 7 c—70. 1 = —69. 97 = —69. 98
U S ¢ —63 —61. 7 e —65.1 ° —64. 97 © —64. 98
2 e c —58 —56. 8 c—60.1 —59. 97 —59. 98
K ¢ —5H3 —51. 8 c —55. 2 —54. 97 —b54. 97
4 iiolo. c —48 —46. 9 ¢ —50.2 —49. 95 —49. 96
5 S ¢ —43 —41. 9 c —45,3 —44, 95 —44. 96
6 o e —38 —37.0 —40. 3 —39. 96 —39. 94
2 e —33 —32.0 —35.3 —34, 97 —34. 94
O °c —28 —27.0 —-30. 3 —29. 96 —29. 93
L S U U o —23 —22.0 —25.3 —24. 96 —24. 91
10. o L__ e —18 —17.1 —20.3 —19.95 —19. 94
3 e —13 —12.3 —15.5 —14. 96 —14. 97
12 oL e —8 —7.2 —10.6 —9. 96 —9. 96
13 L. c—3 -2, 2 —5.6 —4. 96 —4. 98
14 i .. c2 2.9 —. 7 .05 .01
D c7 7.9 4.3 5. 06 5. 03
16 - e © 12 | 12. 8 9.3 10. 05 10. 05
| ° 17 17. 7 14. 4 15, 04 15. 03
18 . © 22 22. 7 19. 4 20. 04 20. 01
19 .. c 27 27. 7 24. 3 25. 05 25. 05
20 e ° 32 32. 6 29, 2 30. 05 30. 03
b 37 e 34. 1 35. 04 34. 99
22 e e e e e - 40. 04 39. 98
28 e e e 45, 05 44. 99

» As listed in figs. 3-8 and 3-9.
b The sequences shown in figs. 3-8 and 3-9 were not used during the Surveyor I mission, but the nominal
Surveyor I elevations are shown here for reference.
¢ Value not specifically calibrated.
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Panoramas could be taken in the wide-angle
mode in about one-tenth the time and with
about one-tenth the number of pictures required
for a panorama of narrow-angle pictures. Al-
though wide-angle Surveyor pictures have only
one-fourth the angular resolution of the narrow-
angle pictures, wide-angle survey panoramas
were useful for reconnaissance examination of
the landing sites when high resolution was not
essential or when time did not permit the taking
of narrow-angle survey panoramas. Figure 3-9
is a disgrammatic representation of the survey
panorama sequences for the wide-angle mode.

Colorimetric or polarimetric surveys were
taken by repeating surveys at each filter setting.
Some were taken according to standard pan-
oramic survey sequences; others were taken of
small areas of special interest, and consisted of
only a few frames in each filter position.

POSITIVE AZIMUTH

SURVEYOR:. PROGRAM RESULTS

Photometric surveys were taken to record
changes in scene luminance as a function of the
angle between the Sun and the surface, and the
camera and the surface. Pictures in photometric
surveys were taken at selected intervals along
lines extending east, west, north, and south from
the camera, Special areas of suspected photo-
metric anomalies were also photographed sys-
tematically throughout each mission.

Photometrie, colorimetric, and polarimetric
data were not measured on pictures taken dur-
ing panoramic surveys because the photometric
response of the camersa changed nonuniformly
with time. It was necessary to stop periodically
during photometric, colorimetric, and polari-
metric surveys to take control pictures of cali-
brated color and photometric targets mounted
on the spacecraft.

Pictures of stars were taken during each mis-
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sion to measure the orientation of the camera
with respect to the lunar surface. During the
Surveyor ITI mission, color pictures were taken
of the Earth during its first quarter and during
a solar eclipse. During the Surveyor VII mis-
sion, pictures of the Earth were taken through
polarizing filters throughout the first lunar day.
The Earth pictures were used for attitude de-
termination as well as for color and polarization
experiments.

Focus-ranging surveys were taken to measure
the topography of the near field at the landing
sites. Nine or more pictures were taken at
successive focus steps at each elevation along
given azimuths to determine the points of best
focus for each focus setting. Focus-ranging
surveys contain an average of 50 to 100 pictures
per azimuth.

Topographic computations were also made
by measuring the images of shadows on pictures
taken at different times during the lunar day.
Shadow progression surveys were taken at
regular intervals during each Surveyor mission.
These surveys usually consisted of 1 to 24
wide- and narrow-angle pictures of the shadow
of the spacecraft as it moved across the eastern
terrain during the lunar afternoon. During the
Surveyor VI mission, shadow progression sur-
veys also were taken from the second camera
position of the original sites of contact between
the lunar surface and the spacecraft in its
first location.

Special area surveys consisted of a series of
small surveys of spacecraft parts and space-
craft/surface contact areas. These were taken
to examine parts of the spacecraft for possible
damage and to examine the interaction of
spacecraft parts with the lunar surface. When
panoramic surveys were taken, the camera iris
and focus were set at values appropriate for the
lunar surface; during the special area surveys,
they were set at values appropriate for the
spacecraft parts. The sequences of these
surveys were modified slightly on each mission.

The solar corona was photographed after
lunar sunset on the Surveyor I, V, VI, and VII
missions. These surveys, which consisted of a
series of wide- and narrow-angle pictures taken
along the western horizon immediately after

sunset, were repeated at regular intervals for
several hours after sunset.

Special surveys were made of the entire area
in which the surface sampler operated, and
pictures were also taken during the operation
of the instrument.

The alpha-scattering instrument required
only minor support from the television camera.
Short predeployment surveys and periodic
postdeployment surveys were taken to examine
the instrument itself for change or damage.
The alpha-scattering instrument was turned
over during the Surveyor VI hop, and part of
its interior was visible to the camera. Several
pictures were taken of this area under different
illumination.

During the Surveyor VII mission, the alpha-
scattering instrument did not deploy normally
to the lunar surface, and the surface sampler
was used to deploy the instrument. This activity
was supported by pictures from the television
camera.

Surveyors V, VI, and VII carried small bar
magnets attached to the spacecraft footpads;
Surveyor VII had an additional magnet at-
tached to the scoop of the surface sampler.
These were surveyed under varying illumina-
tions to investigate them for accumulations of
magnetic material.

A small mirror, mounted on the mast of the
Surveyor VII spacecraft, was used to take
stereoscopic pictures of a small part of the
area in which the surface sampler operated.

Table 3—4 lists the categories and numbers
of pictures taken by each Surveyor camera.

Location of the Surveyor Spacecraft

E. A. WHITAKER

Selenographic Coordinates

From about 1913 to the present day, the
basis for all selenographic coordinates has been
the well-known catalogs of Franz (ref. 3-1) and
Saunder (ref. 3-2). Thus, the Orthographic
Atlas (ref. 3-3) and all the lunar maps and
charts prepared by the U.S. Air Force Chart
and Information Center, including those of the
proposed Apollo landing sites, depend on these
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TaBLE 3-5. Comparison of the location of 3 lunar craters

{As listed in the catalogs of Saunder, Franz, Mills, and Arthur]

Crater__ ____ . Flamsteed E Pytheas A Linné A
Catalog. ____ __ __ __ el A, deg 8. deg A, deg 8, deg X, deg B, deg
Saunder_______ ________ . _______.__. —45. 98 —3.69 —21.73 +20. 45 +14.35 +28.93
Franz____ __ e . _. —-21.71 +20. 44 +14. 39 +28.93
Mills. . . - —45.99 —3.68 —21.70 +20. 45 +14. 40 +28. 97
Arthur._ L __._. —45.99 —3.68 —21.69 +20. 46 +14.36 +28.95

measures. More recently, these measures were
checked and combined into a single catalog
by Arthur (ref. 3-4).

New measurements have been made over the
last few years by U.S. Army Map Service, U.S.
Air Force Chart and Information Center,
Baldwin (ref. 3-5), Mills (ref. 3-6), Arthur
(ref. 3-7), and others. At the time of writing,
the most recent catalog is that of Mills, which
uses Schrutka-Rechtenstamm’s reduction of
Franz’s measures (ref. 3-8) as control. A some-
what more extensive catalog is that by Arthur
(ref. 3-7). This catulog uses the raw meas-
ures made on several sets of plates taken at
various observatories and again uses the
Schrutka control net; however, the absolute
orientation was determined from star trails
impressed on a number of Yerkes Observatory
40-in. refractor plates. Typical differences
among the wvarious catalogs are shown in
table 3-5.

Of the four catalogs, that of Franz probably
contains the largest errors, as it was based
largely on early Lick Observatory plates of
mediocre quality. That of Saunder is generally
considered to be more accurate, being based on
Observatory of Paris and Yerkes Observatory
plates of good quality. The Mills catalog is
based on measurements made from 80 films from
the observatory at Pic du Midi, and may be
superior to the Saunder catalog, but it contains
far fewer points. The Arthur catalog may prove
to be the most accurate of all, as it employs an
improved determination of the position of the
Moon’s axis with respect to the surface features.

Location of Surveyor |

The Surveyor I spacecraft landed at a posi-
tion estimated from prelanding tracking data to
be 2.49° S, 43.32° W. An early attempt to cor-
relate bright hills on the horizon, visible in the
Surveyor 1 panoramas, with topographic fea-
tures on ACIC chart LAC 75 was inconclusive,
and led to a location situated well outside the
2¢ error ellipse of the tracking data (refs. 3-9
and 3-10). Whitaker repeated the attempt,
however, and obtained good correlation by
using a low sunrise Earth-based photograph of
the region, secured a few months earlier with
the University of Arizona 61-in. NASA reflector.
This yielded coordinates of 2.57° S, 43.34° W,
well within the 2¢ ellipse (ref. 3-11)

The completion of a narrow-angle mosaic of
Surveyor I pictures of a part of the horizon
containing both the bright hills and the shadow
of the spacecraft at sunset made it possible to
determine the true selenographic azimuths of
the hills without making reference to camera
coordinates. Lunar Qrbiter I medium-resolution
photographs of the area (the high-resolution
photographs were not usable) showed that the
correlation between the hills, as viewed by
Surveyor T and Lunar Orbiter I, was excellent.
This narrowed the area of search for the loca-
tion of Surveyor I to an area 3 km by 1 km
(fig. 3-10). However, the task of correlating
craters and other features visible in the Surveyor
I panoramas with similar features in the Lunar
Orbiter photographs proved difficult, primarily
because of the inability to judge distances, and
hence dimensions, from the Surveyor panoramas.
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;

Ficure 3-10.—Part of Lunar Orbiter I photograph M-210 showing the expected (8,) and
actual (8,) positions of Surveyor I. The spacecraft is visible as a diffuse bright spot.
A and B are rock-strewn craters and C is a crater 180 meters in diamecter.
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TAaBLE 3-6. Selenographic coordinates of 13
craters used to determine the location of
Surveyor T

Mills Arthur
Crater
A, deg B, deg A, deg 8, deg
Encke E__ | _______|_______ —40.11 | 4+0. 36
Maestlin G_______ —42, 03 (+-2.01 |_____.__j__.____
Suess Fo_ | ___l.__.____ —44. 62 | +1.17
Suess FB. _______ —45.57 | +.23 || ...
Flamsteed________|o.._____|.___._. —44.23 | —4. 46
Flamsteed F______|_______ 1 ______ —41.06 | —4.71
Flamsteed FA____|________|_______ —40.75 | —3. 44
Flamsteed FB____{_.__.____ ceo....|—40.55 | —2.32
Flamsteed K_____ —43.62 |1—3.09 :—43.62 | —3.09
Flamsteed D_____|________{______. —44.82 | —3.16
Flamsteed E_ ____ —45.99 [—3.68 | —45.99 | —3.68
Flamsteed C._ __ | ______|.______ —46.20 | —5.49
37003 i _._. —45.04 | —1.04

Subsequently, reflection data from the on-
board radar doppler sensors of the Surveyor T
spacecraft were made available (ref. 3-12). Two
distinct enhancements in reflectivity recorded
by the radar doppler receiver 1 were interpreted
by Whitaker as having been caused by the beam
sweeping across two craters of anomalous ap-
pearance (A and B, fig. 3-10), as they were of
the correct orientation and spacing.

Others working on this problem assumed that
the radar enhancements were caused by the
opposite walls of a comparatively large (1 km)
crater (ref. 3-12). This gave a location that
could not be reconciled with either the tracking
data or the hills on the horizon.

The problem was not finally solved until the
general area was photographed in both medium
and high resolution by Lunar Orbiter TTT. The
location proposed by members of JPL and ACIC
was searched without success. That proposed by
Whitaker also was searched unsuccessfully,
although a bright, rocklike object casting a long
thin shadow was detected close by. Tt was not
possible to reconcile the Surveyor and Lunar
Orbiter data until further work by Whitaker
et al. established the identification of the bright
object casting the long thin shadow as the Sur-
veyor I spacecraft. The anomalous craters A
and B (fig. 3-10) were found to be strewn with

rocks, undoubtedly the cause of the enhance-
ments in radar reflectivity.

A reexamination of the Lunar Orbiter I
photographs showed that Surveyor 1 was visible
as a bright spot on almost all frames that in-
cluded the landed area; it can be seen in figure
3-10. An investigation similar to Whitaker’s
was conducted by Spradley et al. (ref. 3-13),
who arrived at the same results.

The landed location of Surveyor I was care-
fully pinpointed on Lunar Orbiter IV photo-
graph H-143. The centers of 13 craters with
known coordinates situated around this loca-
tion were also pinpointed, using a small trans-
parent overlay provided with concentric circles
for accurate centering of the craters. All 14
points were then transferred to a plastic over-
lay, and the positions of the 13 craters, taken
from catalogs of selenographic positions (refs.
3-2, 3-4, and 3-6), were noted at the appro-
priate places. These craters and the sources of
the coordinates are shown in table 3-6.

It will be seen that two craters common to
both catalogs have identical coordinates, giving
some confidence in the accuracy of the meas-
ures. A comparison between the coordinates
given by Saunder (ref. 3-2) and those listed
in the tabulation, where duplicated, shows a
definite systematic difference in both A and 8.
The mean values are A (Arthur) —\ (Saunder)=
+0.01°;, B (Arthur) —g8 (Saunder)=0.01°. The
coordinates for point 37003 were corrected by
these amounts to bring them in line with the
others, ,

A network of lines was next drawn, pre-
dominantly in the general directions east-west
and north-south, by joining the centers of ap-
propriate craters. By simple proportion, points
were then marked on these lines giving the
intersects of each full degree line of latitude or
longitude as appropriate. Because the Lunar
Orbiter photograph was taken nearly vertically
and because of the small size and equatorial
location of the area photographed, it was ex-
pected that the grid lines in the region of
interest would depart less than 0.01° from
linearity. This was indeed found to be the case.
Local divergences in linearity of some of the
latitude lines were directly attributable to one
crater (37003), whose location was less certain

R e T I Y
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than the other craters. These intercepts were
therefore ignored when drawing the grid. The
coordinates of Surveyor I were determined by
simple interpolation from the enclosing latitude-
longitude lines. They are:

43.22° W 10.01°
2.45° $4+0.01°

On the traditional Saunder-Franz system, these
would be 43.23° W, 2.46° S. The probable
errors were not deduced mathematically, but
were based on the departure from linearity of
the grid intersects.

Location of Surveyor lil

The landed location of the Surveyor I1I
spacecraft was pinpointed (ref. 3-14) on Lunar
Orbiter IV photograph H-125, as were the
following eight measured points: Mills 308,
Gambart R, Fra Mauro B, Saunder 233,
Lansberg 8, Euclides K, Arthur 3402511, and
Lansberg N. Adopting a similar procedure to
that used for Surveyor I, the following coordi-
nates were determined for Surveyor I11:

23.34° W4+0.01°
2.97° S+0.01°

On the Saunder-Franz system, these would be
23.34° W, 2.99° S,

The Location of Surveyor V

The landing point of Surveyor V was situated
some distance away from the nominal aiming
point. The coordinates of the landed position,
obtained from the prelanding tracking data,
were 23.19° E, 1.50° N. This location, according
to the ACIC charts, is situated at the western
extremity of Lunar Orbiter V photograph
H-78, the only high-resolution frame of the
entire Lunar Orbiter series to include it.

Because it landed in a small crater, Surveyor
V obtained a foreshortened view of the sur-
rounding terrain. Although many terrain fea-
tures seen in the Surveyor V panorama appear
to be too small to be seen in Lunar Orbiter
photograph H-78, this frame was searched
extensively but unsuccessfully in the appropri-
ate area for points of correlation (ref. 3-15).

The best postlanding tracking coordinates
available at the time of writing were 23.20°

E+£0.03° 1.42° N 40.01°.! To note this position
with respect to the western border of Lunar
Orbiter V photograph H-78, Lunar Orbiter IV
photograph H-85 was used as a base. A local
grid was constructed on it, as described for
Surveyor I, using the five control points.

Sabine B, C, D, E, and Arago CA. The
tracked location was then pinpointed on this
frame and, by noting its position in relation to
nearby topographic features, transferred to
Lunar Orbiter V photograph M-74, the best
quality medium-resolution frame of the area.
The probable error ellipse was added, also the
boundaries of Lunar Orbiter V photograph H-78
(shown in fig. 3-11). All topographic details
visible in the Surveyor V panoramas are too
small to be visible in this photograph. This
process revealed a systematic error amounting
to 0.1° in longitude on the ACIC charts of the
region (RLC 7 and 8).

Location of Surveyor VI

The landed location of Surveyor VI was
pinpointed on Lunar Orbiter IV frame H-108,
as were the following measured craters: Pallas
D, Flammarion A, Réaumur X, and Oppolzer
A. The Surveyor VI landing site fell close to
the edge of Lunar Orbiter photograph H-108,
which prevented the inclusion of control points
on the west side; it was therefore necessary to
use the overlapping frame H-102 on the west.
A number of fiducial points in the overlapping
portion was provided by pinpointing the craters
Oppolzer A, Bruce, Mills 449, Réaumur Y,
Blagg, Réaumur D, and Seeliger A on frame
H-102 and constructing an accurate coordinate
grid between these points and a number of grid
intersects pinpointed on H-108, using the local
topography for positioning. Using these inter-
sects and the four craters already noted, it was
possible to construct an accurate grid enclosing
the Surveyor VI location. The coordinates were
measured to be:

1.40° WZ0.01°
0.53° N+0.01°

On the Saunder-Franz system, these would be
1.39° W, 0.51° N.

1 F. B. Winn private communication, 1968.
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F16urRe 3-11.—Part of Lunar Orbiter V photograph M-74 showing the estimated position =
of Surveyor V and error ellipse obtained from postlanding tracking data. The boundary
of Lunar Orbiter V photograph TI-78 is also indicated.
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Location of Surveyor VI

The methods used for obtaining the positions
of Surveyors I, ITT, and VI could not be used
for determining the location of Surveyor VII
because: The selenographic grid is not seleno-
detic; that is, it assumes the Moon is spherical.
For points elevated above the mean sphere
and situated some distance from the center
of the moon’s disk, measured coordinates are
greater than the true coordinates; and because,
at the latitude of Tycho, latitude circles are
sufficently curved to cause further difficulties
in attempting to draw a grid.

The following method was therefore adopted
for determining the location of Surveyor VIL
A careful comparison was made with respect
to the local terrain between Lunar Orbiter V
frame M-128 and a photograph (123) taken
with the 100-in. telescope at Mount Wilson,
which enabled the transference of the pin-
pointed Surveyor VII location from the former
to the latter. As this photograph was used as
a basis for sheet D7a in the Orthographic
Atlas (ref. 3-3), it was then possible to transfer
the point accurately to this sheet. The coordi-
nates of the point, as read directly from the
xi-eta grid, were x1, —0.1500, and eta, —0.6550.

Next, it was necessary to check the accuracy
of the grid in the general area. The centers of
13 features of known position were marked,
and their apparent positions read from the
grid. These readings were then compared with
the Saunder catalog positions (ref. 3-2) and
the mean systematic errors noted. These
amounted to —0.00023 in xi, and +0.00007
in eta. Thus, the corrected position was
—0.1502, —0.6549, or 11.46° W, 40.91° S,

If the Surveyor location is now assumed to
lie 1 km above the measured craters, then
these figures reduce to 11.45° W, 40.88° S
(Saunder-Franz system). Allowing for the sys-
tematic difference between this system and
that of Arthur in this region, the final result
is: 11.47° W+0.02° longitude, 40.86° S+£0.03°
latitude.

Summary

Table 3-1 lists the derived selenographic
coordinates for Surveyors I, ITI, VI, and VII.
As Surveyor V has not been located on Lunar
Orbiter photographs, the coordinates from

tracking data represent a best estimate of its
location. The derived coordinates of the four
located Surveyors are repeated here:

Surveyor I: 43.22° W40.01° longitude;
2.45° S40.01° latitude

Surveyor ITI: 23.34° W +0.01° longitude;
2.97° S40.01° latitude

Surveyor VI: 1.40° W40.01° longitude;
0.53° N +0.01° latitude

Surveyor VII: 11.47° W+0.02° longitude;
40.86° S+0.03° latitude

The probable errors refer to the precision of
the determinations with respect to the Arthur
and Mills triangulations, which show small sys-
tematic differences from the traditional
Saunder-Franz network.

Orientation of the Spacecraft and Television
Cameras

J. J. REx~iLsoN anp R, M. Batsow

The spacecraft attitude, referenced to a local
selenographic system, can be determined from
three independent kinds of data telemetered
from the spacecraft: (1) gyro-error signals
and strain-gage deflections on the spacecraft
legs, (2) gimbal angles of the solar panel and
planar array antenna, and (3) star and planet
sightings with the television camera (ref. 3-16).
In addition, the attitude of the camera and the
spacecraft can be evaluated from observations
of the horizon; the east-west component of the
camera and spacecraft attitude can be ac-
curately determined from measurement of the
position of the western horizon in camera co-
ordinates and the time of sunset.

Gyro-Error Determination of Spacecraft Attitude

The gyro-error signals are initiated by the
rotational changes from the spacecraft inertial
coordinate system to the final landed attitude.
The reference coordinate system before these
changes occur is the “attitude hold” orienta-
tion of the spacecraft during descent. This
reference is established when the spacecraft is
about 13 meters above the surface. At this
altitude, the spacecraft’s Z-axis may not

~ coincide with the local vertical; however, the

maximum misalinement is seldom larger than
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1.45°. Once on the surface, the leg strain gages
offer further corrections to this attitude de-
termination.

Anfenna/Solar Panel Positioner (A/SPP) Determination of
Spacecraft Atitude

Another method of attitude determination of
the Surveyor spacecraft is through the use of the
solar panel and planar array gimbal positions.
Measured Sun and Earth sightings of the A/SPP
are transformed to agree with the local seleno-
graphic Sun and Earth vectors. The attitude
of the spacecraft is obtained from the dif-
ference between the Sun and Earth vectors
measured by the A/SPP and the true seleno-
graphic Sun and Earth vectors.

In practice, the measured gimbal angles of
the A/SPP must be corrected for many errors.
These errors arise from mechanical and elec-
trical imperfections. They cause the angle
between the Earth and the Sun, as determined
by the A/SPP gimbal positions (the vector
dot product), to differ from the true seleno-
graphic angle. In computing the rotational
matrix that defines the attitude of the space-
craft, the contribution of these errors must be
minimized. Statistical methods were applied to
determine the magnitude of the errors involved
and their effect on the determination of the
spacecraft attitude. These methods made use
of preflight calibration of the errors in the
gimbal angle positions and population studies
of the errors in the rotational matrices used in
calculation of the tilt of the spacecraft. From
the many Sun/Earth sightings made during a
Surveyor mission, a final matrix was obtained
which minimized the errors in the determination
of the spacecraft attitude.

Television Camera Determination of Spacecraft Attitude
From Star and Planetary Observations

Star and planetary observations with the
television camera will yield an attitude matrix
relating camera coordinates to selenographic
coordinates. If the rotational matrix for camera
coordinates to spacecraft coordinates is known,
the attitude of the spacecraft can be found.

Errors inherent in the television observations
of the stars and planet are numerous. Some
errors can be determined accurately and thus

330-462 089 4

a full correction can be made; other errors can
be only estimated. Those errors for which the
Surveyor cameras were calibrated are (1) image
nonlinearity, (2) departure of actual focal
length from nominal focal length, (3) misaline-
ment and rotation of the vidicon, and (4)
mirror-pointing inaccuracies. Errors for which
incomplete or no calibration was made include
optical axis/mechanical axis misalinement, lens
distortion, and variations of all these errors as a
function of temperature. Corrections for errors
are usually performed in the order given in
the following paragraphs.

Image nonlinearity. The reseau, consisting of
a 5 by 5 matrix of dots deposited on the vidicon
faceplate, corrects for nonlinearity. The basic
assumption made in this correction is that the
reseau is distorted linearly in the same manner
as the image data. Programs used to correct the
image data consist of solving the equations
formed by the cross-ratios of the stellar
image coordinates and those of the surrounding
four closest reseau marks.

Lens distortion. Only one prototype lens of
the Surveyor cameras was measured for detailed
distortion characteristics;however, flight accept-
ance curves were obtained for radial or sagittal
distortion on each flight lens. These curves
can be accurately described by a fourth-order
polynomial equation.

Departure of actual focal length from nominal

Jocal length. The calibrated focal length deter-

mines the angular scale of the picture. The
image coordinates are represented as angular
displacements in azimuth and elevation from
the coordinates of the center reseau.

Misalinement and rotation of the vidicon.
Misalinement errors of the camera optical
axis with the center reseau of the vidicon and
mirror azimuth axis are known to exist.
Because they were minimal, they are not
considered in the preliminary data reduction.
The rotation of the vidicon as well as the
mirror-pointing angles determine the stellar
vector in camera coordinates.

Mirror-pointing inaccuracies. Preflight photo-

grammetric tests of the Surveyor cameras

provided estimates of the mirror-pointing
inaceuracy of each Surveyor camera except
that of Surveyor I. The errors of mirror pointing
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were sufficiently small as to have a minor effect
on the attitude determination and therefore
were not considered.

Once the stellar vectors are determined in
camera coordinates, the camera coordinate to
spacecraft coordinate rotational matrix trans-
forms these vectors to spacecraft coordinates.
From this point, the reduction follows the same
procedure as the A/SPP attitude determina-
tions.

The rotational matrix of camera coordinates
to spacecraft coordinates is one of the largest
uncertainties in determining the attitude of
the spacecraft. Preflight calibration of this
matrix were performed only on Surveyors V,
VI, and VII. Stationary points on the spacecraft
were observed by the camera, and corrections
to the camera/spacecraft matrix were made
after landing.

Some variation in the standard deviation of
the best-fit attitude matrices have been
attributed to slight changes in the attitude of
the spacecraft on the lunar surface. Operation
of the camera mirror and A/SPP stepping
motors caused large oscillations to be imparted
to the spacecraft. Flexibility of the legs of the
spacecraft, particularly in those cases when the
shock absorbers of the legs were not locked,
also caused movements of the spacecraft.
Monitoring of the horizon by the Surveyor VII
camera showed variations in position of objects
on the horizon up to 0.2° during the lunar day.

Table 3-7 lists the camera attitude in seleno-
graphic coordinates for each successful mission.
The attitude was derived from observations of
the stars and planets. Table 3-8 lists the
combined spacecraft attitudes for each mission
from the three sources of data, gyro error,
A/SPP position, and television camera observa-
tions. The relationship of the angles of space-
craft geometry are shown in the sketch.

Spacecraft attitudes were verified by an inde-
pendent method of computing the position of
the horizon in camera coordinates. If the horizon
were a circle with the camera in the center, it
could be plotted on a cylindrical projection in
camera coordinates as a sinusoidal curve, the
amplitude of which (above or below the 0°
camera elevation) is equal to the magnitude of
camera tilt. The camera coordinates of two or

more observed points on the horizon (differing
in azimuth by 15° to 165°) would be sufficient to
determine the camera tilt and the azimuth of
camera tilt. The orientation of the camera
parameters can also be determined in the case of
a camera displaced from the center of the
horizon circle, if the magnitude and direction
of the displacement are known.

Errors inherent in computing the attitude of
the spacecraft by horizon measurement are the
same as those listed for reduction of stellar obser-
vations. In addition, no horizon viewed by Sur-
veyor was perfectly smooth, and departure of
the observed horizon from the theoretical hori-
zon may also lead to errors in attitude deter-
mination. At most Surveyor landing sites, how-
ever, the observed horizon is sufficiently close
to the theoretical horizon so that when large
numbers of points on the horizon were used in
several combinations, the standard deviations in
computed camera attitude were small.

Most of the observed horizon points used in
this kind of attitude computation are selected
by subjective interpretation, but the location of
the theoretical horizon in places can be deter-
mined more rigorously. For example, several
distant ridges of known height were visible along
the northern horizon at the Surveyor I landing
site. The vertical angles between the theoretical
horizon and the summits of these ridges, there-
fore, could be computed as a function of the
height and distance of the ridges relative to the
camera. The accuracy of this computation is
primarily a function of the accuracy with which
the heights of the ridges are known; in this case,
it was about +0.1° Several data points were
added to the determinations of horizon position
for Surveyor 1 by this computation.

A single point was added to the data set for
each Surveyor by computing the location of the
theoretical western horizon as a function of the
time of sunset on the camera. Because of topo-
graphic prominences west of the spacecraft, sun-
set came earlier to most Surveyors than that
predicted from ephemeris data. The angular
height of these prominences above the theo-
retical horizon could thus be computed as a
function of the time d fferential between actual
and predicted sunsets at each landing site. The
selenodetic landing site locations and the actual
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TaBLE 3-7. Camera attitudes in selenographic coordinates
Parameter ¢1, deg® ¢2, deg® ¢, deg©
Surveyor ¥ _ .. —b58.0+0.7 17.1+0.5 56.7+0.7
Surveyor I1I___________ ... 228.5+£0.9 22.410.7 84.0+0.9
Surveyor Vo e 263.0+0.7 33.5+0.5 21.6+£0.6
Surveyor VI:
Before hop_____ . .__. —19.540.2 15.340.2 49.5+0.2
After hop_ ... —32.3+£0.2 12.240.2 58.31+0.2
Surveyor VII during most of day____________________.__ 196.54+0.5 14.04+0.3 51.6+0.5

* ¢r=angle to the camera tilt vector measured in the horizontal plane from lunar east, negative counterclockwise

and positive clockwise.

b ¢.=vertical angle of the camera tilt vector measured from local vertical.
©¢3=horizontal angle from the camera tilt vector to the camera 0° azimuth position.

TABLE 3-8. Spacecraft attitudes

Spacecraft Tilt magnitude, Tilt direction, Roll, 0, deg® Remarks
, degs a, deg?
Surveyor I___________ 0.4 233 89.5 No error analysis performed
Surveyor IIT__________ 12. 0 142. 8 44. 2 No error analysis performed
Surveyor V___________ 19.5+£0.8 262.4+0.8 24.3+2.0 | Before static firing
Surveyor V___________ 19.7+1.5 260.1+£1.5 25.243.0 | After static firing
Surveyor VI__________ 1.94+0.7 307.1+£0.7 118. 6+ 1.0 | Before hop
Surveyor VI__________ 4.042.3 41.5+2.3 113.6+1.8 | After hop
Surveyor VIT. ________ 3.24+0.4 ’ 279.0+0.4 339.8+0.6
ZENITH
-Z
A,
H
H
I
1
]
I
1
: » EAST
/ > 8
+r ! +X
SPACECRAFT

SOUTH COORDINATE SYSTEM

= a=azimuth of tilt direction measured positive clockwise from + X axis.
b g=magnitude of tilt measured positive clockwise from — Z axis.
c@=roll angle of 4+ X axis from east measured positive clockwize in the spacecraft’s z—y plane.
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TaBLE 3-9. Camera attitudes from horizon measurements
Parameter @1, deg 2, deg 1, deg

Surveyor I~ ____________ —63 43 16.1+0.5 52 43
Surveyor I __ __ .- 227 2 23.5+0.2 83 2
Surveyor V (before Sept. 24, 1967) . ______ . __________ 271 2 31.1+0.2 30 +2
Surveyor V (Sept. 24, 1967) . __ . __.__._ 271 +2 33.0+£0.2 30 +2
Surveyor VI before hop (before Nov. 17, 1967, 10:32

GMT) . e -22 43 15.4+0.3 47 43
Surveyor VI after hop (after Nov. 17, 1967, 10:32 GMT) __ —32 +3 11.64+0.3 59 3
Surveyor VII® (before Jan. 19, 1968) ___ . _______________ 196.5+0.5 14.04+0.3 51.6+0.5
Surveyor VII (Jan. 19, 1968) ___________________..__._. 194.240.5 13.840.3 49.34+0.5

s An angular misalinement of approximately 0.25°
in the direction of camera tilt apparently existed in the
optieal train of the Surveyor I camera.

bThe horizon at the Surveyor VII landing site was
too irregular to make accurate measurements. There-
fore, the attitude of the camera as listed in table 3-7
is repeated here. The location of the true western

sunset times for each Surveyor mission are
known accurately enough so that the location of
the western horizon can be computed within
approximately +0.15°,

Table 3-9 shows the camera attitudes deter-
mined from horizon measurements. Most of the
measurements agree within probable limits of
error with those made by the A/SPP and star
and planet sightings (tuble 3-7). The large dis-
crepancy in the different solutions for the Sur-
veyor V orientation is in a north-south direction
and cannot be resolved by using the sunset data.

Topographic Mapping Methods
R. M. Barson

Topographic and planimetric maps have been
made from Surveyor television pictures by four
basic techniques: (1) focus ranging; (2) stereo-
scopic photogrammetry; (3) shadow measure-
ment; and (4) photographic trigonometry.

Focus ranging is a near-field (that is, within
10 meters of the camera) mapping method
based on the limited depth of field in pictures
taken in the narrow-angle mode of the Surveyor
lens. Pictures are taken at nine or more focus
settings at each camera elevation position along
a given azimuth. Small areas in best focus in

horizon, as determined from the time of sunset, provided
an attitude determination consistent with the values
shown. The second orientation, relative to the first
orientation, was determined by measurements of the
shift in the position of the true horizon, as determined
from the attitudes listed in table 3-7.

each picture are located on a mosaic of focus-
ranging pictures taken at specific focus settings.
The camera azimuth and elevation of the center
of the area of best focus for that focus setting is
determined by graphical measurement. The
location of the point of best focus on the lunar
surface is then computed from azimuth, eleva-
tion, and calibrated focus distance. A point 10
meters below the intersection of the camera
azimuth and elevation rotation axes is used as
the origin of the coordinate system, and the
z—y plane of the system is oriented parallel to
the lunar level plane. Contour lines are drawn
by interpolation between control points. Plani-
metric features, such as craters and rock frag-
ments, are plotted by reference to a grid system
on the z—y plane consisting of lines of equal
camera azimuth and lines of equal camera eleva-
tion, as determined by focus ranging (figs. 3-12
and 3-13).

Topographic maps can be made by focus
ranging only if a sufficient number of control
points is available. One focus-ranging survey
(i.e., a survey along one camera azimuth) results
in 50 to 180 pictures, taken at 5 to 20 camera
elevation settings and 15 to 25 focus settings.
For each survey, 15 to 25 control points are
computed. A minimum of 10 focus-ranging sur-
veys is required to provide a sufficient density
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F1GuRE 3-12.—Grid on an z—y plane consisting of lines of equal camera azimuth (radiating
lines) and lines of equal camera elevation (curved lines). This grid was used to make
preliminary planimetric maps of the Surveyor I landing site.

F1GuRE 3-13.—Trace of lines of equal camera azimuth and lines of equal camera elevation
on a natural lunar surface. Grids like this are used to plot positions of planimetric
features (blocks, craters, etc.) at Surveyor landing sites. This grid was made from
focus-ranging data taken at the Surveyor V landing site. Deviation of lines from
mathematical symmetry is caused by uneven topography.
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of control points to map the near field at a
Surveyor landing site.

Stereoscopic photogrammetry is the most ac-
curate method for mapping the near field of
Surveyor landing sites. Stereopsis is present in
pictures of the same surface taken from two
different locations. If the relative positions of
the two camera stations and the relative camera
orientations at the time the pictures were taken
are all accurately known, then the locations of

the features in the pictures can be computed by
triangulation.

Stereoplotting instruments provide a method
of continuous analog triangulation. These in-
struments are used to re-create an optical, three-
dimensional model of the surface to be mapped,
which can be viewed and measured by the
stereoplotter operator. This is done with an
index mark in the form of a point of light or a
black dot, which appears to float in the three-

F1GURE 3-14.—Surveyor photorestitutor. This instrument was originally designed to rectify
monoscopic Surveyor pictures, but has been modified for use as an anaglyphic stereo-
plotter. Each projector is a geometric analog of the television camera. Glass trans-
parencies, or ‘‘diapositives,” made from stereoscopic pairs of pictures are used at each
camera position. The projectors and projector mirrors are set in the same relative
orientations as the camera at the time cach picture was taken. One picture is projected
with red light; the other is projected with blue light onto a white sercen, or platen.
The operator wears spectacles with one red lens and one blue lens, cnabling him to
sce the overlapping images as a single three-dimensional picture or model. As the platen
is moved vertically or horizontally, the point of light at its center appears to float in
the stereoscopic model. The horizontal position of the point of light is plotted on the
map manuscript over which the platen carriage, or tracing table, moves. The vertical
position of the point of light can be read from a counter on the tracing table.
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dimensional model and which can be moved
horizontally and vertically in measurable
amounts by the operator. The mark is coupled
by a mechanical linkage to a pencil or stylus so
that maps or profiles can be traced directly
from the stereoscopic models.

Stereoscopic mapping instruments have been
in use for many years for terrestrial mapping,
but none of them were designed to meet the
unique requirements imposed by stereoscopic
pictures taken by Surveyor television cameras.
Measurements with these pictures must be made
analytically, one point at a time, or with a
stereoplotter specially designed for use with
Surveyor television pictures (fig. 3-14).

Shadow measurement is basically a technique
for making a profile along an east-west line
through the spacecraft. Data from shadow
measurements do not have sufficient density for
contour mapping, but are valuable supplements
to other data from which the maps are compiled.
The method utilizes the known size and orienta-
tion of spacecraft parts to compute the size of
the shadows of these parts on the lunar surface.
From the size of the images of the shadows in
the television pictures, their distance from the
camera is computed. Camera azimuth, eleva-
tion, and distance to the shadow is then used to
compute the Iocation of the shadow on the lunar
surface, with respect to the camera. The shadow
of the television camera is used in the near field,
because it is relatively small. The shadow of the
solar panel is used for distances between 5 and
100 meters. This shadow, which is approxi-
mately 1 meter wide, is too large to make any
but gross topographic measurements in the near
field. It has been found to be an accurate (£5
percent) way to measure distances as great as
100 meters from the camera.

Small-scale maps of the far field of Surveyor
landing sites are made by correlating features
visible on high-resolution Lunar Orbiter pic-
tures with features recorded by the Surveyor
television pictures.

We refer to this technique as photographic
trigonometry, or ‘“photo-trig.”” The method is
based on the locations of the Surveyor space-
craft on Lunar Orbiter photographs. Heights of
features visitle on Lunar Orbiter photographs
and Surveyor pictures are computed as a func-

tion of the distance of the feature from the Sur-
veyor camera and its angular elevation with
respect to the Surveyor camera and the lunar
level. The former is measured on the Lunar
Orbiter photographs, the latter on Surveyor
pictures. From the set of heights thus computed,
contour lines are plotted by interpolation. The
accuracy of these contour lines is a funection of
distance from the spacecraft and density of con-
trol points in the immediate vicinity of the con-
tour lines,

It is difficult to correlate features east or west
of the spacecraft. During the lunar morning,
features east of the spacecraft are difficult to
see, because pictures are taken directly into the
Sun, and glare obliterates much of the image
area. As the Sun rises higher in the sky, contrast
drops and topographic features become difficult
to identify. In the lunar afternoon, features to
the east of the spacecraft cannot be easily
identified because the phase angle in this area is
low. Surface detail cannot be seen because the
contrast generally is low at low phase angles
unless shadows are observed. A complementary
set of conditions applies to the area west of the
spacecraft.

Landing Site Maps

R. M. Batsown

A topographic map of the landing site of Sur-
veyor I, the only Surveyor photographed by a
Lunar Orbiter spacecraft (fig. 3-15 and ref.
3-13), is being made by the photographic-
trigonometry method. The Air Force Chart and
Information Center (ACIC) has compiled a
map of the site by stereophotogrammetric meth-
ods (ref. 3-17) from the Lunar Orbiter photo-
graphs. The ACIC maps are being used in
conjunction with the Surveyor pictures and the
Lunar Orbiter photographs to make accurate
correlations and topographic measurements of
the Surveyor I landing site.

Only four focus-ranging surveys were taken
during the Surveyor I mission; consequently,
features near the Surveyor I spacecraft can be
located only approximately by assuming a
datum and plotting the location of the feature
as a function of its vertical angle from the
Surveyor camera and the height of the camera
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FIGURE 3-15.—Part of a Lunar Orbiter ITI frame H-183. The arrow points to the Surveyor I
spacecraft.

above the datum. Figure 3-16 is a planimetric
map made by this method. Focus-ranging data
were not incorporated into this map because
these data indicated that the surface was level
within the limits of error of the method. Figure
3-17 shows the profiles computed from focus-
ranging measurements made during the Sur-
veyor I mission. A shadow progression profile
was also made along a line to the east of the
spacecraft (fig. 3-18).

The photographic-trigonometry method was
first used to make a preliminary topographic
map of the Surveyor ITI landing site (fig. 3-19).
Whitaker (ref. 3-14) located the spacecraft by
resection on Lunar Orbiter TV photograph H-

125 which was taken before the Surveyor 111
landing. The spacecraft landed in a large crater
200 meters in diameter, and no features farther
than about 150 meters from the camera were
visible. The topographic measurements for the
map in figure 3-19 were based on a camera tilt
of 23.5° along the 83° camera azimuth (ref.
3-14). Focus-ranging profiles were not taken
during the Surveyor III mission, and no large-
scale, near-field maps of the site have been
prepared.

The landing site of Surveyor V was the first
on which the focus-ranging method was used
extensively for detailed mapping (fig. 3-20).
Shadow measurements were also made; these
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Figure 3-17.— Focus-ranging profiles taken during the Surveyor I mission. Horizontal-to-
vertical scale ratio is 1:1.
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FiauRe 3-18.— Profiles made from shadow progression surveys taken during the Surveyor I
mission. Horizontal-to-vertical scale ratio is 1:1. (a) Profile made from the shadow
of the television camera and solar panel as it moved eastward from the spacecraft
during the midafternoon. (b) Profile made from the shadow of the solar panel as it
moved eastward across the lunar surface during the mid and late afternoon.
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measurements agreed with the focus-ranging
measurements and were incorporated into the
map as control points.

Stereoscopic measurement of part of the
Surveyor V landing site may be possible be-
cause of a shift in camera position near the end
of the first lunar day. The shock absorbers on
legs 2 and 3 contracted and the legs compressed.
Footpad 1 rotated about 1.4°, resulting in a
vertical separation of camera position of ap-
proximately 7.45 cm. This baseline should be
sufficient to make measurements of the near
field with about the same accuracy as that of
focus ranging.

Because Surveyor V has not been located on
Lunar Orbiter photographs, mapping by photo-
graphic trigonometry is not possible.

All four mapping methods are being used to
map the Surveyor VI landing site. A thorough
correlation of features on Lunar Orbiter photo-
graph H-121, framelets 264 through 272, has
been made with the Surveyor VI pictures. Many
features are as far away as 800 meters from the
Surveyor VI camera. At this distance, an
angular measurement error of +0.2° results in
an error in height measurement of +2.8 meters.
For this reason and because of a relatively low
density of control points, & 5-meter contour
interval was used (fig. 3-21). No features, with
the exception of the small crater designated
“B-1,” could be located and identified east of
the spacecraft; therefore, no contour lines were
drawn in this area. Areas obscured to the Sur-
veyor camera have been removed from the
superimposed Lunar Orbiter mosaic. Most of
the features in the Lunar Orbiter photographs
should be visible in Surveyor pictures, but they
may not be identifiable because of Surveyor’s
foreshortened view of the surface. The defiladed
areas probably are much more extensive than
shown on this illustration. Figure 3-22 is a
diagrammatic representation of the location of
these features in the Surveyor panorama.

The hop of Surveyor VI displaced the space-
craft 2.54 meters horizontally,? —0.12 meter
vertically, and rotated it counterclockwise
4.25+0.25°, The displacement was determined

2 An independent measurement made by Christensen
et al. was obtained by a different method. (See ch. 4
of this report.)
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FrgurEe 3-23.—Surveyor VI relative orientations. Fea-
tures shown with screened lines were located by
focus-ranging surveys taken before the hop, and
features shown with solid lines were located by
focus-ranging surveys taken after the hop. The
average height of features, measured by focus ranging
before and after the hop, indicates that the second
camera position ix 12 em higher than the first.
Horizontal displacement was 2.54 meters. Measure-
ments of azimuths of features near the horizon (too
far from the spacecraft to be affected by parallax)
indicate that the spacecraft rotated counterclockwise
4.25° during the hop.

by focus ranging. Because of the change in
illumination angles, both before and after the
hop, not all features could be identified on
panoramas of pictures taken before and after
the hop. A significant number could be located,
however, and planimetric maps were made
from prehop and posthop focus-ranging sur-
veys. The rotation of the spacecraft during the
hop was measured by comparing azimuth
angles to horizon features on the assumption
that these would not be affected by the parallax
between the two camera positions. Focus-
ranging planimetric maps of the landing site
before and after the hops were superimposed,
with a 4.25° rotation, and manipulated laterally
until a best fit of features was obtained. The

result is shown in figure 3-23. When vertical
heights were computed, it was found that much
better correlation between prehop and posthop
figures was possible if 12 ¢m were subtracted
from all height measurements made before the
hop. Figure 3-24 is the completed focus-
ranging map made from surveys taken before
and after the hop. Both spacecraft positions
are shown and features identified on both sets
of data are distinguished from those identifiable
on only one.

The displacement in camera position pro-
duced by the hop permitted the taking of
stereoscopic pictures. These are being used to
map the landing site in the area between 5 and
100 meters from the spacecraft. The stereo-
scopic effect is difficult to use because the hop
took place very near lunar noon, when the Sun
was high and the contrast was poor in prehop
and posthop pictures. For this reason, the
stereoscopic mapping requires a combination
of point-by-point analytical measurement in
conjunction with measurements made with the
stereoplotter shown in figure 3-14.

The Surveyor VII landing site is being
mapped by combinations of all four mapping
methods. Figure 3-25 is the map made by focus
ranging. The only stereoscopic effect in the
Surveyor VII pictures was produced over a
small area about 0.25 m? through the use of a
mirror mounted on the spacecraft mast.

A contour map of a small rock fragment
(fig. 3-26) was made by stereoscopic measure-
ments of pictures taken directly and through
the mirror. This fragment was placed in the
area covered by the stereomirror by the surface
sampler. Figure 3-27 is a stereogram of the
rock showing the measured control points used
for compilation of the contour lines. The map
was made entirely by the analytical method,
one point at a time, through use of a computer
program developed at the Jet Propulsion
Laboratory. The entire area of stereoscopic
coverage on the Surveyor VII landing site is
being mapped by the same method and through
use of the same computer program. A small-
scale map of the Surveyor VII site is also being
compiled by photographic trigonometry.
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EXPLANATION

DEFILADE

SHADOW
o ll5
CONTROL POINT

INFERRED CONTOUR LINE

VERTICAL SURFACE

OVERHANGING SURFACE
LINE OF CONTACT BETWEEN
FRAGMENT AND SURFACE

U.S. GEOLOGICAL SURVEY N
SCALE 1:1
o 05 i 2in
[ 12 3 4 5m
[

CONTOUR INTERVAL : 5 MILLIMETERS
DATUM IS 2 METERS BELOW MIRROR ELEVATION AXIS
Surveyor VII landing site.

Figure 3-26.—Contour map of a small rock fragment at the
f stereoscopically observed

The map was made by photogrammetric measurement 0
control points in the stereomirror area.

FIGURE 3-27.—Stereogram of the fragment mapped in figure 3-26. The numbered points
were used to control the contour lines of figure 3-26.
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Geology
Regional Setting
E. C. Morris
The first four successful Surveyor spacecraft
landed on broad mare plains. Surveyor I landed
on a gently undulating mare surface partly en-

closed by the rim of a large, nearly buried
crater about 100 km in diameter (fig. 3-28) in

the southern part of Oceanus Procellarum. The
mare material in the eastern half of this crater
is considerably darker than the more typical
mare material of Oceanus Procellarum, and the
Surveyor I site is on the dark mare material.
No large rays are found in full-Moon photo-
graphs of this area.

Surveyor III landed about halfway up the
mner northwest-facing slope of a 200-meter-

FiGure 3-28.—Lunar Orbiter TV photograph H~143 of the Surveyor I landing site. Hills
north of the landing site, which are part of the rim of the buried crater 100 km in
diameter, can be seen in Surveyor panoramas.
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F1GURE 3-20.—Small part of Lunar Orbiter III photograph H-154 showing location of
Surveyor III in a 200-meter-diameter erater. The small triangle represents the true

size and orientation of the spacecraft.
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wide subdued crater (fig. 3-29) located in the
eastern part of Oceanus Procellarum about 120
km southeast of the crater Lansberg (fig. 3-
30(a)). The Surveyor IIT site is crossed by faint
rays from the large crater Copernicus (fig. 3-
30(b)) 400 km to the north. About 20 km west of
the site, the mare surface is broken by rough,
hummocky terrain and numerous isolated hills
of the Fra Mauro formation of Imbrian age
(ref. 3-18). Low mare ridges and hummocky
terrain form the eastern boundary of the smooth
patch of mare material on which Surveyor ITI
rests.

Surveyor V landed in the southwestern part

Fi1cure 3-30.—The Surveyor ITI landing site.

of Mare Tranquillitatis in the eastern part of
the Moon (fig. 3-31), about 70 km north of the
southern boundary of the mare. The region is
crossed by faint rays associated with the large
crater Theophilus 350 km to the south. The
highlands to the west of Mare Tranquillitatis
are characterized by prominent northwest-
trending ridges and valleys which are part of a
system of ridges and valleys known as the
Imbrian sculpture. High-resolution Lunar Or-
biter photographs of an area near the Surveyor
V site reveal many craters about 10 meters
across which are also alined in a northwest
direction. Some individual craters are markedly

(a) The crater Lansberg and region to the
southwest showing the Surveyor II1 location (small cirele). The low evening illumination
emphasizes the low mare ridge segments northeast of the landing site and the rough,
hummocky topography northwest of the landing site. (Photograph taken with the
82-in. reflector at McDonald Observatory.) See next page for figure 3-30(b).
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elongate in this same direction. These craters
may be drainage or collapse craters that are
structurally controlled by subsurface fissures
and fractures that are related to the Imbrian
sculpture. Surveyor V came to rest in one of
these small, elongate, rimless craters. The Sur-
veyor V crater is about 9 meters wide, 12 meters
long, and about 1 meter deep.

Surveyor VI landed in Sinus Medii, an iso-
lated patch of mare material near the center of
the subearth side of the Moon (fig. 3-32). The
surface of Sinus Medii has a higher average
albedo than most of the maria. The detailed
shapes and trends of mare ridges, crater chains,
and small shallow trenches on Sinus Medii re-

flect the dominant structural patterns that
occur in the highlands that surround the maria.
The most conspicuous structural pattern in the
highlands is the northwest-trending Imbrian
sculpture. The second most prominent set of
linear structures is a northeast-trending system
of scarps and ridges.

The most prominent topographic feature in
the vicinity of the landed Surveyor VI is a mare
ridge about 40 ki long thatfollows a zigzag pat-
tern and trends generally east-west (fig. 3-33).
Individual elements of the ridge trend north-
west and northeast. The ridge is somewhat
smaller than ridges that have been studied
through Earth-based telescopes, but it is the

FieUurE 3-30.—Continued. (b) Same region as figure 3-30(a) with full-Moon illumination
showing relationship between Surveyor III location (small circle) and Copernicus rays.
{Photograph taken with a 40-in. refractor, Yerkes Observatory.)
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Fraure 3-31. -Earth-based, telescopie photograph of Mare Trangaillitatis and the high-
lands to the west. Prominent northwest-trending ridges and valleys in the highlands
are part of Imbrian seulpture. (Photograph taken through 36-in. refractor telescope
at Lick Observatory.)

|
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Fi6uRre 3-32.—Earth-based, telescopic photograph of the central region of the Moon. The
white cirele indicates the location of Surveyor VI. (Photograph taken through the
100-in. telescope at Mount Wilson Observatory.)
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FIGURE 3-33.—Lunar Orbiter IT photograph M-113 of Sinus Medii. The Surveyor VI
landing site is indicated by the white circle. A mare ridge, which passes just south of
the Surveyor VI landing site, can be seen extending across the eenter of the picture.

Frovre 3-34.—Lunar Orbiter V photograph M-127 of the crater Tyeho and its northern
flank. The arrow points to the Surveyor VIT landing site.
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first such feature to be studied from a landed
spacecraft,

Surveyor VII, the only spacecraft sent to a
highland aresa, landed on the outer flank of the
rim of the crater Tycho, one of the most
prominent and well-known features in the lunar
highlands (fig. 3-34). The crater is surrounded
by the most conspicuous and extensive system
of bright rays on the subearth side of the Moon.
From the crest extending outward a distance
of 10 to 15 km, the rim of Tycho is composed
of irregular hills and intervening depressions.
From 15 km to a radial distance of about
35 to 40 km, the surface is marked by numerous
subradial ridges and valleys, typically 2 to 5
km in length and ¥ to 1 km in width, super-
imposed on a broadly undulating surface.
Surveyor VII landed about 30 km north of
the rim crest of Tycho on the part of the rim
flank marked by these linear ridges.

The rim of Tycho is composed of debris,
probably ejected from the crater during its
formation, and a sequence of flows that form
mappable geologic units. The flows range in
form from hummocky, steep-fronted flows to
smooth-surfaced flows without marginal scarps.
The differences in form are attributed to
differences in viscosity of the flows at the time
they came to rest. Surveyor VII landing site is
on one of the flows whose surface is composed
of irregular, low hills and depressions ranging
from 100 meters to several hundred meters
across with scattered blocks, small craters, and
swarms of north-trending fissures that occur
on the flow’s crest. The Surveyor VII landing
site is geologically more complex and contains
a greater variety of rock fragments than any
of the Surveyor landing sites on the maria.

Craters

E. C. Morris anp E. M. SHOEMAKER

Small craters are the most abundant of the
topographic features observed on the lunar
surface and account for the irregularities of
largest relief on the surface of the landing sites
in the maria. Several types of small craters
can be recognized: (1) shallow, cup-shaped
craters with subdued rims; (2) cup-shaped
craters with sharp, raised rims; (3) rimless

craters; and (4) irregular or asymmetric craters.
Most small craters in the diameter from 10
cm to several meters are cup shaped with
concave floors and subdued convex rims. They
are difficult to observe under high angles of
solar illumination, but are conspicuous at
low-illumination angles. A few percent of the
craters observed in the Surveyor pictures are
cup shaped, with sharp, raised rims. Most of
the cup-shaped craters probably are of impact
origin.

Rimless craters are prominent at the Surveyor
V site; Surveyor V came to rest with two of its
footpads in one of these craters. The rimless
craters commonly are alined in crater chains
(fig. 3-35), and they are inferred to have been
formed by drainage of surficial debris into
subsurface fissures.

Irregular craters generally are lined with
clods of fine-grained material, and some are
nearly filled with clods or angular rubble.
These craters (fig. 3-36) are interpreted to
be secondary craters formed by low-velocity
impact of cohesive blocks or clods of weakly
cohesive, fine-grained material ejected from
nearby primary craters. An irregular crater
(fig. 3-37), near Surveyor VII about 3 meters
in diameter and filled with coarse blocks up to
60 cm across, is probably a secondary impact
crater formed by a large block of rock ejected
from a nearby primary crater.

The size-frequency distribution of small
craters, a few centimeters to several meters
in diameter, was determined from the Surveyor
pictures for each of the Surveyor landing sites.
Pictures taken during low Sun illumination
were used for identification of the craters
because small craters are most easily identified
and measured under this condition of illumina-
tion. Craters smaller than a few centimeters,
however, are difficult to recognize at low Sun-
elevation angles because the shadows cast by
fragments and protuberances tend to hide them.
Another factor that tends to lower the observed
number of very small craters is the difficulty of
recognizing small craters in an oblique view of
the lunar surface, such as afforded by the
Surveyor pictures. The scale and the ground
resolution of the pictures change from the fore-
ground to the background making it difficult
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r. Chain

FiGURE 3-35.— Wide-angle pieture of the northwest wall of the Surveyor V crate
of small rimless eraters 20 to 40 em in diameter extends from the center to the bottom
of the picture (Sept. 23, 1967, 11:26:28 GMT).
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F16URE 3-36.—Secondary-impact craters. (a) Irregularly shaped crater at the Surveyor I
site formed by low-velocity impact of relatively soft clots of material derived from a
small primary-impact crater nearby (June 10, 1966, 15:30:18 GMT). (b) Secondary
impact crater in moist sand, formed by a clot of weakly cohesive silty clay, ejected
from a missile impact crater at White Sands Missile Range, New Mexico. (H. J. Moore,
personal communication; photograph by courtesy of U.S. Army.)
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FIGURE 3-37.—Secondary-impact crater, about 3 meters in diameter near Surveyor VII,
was formed by a large block of fairly strong roek cjected from a nearby large primary
crater. The blocky material in the crater and strewn to the Ieft of the erater was probably
formed by the breakup of the large block on impact. Fragments in the crater range up

to 60 em across (Catalog 7-SE-22).

to recognize small craters of a size that are
easily seen in the near field.

The size-frequency distribution of craters
2 em to 4 meters in diameter is shown in
figure 3-38 for each of the Surveyor landing
sites and is compared with a generalized
Ranger VII, VIII, and IX curve (ref. 3-19) for
craters on the mare plains extrapolated to
small sizes. At all landing sites, except Surveyor
V, the distribution of the small craters lies
close to the extrapolated Ranger VII, VIII,
and IX curve. The low frequency of small
craters observed at the Surveyor V site may be
because of the incompleteness of the observa-
tional data. The Surveyor V camera was in-
clined toward the floor and far wall of the
crater in which the spacecraft landed; conse-
quently, more than 80 percent of the field of
view below the horizon was occupied by parts
of the lunar surface that were not more than
6 meters from the camera. The low oblique
view of the lunar surface outside of the Surveyor
V crater and unfavorable illumination of the

walls of the Surveyor V crater during the lunar
day made recognition of the small craters
difficult.

Tf most craters observed on the Moon are of
impact origin, the size-frequency distribution
of craters a few meters in diameter and smaller
should correspond to that expected for a steady-
state population of craters produced by pro-
longed repetitive bombardment by meteoroids
and by fragments of the Moon itself (ref.
3-20). The general distribution for small
craters on the lunar plains, determined by
Trask from Ranger VII, VIIT, and IX pictures,
is considered to be the steady-state distribution
for level surfaces (ref. 3-19). This distribution
is a simple function of the form F=dc*, where
F is the cumulative number of craters with a
diameter equal to and larger than ¢, and ¢ 1s
the diameter of the craters. The exponent u
for craters from 1 meter to several hundred
meters in diameter was found to be —2, a
value predicted by the steady-state model
(ref. 3-21), and the constant & was found by
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Frgure 3-38.—Size-frequency distribution of small
craters on the lunar surface at Surveyor I, I11, V, VI,
and VII landing sites compared with the size-
frequency distribution of craters on the lunar planes
determined from Ranger VII, VIII, and IX pictures
and cxtrapolated to small sizes.

Trask to be 10'%/m~? 10° km2 The size dis-
tributions of craters a few centimeters to
several meters in diameter, determined from
Surveyor pictures, appear to fit this function
closely; they show that the function may be
extended from craters of 1 meter in diameter,
observed by Rangers VII and IX, to craters
smaller than 10 ¢cm in diameter.

The upper limiting crater diameter for the
steady-state distribution of craters observed on
a given surface is a function of the number of
large craters on the surface and, by inference, a
function of the age of the surface. Above a
certain crater diameter, the size-frequency dis-
tributions of the craters at the Surveyor landing
sites are no longer adequately represented by
F=&c#, where & and p have the steady-state
values but can be represented by other func-
tions, F=xc*, where A< u. The intersection of
F=xc* with F=a&c* is the upper limiting crater
diameter for the steady-state distribution, here

designated ¢;. In general, the functions F=xc*
can be found that fit the crater distributions
observed on Lunar Orbiter photographs very
closely between ¢, and crater diameters of 1 km.
The magnitude of ¢, increases with increasing
cumulative number of craters with diameters
greater than ¢;; both ¢, and the cumulative
number of craters at any diameter greater than
¢, can be used as a measure of the relative age
of the surface. At crater diameters less than c;,
the cumulative number of craters is the same for
all surfaces and is, therefore, independent of the
age of the surface.

TaBLE 3-10. Constanis and exponents of func-
tions of the form F=xc*, ¢,<c¢<1 km, fitted to
the size-frequency distributions of crafers ob-
served from Lunar Orbiter or Ranger photo-
graphs of the Surveyor I, V, VI, and VII
landing sites

Landing site X» iﬁx—!‘ As Coy M
m

Surveyor I..__________ 10128 —3. 15 1017
Surveyor V°__________ 10220 | —2 58 10227
Surveyor VI__________ 10808 1 —3.10 10200
Surveyor VII (pat-

terned flow) __ ______ 10128 | —2 93 10044

& F=xc, ¢, <c<1 km

where F is the ecumulative number of craters with
diameter equal to, or larger than, ¢ per 10% km?, and ¢ is
the diameter of craters in meters.

b SN/ —w)
c.=<~) $=10%-9/m* 108 km? u=—2
X

cFunctior; iitt;zd to size-frequency distribution of
craters observed from Ranger VIII photographs by
N. H. Trask (ref. 3-19).

Functions F=x¢* and the values of ¢, are
shown in table 3-10 for the Surveyor 1, V, VI,
and VIT landing sites. The functions and values
of ¢, listed for Surveyor T, VI, and VII are
based on crater distributions, shown in figures
3-39 to 3-41, measured from Tunar Orbiter
photographs; the function listed for the Sur-
veyor V site is based on the crater distribution
measured by Trask from Ranger VIII pictures
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SURVEYOR I

SURVEYOR I SITE
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Figure 3-39.—Cumulative size-frequency distribution
of small craters on the lunar surface in the vieinity
of Surveyor I, determined from Surveyor I pictures
and Lunar Orbiter IIT and V photographs.

of Mare Tranquillitatis. The crater distribu-
tion at the Surveyor III landing site, although
not listed, is similar to that at Surveyor [.
On the basis of the observed distributions, the
sequence of ages of the surfaces at the landing
sites listed from the oldest to the youngest is
(1) Surveyor V, ¢,=186 meters; (2) Surveyor
VI, ¢,=100 meters; (3) Surveyor 1, ¢,=56
meters; and (4) Surveyor VII, ¢,=2.7 meters.
In terms of cratering history, the surface on
which Surveyor VII landed on the rim of
Tycho 1s much younger than the surfaces at
any of the mare landing sites.

ol SURVEYOR I SITE
BASED ON \
LUNR ORBITER I 4
PHOTOGRAPH H- 12| \

BASED ON \
LUNAR ORBITER I 7\
PHOTOGRAPH M-88 .
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\
\
\
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-2 -1 ] i 2 3 4

LOG|o CRATER DIAMETER, m

Ficure 3-40.—Cumulative size-frequency distribution
of small craters on the lunar surface in the vieinity
of Surveyor VI, determined from Surveyor VI
pictures and photographs from Lunar Orbiter II,
111, and IV.

Fragmental Debris

E. C. Morris AND E. M. SHOEMAKER

The surface on which the five successful
Surveyor spacecraft landed consists of a
fragmental debris layer, or regolith, composed
of poorly sorted or well-graded fragments that
range in size from large blocks to fine particles
too small to be resolved by the Surveyor
camera (<C0.5 mm). The number of resolvable
particles per unit area varies from site to site;
3 to 18 percent of the surface was found to be
occupied by fragments larger than 1 milli-
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Figure 3-41.—Cumulative size-frequeney distribution
of small craters on the lunar surface in the vicinity
of Surveyor VII, determined from Surveyor VII
pictures and Lunar Orbiter V photograph H-128.

meter. The greatest number of large fragments
was observed at the Surveyor VII site where
fragments larger than 1 millimeter in diameter
occupy about 18 percent of the surface and
fragments coarser than 10 em in diameter
occupy about 10 percent of the surface. Coarse
fragments are an order of magnitude more
abundant at the Surveyor VIT site than frag-
ments of similar size at the Surveyor V and
VI sites, which have the least number of coarse
fragments.

Many of the larger fragments observed ut
each landing site are partly, or entirely, sur-
rounded by a fillet or embankment of fine-
grained material (fig. 3-42). In general, the
best developed fillets occur around the largest
blocks. These fillets probably are formed by the
ballistic trapping of small particles sprayed
out from nearby parts of the lunar surface by
multiple small-impact events. An unusually
large and well-developed fillet occurs around
block @ at the Surveyor VII landing site on a

smooth patch of material north of the space-
craft. Block G is about 5 meters in diameter
and has nearly vertical sides more than 2
meters high. The fillet surrounding the block
is about 20 meters in diameter at the base and
about 1 meter high at the contact with the
block (fig. 3-43). It is possible this large fillet

* has a different origin than most of the fillets

observed.

Most fragments larger than 1 meter in
diameter on the lunar surface are relatively
rounded, except in a few cases where they are
part of strewn fields of blocks associated with
sharp-rim craters (fig. 3-44). For the most
part, the large, rounded fragments seem to be
fairly deeply embedded in the surface on which
they are found (ref. 3-14). Some smaller frag-
ments, however, are resting on the fine-grained
matrix of the surface without being significantly
embedded in this material (fig. 3-45).

Because of the relatively large size and num-
ber of blocks in strewn fields of blocks at the
Stirveyor IIT landing site, it has been possible
to conduct a preliminary statistical investiga-
tion of the roundness and degree of burial of
these blocks and the relationship of roundness
and burial to the characteristics of the principal
crater associated with each strewn field.

FiGURE 3-42.—Part of a narrow-angle Surveyor III
picture, showing an angular block close to the space-
craft and fine-grained material banked against the
side of the block facing the camera. The block is 7 em
across. Notice small particles 1 to 5 mm in diameter
that can be resolved in the fine-grained debris
(Apr. 28, 1967, 14:30:51 GMT).
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Ficure 3-43.—Mosaic of narrow-angle Surveyor VII pictures of an area 350 mecters north-
east of the spacceraft showing a large block about 5 meters across (block G) and about
2 meters high. The fillet surrounding the block is about 20 meters in diameter and about
1 meter high at the contact with the block (Jan. 10, 1968, 06:54:33 and 06:58:12 GMT;
Jan. 11, 1968, 12:55:16 GMT). .

Ficure 3-44.—Angular blocks, up to 2 meters in diameter, which form part of a strewn
field of blocks that surround a sharp-rim crater 13 meters in diameter, near Surveyor
III (Apr. 21, 1967, 05:59:43 GMT; computer processed).
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The coarsest blocks scattered about the
surface of the Surveyor IIT site oceur primarily
in two distinct strewn fields. One field (area B,
fig. 3-46) is associated with a sharp, raised-rim
crater about 13 meters across on the northeast
rim of the main crater in which Surveyor IIT
landed; the other field (area A, fig. 3-47) is
associated with two adjacent subdued craters
high on the southwest wall of the main crater.

FiGURE 3-46.—Mosaic of narrow-angle Surveyor III
pictures, showing a crater 13 meters ncross and

FiGure 3-45.—Part of a wide-angle Surveyor III pic- associated strewn field of blocks on the northeast
ture, showing rounded fragment 20 em across lying wall of the main crater, in which the spaceeraft is
on top of the lunar surface (Apr. 26, 1967, 09:07:06 located. The outline shows the boundary of area B,
GMT). in which roundness factor and burial factor of blocks

were measured (Catalog 88-SI).

F1cuRE 3-47.—Mosaic of narrow-angle Surveyor II1 pictures, showing part of southwest wall
of main crater and strewn field of blocks. Qutline shows boundary of area A, in which
roundness factor and burial factor of blocks were measured. Two subdued rim eraters
with which the blocks are associated are present, but difficult to discern in these pictures
because of high Sun illumination (Catalog 87-SI).
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Most of the blocks in the strewn field associated
with the crater to the northeast of the Surveyor
IIT spacecraft (area B, fig. 3-46) are clearly
related to the crater because there is a rapid
increase in spatial density of blocks toward the
crater. The crater is also occupied by blocks.
The blocks outside are inferred to have been
ejected from this crater and to have been
derived from material that underlies the surface
at depths of only 2 or 3 meters. The observed
blocks are strikingly angular and range from a
few centimeters (the limit of resolution at this
distance from the camera) to more than 2
meters across. Blocks associated with the two
subdued craters to the southwest (area A,
fig. 3-47) show a similar range in size but are
more rounded. The larger of these two craters
is about 15 meters in diameter; it is inferred
that most of the blocks were ejected from the
larger crater.

To obtain a measure of roundness that could
be used for statistical studies, a descriptive

parameter that may be obtained from pictures,
here called the roundness factor, was devised
as follows. Circles are fitted to all the corners
or curved parts of the outline of each block
silhouetted against the more distant lunar
scene (fig. 3-48). The geometric mean of the
radii of these circles is then divided by the
radius of the circle that just encloses the
outline of the block. This ratio is the roundness
factor and, for blocks that are not deeply
buried in the surface, it will vary between the
limits of 0 and 1. For very round fragments
whose tops are just exposed above the surface,
it is possible to obtain values for the roundness
factor larger than 1, although no values this
high were observed for the blocks measured in
the strewn fields.

The roundness factor was measured for 25
blocks located within a confined ares in each
strewn field (fig. 3-49). Blocks associated with
the sharply formed crater to the northeast
(area B) exhibit a mean roundness of 0.17 with

FiaURE 3-48.—Mosaic of two narrow-angle Surveyor III pictures, showing block about 0.5
meter across close to the spacecraft and position and size of circles used in measuring
roundness factor. The largest circle encompasses the entire block. Smaller circles are
fitted to corners and rounded parts of the outline of block that occults the distant lunar
scene. The geometric mean of the radii of the small circles divided by the radius of the
large circle is defined as the roundness factor (Apr. 30, 1967, 14:54:23 and 14:52:22
GMT).
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F1oure 3-49.—Histograms showing frequency distribu-
tion of roundness factors for 25 blocks in area 4
and 25 blocks in area B. Blocks in area 4, associated
with subdued rim craters, are significantly more
rounded than blocks in area B, associated with a
sharp-rim crater.

a standard deviation of roundness of 0.11. The
blocks associated with the more subdued,
rounded-rim crater to the southwest exhibit a
mean roundness of 0.33 and a standard devia-
tion of roundness of 0.17. The difference in
roundness between these two samples of blocks
Is significant by Student’s t-test at the 0.999-
probability level.

A measurement of degree of burial of blocks
in the lunar surface was obtained by the
following method. The angle between a line
parallel to the horizon that meets the block
where its outline against the more distant

lunar scene intersects the surface, and the
tangent to the outline of the block at this
point was measured on each side of each block
(fig. 3-50). The sum of these two angles for
each block, divided by 2z radians, is here
defined as the burial factor; values of this
parameter can vary between 0 and 1. Rounded
fragments whose tops just barely show above
the surface have burial factors that approach 1,
whereas rocks that sit on the surface and exhibit
overhanging sides have burial factors that
approach 0.

Measurement (fig. 3-51) of the burial factor
for the same 25 blocks in each strewn field
that were studied for roundness gave the
following results: The mean burial factor of
blocks associated with the sharp-rim crater to
the northeast (area B) is 0.62 with a standard
deviation of burial factor of 0.09. The b'ocks
associated with the more subdued, rounded-
rim crater to the southwest (area A) have a
mean burial factor of 0.69 with a standard
deviation of burial factor of 0.07. The dif-
ference between these means is significant at
the 0.995-probability level by Student’s t-test.

No significant correlation was found between
roundness and burial of individual blocks within
each strewn field. The linear correlation coeffi-
cient between the roundness factor and burial
factor for the blocks in the strewn field around
the northwest crater is —0.07; for the blocks in
the strewn field associated with the southwest
crater, it is —0.16. Both these coefficients are
well below the 95-percent confidence level. If
the blocks in both the strewn fields are ex-
amined as a single sample, the linear correlation
coefficient between roundness factor and burial
factor is +0.13, which is also below the level of
significance. Examination of the scatter dia-
gram (fig. 3-52) of burial factor versus round-
ness factor shows that, although there is no
significant linear correlation, relatively few
blocks in the strewn fields tend to have both
high roundness and a low burial factor.

Although there is no significant linear correla-
tion between roundness and burial for blocks in
a given strewn field presumably of one age,
there should be a correlation between the

roundness and degree of burial for fragments

generally mixed together in the debris layer, or
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FigURE 3-50.— Mosaic of two narrow-angle Surveyor III pictures, showing block about 0.5
meter across closc to spacecraft and angles measured to determine burial factor. Angles
are measured between lines parallel with the horizon and the tangents to the outline of
the block, where the outline of the block against the more distant lunar scenc meets the
surface. The sum of the two angles divided by 2= radians is defined as the burial factor
(Apr. 30, 1967, 14:54:23 and 14:52:22 GMT).
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Froure 3-51.—Histograms showing frequency distribu- FIGURE 3-32.—Secatter diagram of roundness factor
tion of burial factors for 23 blocks in area A and versus burial factor for 50 blocks in areas A and B.
25 blocks in area B. Blocks in area A4, associated The roundness factor and burial factor have mno
with subdued rim ecraters, are significantly more significant linear correlations; relatively few blocks,
deeply buried in the surface than the blocks in area B, however, exhibit both high roundness and low

associated with a sharp-rim crater. burial.
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Figure 3-53.—Part of narrow-angle Surveyor I1II picture, showing blocky fragments on
north wall of crater in which the spacecraft is located. Some of the largest blocks shown
are tabular in shape and appear to be laminated (Apr. 30, 1967, 14:52:35 GMT).

regolith. Further studies will be required to
confirm this hypothesis.

In summary, the blocks associated with the
more subdued craters have twice as high a mean
roundness factor as the blocks associated with
the crater with a sharp raised rim, and the
blocks around the subdued crater are signifi-
cantly more buried in the lunar surface than the
blocks around the crater with the sharp raised
rim. These results suggest that blocks freshly
exposed on the lunar surface tend in time to be
rounded off by solid particle bombardment and
possibly by evaporation of material by the solar
wind or other high-energy radiation. Initially,
the ejected blocks tend to be shallowly em-
bedded in the lunar surface; but in time they
may become partly or completely covered by
ejecta arriving from other parts of the surface.
Progressive burial of blocks may occur also as
a result of downslope movement of the debris
layer.

Fragments less than 10 or a few tens of
centimeters across exhibit a wide range of
shapes, and many are conspicuously angular,
especially at the Surveyor I, III, and VII sites.
Some of the smaller fragments seem to have
been broken along joint planes and tend to have

planar surfaces with rectangular outlines, but
others are highly irregular in shape. Some frag-
ments exhibit fresh-appearing conchoidal spall
or fracture surfaces. Tabular or platy fragments
were observed at some of the mare landing sites
(fig. 3-53); they resemble rock slabs derived
from flow-banded lavas.

The fragments exhibit a wide variety of sur-
face textures and structures, but those at the
Surveyor VII landing site exhibit a far greater
variety than the fragments observed on any
single mare site. Some fragments are plain, but
others are spotted. Some fragments appear to
be massive, but others exhibit well-developed
linear structures on their surfaces, which prob-
ably correspond to internal planar or linear
structures. Most fragments appear to be rela-
tively dense, but some are clearly vesicular.
Most of the fragments probably are pieces of
coherent rock, and the variety of observable
characteristics suggests a variety of lithology.

Nearly all bright, rounded fragments on the
lunar surface have a knobby, pitted surface
texture (fig. 3-54). The pitted texture is not
present on highly angular, faceted blocks; it is
inferred to be produced by some of the processes
that produce the rounding. The pits probably
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FicuRe 3-54.—Broken block 30 to 40 em across about
214 meters from Surveyor VII camera. Knobby,
pitted surface texture is common on most rounded
blocks on the lunar surface. Note the large eracks
on the block. Separation of the pieces of the block
may be a result of thermal cxpansion and contraction
or to scismic events (Jan. 15, 1968, 11:51:36 GMT).

are produced by the impact of small particles.

Light spots, which oceur on a large number
of fragments at the Surveyor VII site, are most
easily observed on relatively smooth, clean
fracture surfaces (fig. 3-55). In most cases, the
spots on a given fragment have irregular, diffuse
margins and vary widely in size. In many cases,
the light material forms slight bumps, or pro-
trusions, from the surfaces of the fragments;
the raised relief of the light material suggests
it is more resistant to processes of erosion
occurring on the Moon’s surface. A large,
angular block near Surveyor I was also spotted,
or mottled, and the light material formed
marked bumps or protrusions (fig. 3-56). The
block at the Surveyor I site has a pronounced
set of fractures that appear to intersect. These
fractures resemble cleavage planes produced
during plastic flow of rock under moderately
high shock pressure. The block lies in a swarm
of similar smaller fragments that are strewn
in the direction of the long axis block. It appears

that the main piece has broken, perhaps on .

impact with the surface, and that it has rela-
tively low shear strength. Spotted, or mottled,
rocks were also observed at the Surveyor V site.

A densely spotted fragment (fig. 3-57) which

lies about 2 meters from the camera at the
Surveyor VII site has spots ranging in size from
less than 1 millimeter to about 30 millimeters.
The spots occupy about 30 percent of the sur-
face of the fragment. The size-frequency dis-
tribution of these spots (fig. 3-58) suggests
they may be fragments, possibly xenoliths,
which were partly assimilated in the dark
matrix material. The slope of the integral
size-frequency function, however, is somewhat
steeper than that expected for most fragmenta-
tion processes. A more likely explanation for
the light spots is that they represent parts of
the fragment that differ from the matrix in
crystallinity, or in composition or size of
constituent crystals. Somewhat similar spots
oceur in partially crystallized volcanic rocks
and a variety of metamorphic rocks on Earth.

Small, elongate spots, ranging from 1 to 10
millimeters in length, were observed on a
conchoidal fracture on one fragment close to
Surveyor VII (fig. 3-59). They occupy a few
percent of the surface of the fragment, and the
long axes of the spots tend to be oriented
parallel with one another. Their orientation

FigURE 3-53.—Spotted fragment about 114 meters
from Surveyor VII camecra. Bright spots have
indistinet boundaries and vary from less than 1 mm
to about 8 mm across (Jan. 15, 1968, 11:51:05
GMT).
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processed).

Fievre 3-56.—Mottled rock about 50 e¢m long near
Surveyor 1. Lighter areas, which range from a few
millimeters up to 3 em across, appear to stand out
as knobs, perhaps as a result of differential erosion.
Note intersecting fractures and swarm of smaller
fragments to the left of the block (June 3, 1966,
09:33:59 and 09:33:07 GMT).

Fiaure 3-58.—Cumulative size-frequency  distribu-
tion of bright spots on spotted rock shown in figure
3-57. The dashed line represents the mean distribu-
tion of the bright spots and is the plot of the function
N=2X10 D-2$, where N is the cumulative number
of spots and D is the diameter of spots in millimeters.
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Figure 3-37.—Spotted rock 25 em across, about 2
meters from Surveyor VII camera. The spots range
from less than 1 mm to 3 em in size. Note the in-
distinct boundaries and irregular shapes of most
spots (Jan, 11, 1068, 06:29:29 GMT; computer
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FiGuRE 3-59.—Angular block about 18 cm across, about 2}4 meters from Surveyor VII
camera. Block has a conchoidal fracture surface and bright clongate spots that are
roughly parallel and range from 1 to 2 mm wide and up to 10 mm long (Jan. 13, 1968,

10:31:04 GMT).

suggests a flow lineation or flow foliation fabric;
their relatively high albedo suggests they may
may be rich in feldspar. This suggestion is
consistent with chemical analyses of both the
fine-grained matrix of the regolith and an in-
dividual rock at the Surveyor VII landing site.
These analyses indicate the rTocks at the
Surveyor VII landing site are rich in the ele-
mental constituents of plagioclase feldspar.
Most angular fragments scattered over the
lunar surface are conspicuously brighter than
the fine-grained matrix of the regolith at nearly
all angles of solar illumination. A few angular
fragments, on the other hand, are nearly as
dark as the fine-grained material of the surface.

These dark, angular fragments appear to be
pieces of rock and not aggregates of fine-
grained material; one small, dark fragment was
attracted to magnets on the surface sampler
at the Surveyor VII site. It is possible that
most of the dark, angular fragments are rock
rich in magnetite or other minerals of high
magnetic susceptibility, or that they are min-
eralogically different in other respects from
most of the other rock fragments on the surface.

Some fragments scattered about the Surveyor
sites exhibit one or more sets of linear ridges
and grooves on their surfaces. Many of the
same fragments also have nearly planar surfaces
with rectangular outlines (fig. 3-60). The low
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FiGURE 3-60.—Angular block about 10 em across,
about 9 meters from Surveyor VII, with two sets
of structures on the surface facing the camera.
One set consists of ridges parallel with the top
edge of the bloek; the other set consists of ridges
and grooves that interscct the first set at an angle
of about 70° (Jan. 11, 1968, 23:56:00 GMT).

F1eure 3-62.—Vesicular fragment about 35 ecm aeross,
about 7 meters from Surveyor VII camera. Note the
slight banding caused by subdued ridges and grooves
that extend from the upper right to the lower left
of the block. The long axes of the vesicles are oriented
at an angle of about 70° to the banding (Jan. 15,
1968, 12:15:11 GMT).

Frovre 3-61.—Angular block 10 cm across, about
314 meters from Surveyor VII camera. Two sets
of intersecting structures form a pattern on the
surface of the block. One set conmsists of ridges
parallel with the edge of one side of the block; the
other set consists of short, deep grooves that intersect
the first set at an angle estimated to be about 43°
(Jan. 11, 1968, 10:11:26 GMT).

ridges and grooves tend to be parallel with the
edges of some of the larger planar surfaces
(fig. 3-60). These ridges and grooves probably
were developed by differential erosion along
the exposed edges of planar structures within
the blocks. The planar structures may be flow
banding, joints, rhythmic layering, or other
primary structures commonly found in igneous
rocks. On the surfaces of some fragments, inter-
secting sets of linear structures are visible (figs.
3-61 and 3-62). The presence of intersecting
sets of structures suggests these fragments have
been dynamically metamorphosed. One set of
structures probably corresponds to an original
or primary structure; the other set may corre-
spond to a secondary structure produced by
metamorphism such as slaty cleavage.

Many fragments in the vicinity of the Sur-
veyor VII spacecraft and some fragments near
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Figure 3-63.—Vesicular rock approximately 50 e¢m
long near Surveyor I. Elongate vesicles (dark
elliptical spots) range up to 8 mm long and have
their major axes roughly parallel.

FiaUrE 3-64.—Vesicular fragment about 10 em across,
about 214 meters from Surveyor VII camera. Vesicles
are 3 to 5 mm across and up to 10 mm Jong. Most
of the vesicles are eclongate with the long axes
oriented approximately parallel to one another
(Jan. 18, 1968, 13:56:36 GMT).

SURVEYOR: PROGRAM RESULTS

Figure 3-65.—Rounded, vesicular fragment 16 cm

across, about 3 meters from Surveyor VII camera.
The large vesicle near the bottom is about 1 cm
across. The small vesicles are up to 10 mm long,
but are only a few millimeters across (Jan. 11, 1968,
23:50:47 GMT).

FiGURE 3-66—Vesicular block about 50 cm long and

15 em thiek, about 414 meters from Surveyor VII
camera. Vesicles are up to 1 em across and 2 cm
long. Note smooth, undulating, slightly concave
surface on the bottom side of the block and the
parallel band of clongate vesicles whose long axes
intersect the edge of the smooth surface at a large
angle (Jan. 11, 1968, 14:04:59 GMT).
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Surveyors I and IIT have deep pits on their
surfaces; these pits range from a fraction of a
millimeter to a centimeter across. They are
almost certainly vesicles produced by exsolution
of a volatile phase at the time the material was
molten. Examples of vesicular fragments are
shown in figures 3-63 to 3-66. The vesicles on
these fragments are from 2 to 10 millimeters
long, with their long axes oriented parallel or
approximately parallel to one another. Parallel
orientation of the vesicles is a common feature of
the observed vesicular fragments. In some
cases, the vesicles are extremely elongate, as
shown in a fragment illustrated in figure 3-65.
This fragment has fairly large, nearly equidi-
mensional vesicles about a centimeter across
and smaller vesicles as much as 1 em long, but
only 1 to 2 millimeters wide.

One of the most interesting fragments ob-
served at the Surveyor VII landing site just
south of the spacecraft seems to be a member of

a pile of fragments partially obscured by the
spacecraft (fig. 3-66). This fragment has two
kinds of surfaces: One side is a smooth, undu-
lating, slightly concave surface; the rest of the
surface is relatively rough or porous in texture
and is partly occupied by vesicles. A row of
vesicles parallel with the edges of the smooth
surface occurs along the side of the fragment
facing the camera. Some of the other vesicles
observed on this side of the fragment are elon-
gate and oriented parallel to one another; the
orientation of their long axes intersects the row
of vesicles and the edge of the smooth surface
at a fairly large angle. Thus, in this fragment,
there is evidence both of melting and of inter-
secting structures. Its structure is similar to
that of the shock-metamorphosed fragment
from Meteor Crater, Arizona, shown in figure 3—
67. The smooth, undulatory surface may be a
chilled margin, as found on the surfaces of
shock-melted ejecta from impact craters.

F16ure 3-67.—Vesicular, shock-melted Coconino sandstone fragment ejected from Meteor
Crater, Arizona. Elongate vesicles have formed along the relict slaty cleavage planes.
Note relict bedding that parallels the top of the fragment. Slaty cleavage produced in
the sandstone during plastic flow under high shock pressures intersects the relict bedding
at ab angle of about 80°.
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Size-Frequency Distribution of Fragmental Debris

E. M. SnoeMakeR anND E. C. Morris

The size-frequency distribution of the re-
solvable fragments on the lunar surface was
studied at each landing site by choosing sample
areas near the spacecraft so that the resolution
and area covered would provide particle
counts spanning different but overlapping
parts of the particle-size range. Studies were
made of the parts of the surface undisturbed
by the spacecraft at each site. Sample areas
were selected that appeared to be representative
of the areas surrounding the spacecraft; areas
that appeared to have anomalously high or
anomalously low particle abundances were
avoided. The fragmental material, disturbed
by the footpads of the spacecraft during landing
also was studied at some sites, and special
studies were made at the Surveyor 11T landing
site of the size distribution of the fragmental
debris in the strewn fields of blocks surrounding
craters with raised rims.

About 1000 to 2800 particles, ranging in
size from 1 or 2 millimeters to about 10 cm to
1 meter, were counted on the undisturbed
parts of the surface at each landing site. The
counts were made from pictures taken at high
Sun angles. In these pictures, the low-relief
features of the surface, such as small craters
and lumps or aggregates of fine particles, are
not generally observable; only features of
sharp, or abrupt, relief can be detected. Thus,
the particles counted were selected on the
basis of sharpness of relief. In addition, nearly
all the particles counted were significantly
brighter than the unresolved fine-grained ma-
trix. Sharpness of relief and brightness are the
criteria used to distinguish objects judged to
be individual rocky chips of fragments from
weakly coherent aggregates of fine-grained
particles. The weakly coherent aggregates
generally exhibit low relief and are photometri-
cally indistinguishable from the unresolved
fine-grained matrix of the regolith. The size
distribution of weakly coherent, dark aggregates
in the footpad ejecta was studied at the
Surveyor I and V landing sites (refs. 3-10 and
3-15), but these data are not discussed here.

Larger rocky fragments on the lunar surface,

in general, are easily distinguished and meas-
ured. The data for these coarser fragments
probably contain relatively little error or
investigator bias attributable to difficulties
of fragment recognition. Significant investigator
bias probably enters into the count of small
particles, however, particularly where the size
of the particles counted approaches the limit
of resolution of the television pictures. Although
the effective ground resolution in pictures taken
near the spacecraft is about 0.5 millimeter in
optimum cases, a practical cutoff in particle
counts at each landing site was about 1-
millimeter particle diameter. All counts were
made by one investigator (Morris); thus, the
investigator bias for small particles probably
is consistent for the data from each landing
site.

Variations exist in the accuracy of the
counts at different landing sites. These varia-
tions are caused primarily by variation in
quality of the pictures and, in part, to the
completeness of coverage of the surface at
Sun angles appropriate for particle studies.
The data for the Surveyor III landing site are
the least accurate from the standpoint of
both picture quality and picture coverage.

The particle counts from individual sample
areas from each landing site show an approxi-

TaBLE 3-11. Constants and exponents of functions
of the form N=KD», 1 millimeter <D <K™'/7,
fitted to observed size-frequency distributions of
surface particles at the Surveyor landing sites

Number of
Landing siie K, mm-—/100 m?» v particles

measured
Surveyor 1._____ 50108 [ —2. 14 2192
Surveyor IIT____ 3.3X108 | —2. 5 1068
Surveyor V_____ 1.2,X108 | —2.65 2803
Surveyor VI____ 1.9,X100 | —2. 5 1766
Surveyor VII___ 7.9%105 | —1.8; 2077
Total . - oo 9906

» N=KDv, 1 mm <D <K~ where N is the cumu-
lative number of particles with diameter equal to, or
larger than, D per 100 m?, and D is the diameter of
particles in millimeters.
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F1GURE 3-68.—Cumulative size-frequency distributions
of surface particles at the Surveyor landing sites.
Solid lines are distributions observed in individual
sample areas. Dashed lines are power functions fitted
to the observed size-frequency distributions at each
landing site: (a) Surveyor I, (b) Surveyor III,
(c) Surveyor V, (d) Surveyor VI, and (e) Surveyor
VIL

mately linear relationship, between the log of
the cumulative particle counts and the log of
the particle size (fig. 3-68). The general trend
of the particle counts at each landing site, for
all sample areas combined, shows a similar
linear relationship. A power function, therefore,
was fitted to the data from each landing site to
represent the general form of the particle-size
distribution. A best fit was made by eye; no
attempt was made to fit the observations to a
given function by least-squares or other sta-
tistical methods, inasmuch as the data are
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preliminary and do not warrant more sophisti-
cated analysis. Final studies of particle sizes
will be based on a much more comprehensive
count of the particles observed at each site.
Constants and the exponents of functions of
the form N=KDv, 1 mm <D< K7, where N
is the cumulative number of particles with
diameter equal to or larger than D per 100 m?,
and D is the diameter of particles in millimeters,
fitted by eye to the data at each landing site,
are shown in table 3-11; the functions are
shown in figures 3-69 and 3-70.
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Ficure 3-68.—Continued. (¢) Surveyor V.

As shown in figure 3-69, there is considerable
scatter of the data about the fitted functions.
For the function fitted to the first set of data
acquired for the Surveyor I landing site,
K=3x10* and y=—1.7;. These values, pub-
lished in references 3-9 and 3-22, were based
on a count of about 825 particles. A later fit
gave K=5.0X10° and y=—2.1;, based on the
particle count of 2192. The difference in the
two fitted distributions illustrates the possible
errors in estimation for the fitted functions.
This difference is caused primarily by con-
siderable variation of particle distribution from
one sample area to another: Thus, there are
fairly large statistical errors in the values of K
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Ficure 3-68 —Continued. (d) Surveyor VI.

and v at each landing site as well as investigator
bias. Precision of estimation is improved by
increasing the number of particles counted.
We estimate that the probable error for the
values of K at each landing site (table 3-11)
is approximately >2 and the probable error
for the values of y 1s about +0.2.

If the estimates of precision are correct, 1t
can be seen from table 3-11 that although the
precision of estimation is low, some real differ-
ences exist in the size-frequency distribution of
particles between some of the landing sites.
Fairly conspicuous differences in size distribu-
tions among the different landing sites are
apparent simply by visual inspection of the
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F16URE 3~-68.—Concluded. (c) Surveyor VII.

pictures. Particle-size distributions at the
Surveyor IIT, V, and VI landing sites are
essentially the same within the errors of
estimation. The observed distributions at these
three sites, however, are significantly different
from the distributions observed at the Surveyor
I site and at the Surveyor VIT site. The distri-
butions observed at the Surveyor T and Sur-
veyor VII sites not only differ from those
observed at the other localities but probably
also differ from one another. The particle-size
distribution at the Surveyor VII site, which is
based on a large number of fairly coarse par-
ticles, probably is the most accurate of the
observed distributions. Fragments 10 em and
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FiGURE 3-69.—Power functions fitted to observed
size-frequency distributions of surface particles at
the Surveyor landing sites.

larger in diameter occur more frequently by
an order of magnitude at the Surveyor VII
landing site than at the Surveyor ITI, V, and
VI ]andmg sites. Similarly, there are more
coarse fragments at the Surveyor I landing site
than at the other mare landing sites, ulthough
the fragments are not nearly as abundant at
the Surveyor I landing site as at Surveyor VII.

Although the observed particle counts are
useful for comparing one landing site with
another, the primary interest in these data is
their use in estimating particle-size distribution
by volume of the lunar regolith. Particle counts
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on the surface may be used to estimate the
particle-size distribution in the regolith, if it is
assumed that the particles exposed at the sur-
face are representative of the particles in the
subsurface. In this case, the Rosiwal principle
(ref. 3-23) may be applied: the ratio of the
area occupied by the particles of a given size
to the total area studied is equal to the ratio
of the volume of the particles of this size to the
total volume.

Tn a rigorous application of Rosiwal analysis
to estimation of grain-size distribution, it
must be taken into account that the full size
of most particles is not revealed along a given
surface or cross section. The size of about half
the particles on the lunar surface will be under-
estimated, and a range of sizes will be observed
for grains that actually have the same mean
diameter. Corrections required for this effect
(refs. 3-24 and 3-25) are large if the actual
range of particle size is small, but the correc-
tion is small if the actual range of grain size is
very large. The corrections will be ignored in
the analysis presented here.

We have tested in the laboratory the ap-
plication of the Rosiwal principle to surface
particle counts of the type made from the
Surveyor pictures by comparing the counts
of particles from pictures of the surface of a
layer of fragmental debris with volumetric
particle analysis of the same layer carried out
by standard sieving methods. These tests
show that if there is no vertical variation in
grain-size distribution within the layer or
vertical variation in porosity, the surface
particle counts can be used to estimate the
volumetric particle-size-frequency distribution
with good precision. The assumption that the
particle-size distribution of the lunar regolith
does not vary vertically has been challenged
by Scott and Roberson (ref. 3-26). We believe
that there are minor vertical variations in the
grain-size distribution, which will cause small
errors in the application of the Rosiwal prin-
ciple, but that there are no major differences
between the particles on the surface and the
particles in the subsurface. We shall return
to this question in more detail at a later point.

Of equal concern in the application of the
Rosiwal principle to estimating the volumetric

particle distribution of the lunar regolithe is
vertical variation in porosity. Results ob-
tained from studies of the mechanical properties
of the lunar surface (refs. 3-27 to 3-30) suggest
that the lunar regolith is more porous in the
upper few millimeters than at greater depths.
With such a vertical variation in porosity,
coarse fragments will tend to be more abundant
at the surface in proportion to the fine-grained
matrix than they are at depth. A qualitative
assessment of the importance of porosity will
be made by calculating volumetric particle-
size distribution on the basis of different as-
sumed porosities.

To apply the Rosiwal principle, the cumula-
tive areas occupied by the particles, as a func-
tion of particle size, must be calculated from
the cumulative particle-frequency distribution.
The cumulative number of particles per unit
area at each landing site has been represented
by the function

N=KD~ (1)
differentiation of equation (1) gives

%: KD @)

The area of individual fragments on the surface
can be estimated by

a:‘gDz 3)

where @ is the cross-sectional area of individual
fragments. If A is the cumulative area of frag-
ments of diameter equal to or larger than D,
then

dA dN
=D )

Combining equations (2), (3), and (4),

dA _yrK o
ap—a (5)

Integration of equation (5) between the limits
of the maximum-size fragment, K=" and D

yields
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A=fD ﬂpy+ldp=al)~,+2_p ®)
k-1/r 4
where a=yrK/4(y+2) and p=yrK 2 v/4(y42).

A choice must now be made of the reference
area with which 4 is to be compared. This
choice is a function of porosity. For 0 percent
porosity, the reference area is equal to the
unit area to which N is referred. In the case
of the distributions given in table 3-11 and
shown in figures 3-69 and 3-70, the reference
area is 100 m? or 10® mm? For values of po-
rosity equal to P, only 100 (1—P) percent of
the surface can be occupied by particles. For
50 percent porosity, for example, the reference
area is 50 m? or 0.5% 10® mm?

The volumetric particle-size-frequency dis-
tribution, expressed as the percentage of cumu-
lative volume as a function of D, is given by

1004 100(aDvt2—
V= 1 —_ (O‘Ar ) )

where V' is the percentage of cumulative vol-
ume of particles with diameter equal to or
larger than D, and A, is the reference area—
10° (1—P) mm? Solutions for the constants in
equation (7), using the surface particle-size
distributions shown in table 3-11, are listed in
table 3-12; the volumetric particle-size distri-
butions are shown in figures 3-70, 3-71, and
3-72. Two different values of porosity, 0 and
50 percent, have been adopted for the distri-
butions shown. Observations of the mechanical
properties of the upper part of the lunar Teg-
olith suggest it has about 50 percent porosity
near the surface (refs. 3-27 to 3-30). The
regolith, in most places, probably has & signifi-
cantly lower porosity at depths greater than 5
to 10 cm.

It may be seen from figures 3~70, 3-71, and
3~72 that a relatively small fraction of the total
volume of the lunar regolith is composed of par-
ticles coarse enough to be resolved by the Sur-
veyor cameras. On the basis of the 0-percent
porosity model, between 3.7 and 18 percent of
the regolith is composed of particles coarser
than 1 millimeter; on the basis of the 50-percent

porosity model, 7.3 to 36 percent of the regolith
339462 0—69— 7

TABLE 3-12. Constants and exponents of volu-
metric particle-size-frequency distribution Sune-
tions of the lunar regolith based on observed
surface particle-size distributions

Landing site a, mm-y* p, mms* y+2*
Surveyor I_____ 7. 53X 108 3. 8X108 | —0.11
Surveyor ITI___ 1. 13X 107 4. 33X 108 —. 56
Surveyor V____ 4.0, X108 12,108 —. 65
Surveyor VI___ 7. 3,X 108 3.8; X106 | —.51
Surveyor VII. | —6. 24X 10¢ —2. 1,107 +.18

__100 (aD¥tt—p)
=—Qa

where V is the percentage of cumulative volume of
particles with diameter equal to or larger than D, D is
the diameter of particles in millimeters, and A, is the
reference area

LA 4 1 mm > D> K-t/

_ /10* mm?, for 0 percent porosity model.
105 10* mm?, for 50 percent porosity model.

is composed of particles coarser than 1 milli-
meter. The largest proportion, by volume, of
resolvable particles was observed at the Sur-
veyor VII landing site and the smallest at the
Surveyor I landing site. A large and conspicuous
difference among the fragment-size distribution
at the Surveyor VII landing site on the rim of
Tycho and the distributions observed at the
landing sites on the maria are shown in figures
3-70, 3-71, and 3-72.

It is of interest to inquire whether the ob-
served distribution of resolvable particles can
be used to infer or predict the particle-size dis-
tribution of the unresolved matrix. The func-
tions given in table 312 have been extrapolated
to 1 micron or to 100 percent volume in figures
3-70 through 3-72. As shown in these figures,
these extrapolations lead to two quite different
results, depending on the values of v observed
for the distributions of resolvable surface par-
ticles. At the Surveyor III, V, and VI landing
sites, the cumulative volume goes to 100 per-
cent in the particle-size range between 5 and
100 microns. At these sites, y varies between
—2.5; and —2.6;. At the Surveyor I site, how-
ever, where y = 2.1,, the cumulative volume
does not reach 100 percent unless the size-dis-
tribution function is extrapolated to particle
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Ficurg  3-70.—Volumetric  particle-size-frequency

distributions of the lunar regolith for O percent
porosity, based on power functions fitted to observed
size-frequency distributions of surface particles.
Dashed lines represent extrapolations below observed
particle size of functions listed in table 3-11.

sizes in the subatomic range. At the Surveyor
VII site, the maximum volume of particles,
based on the extrapolation of the observed size
distribution to infinitesimally small particles, is
only 24.1 percent of the total volume on the 0-
percent porosity model and 48.2 percent on the
50-percent porosity model. Particles smaller
than 1 millimeter, therefore, must be repre-
sented by a different distribution function from
that fitted to the resolvable particles at both the
Surveyor I and Surveyor VII sites.

For the three observed particle distributions
that give plausible results when extrapolated
into the submillimeter particle-size range (Sur-
veyors I1I, V, and VI), the bulk of the volume
consists of particles less than a few hundred
microns in diameter (table 3-13). The median
particle diameter ranges from 23 to 75 microns

_ - N
0L Y ]

60} \\ \ B

50 T \\* X— —

4ol TN A

sof WD

28— \V\\ \ e

o % \

\’91'{}_00 \ AN
\‘Q \

0} \\ A\ g
ey > ]
EREMI ]
3y sr b
P -
sl
3
§ 2t g 4
£ g
* z

1S ] 1
§;§ r 8 ]
5 _
0S5 § 4
0.4} ] 4
03 4
0.2
.t L— 1 1 1

M 100 1000 tmm iem 10em im 10m
PARTICLE SIZE
Ficure 3-71.—Volumetric particle-gize-frequency

distributions of the lunar regolith for 50 percent
porosity, based on power functions fitted to observed
size-frequency distributions of surface particles.
Dashed lines represent extrapolation below observed
particle size of functions listed in table 3-12.

on the O-percent porosity model and from 60
to 255 microns on the 50-percent porosity
model. While these results are at least physi-
cally plausible, they are not consistent with
other indirect lines of evidence about the
grain-size distribution of the unresolved matrix.
Photometric and polarimetric observations of
the lunar surface suggest that most of the
particles are finer than 20 microns. Thus, the
size distribution of the unresolved matrix at
these sites may also be somewhat different
from that indicated by the extrapolation of the
observed particle-size distribution.

It should not be surprising that the observed
particle-size distribution of the resolvable
fragments cannot be extrapolated without
corrections to very small particle sizes. As
shown in fig. 3-69, the large bulk of the lunar
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' ’ 'j regolith at all of the Surveyor landing sites
someron 1 consists of submillimeter particles; only a very
SURVEYOR T — — 1 small part of the distribution of particles, in
SR I ——— terms of percent volume, is in the size range of
] resolvable particles. Small errors in the esti-
mated values of 4 for the observed parts of
| | the particle-size distributions have a strong
effect on the results obtained from extrapolation
of the observed distributions to small particle
sizes. By selecting revised values of v, however,
new power functions can be found for the
surface particle distributions which correspond
to volumetric particle distributions that Zo to
] 100 percent volume for any arbitrarily defined
lower limiting particle size.
wl Several lines of evidence suggest that a
significant fraction of the particles in the lunar
e ' regolith is near 1 micron in diameter, but that
=r L only a relatively small fraction of the particles
~_ is much finer than 1 micron. The general
N ™~ e polarimetric and photometric properties of the

\ lunar surface can be simulated closely in the

0 S B N laboratory with certain irradiated rock pow-
M 10 1004 Tmm Tom 10cm tm 1om . . .

PARTICLE Siz6 ders, if all of the powdered material is ground ,

S0 as to pass a 20-micron sieve (ref. 3-31). 5

FiGure  3-72.—Volumetric  particle-size-frequency ~ The low degree of polarization of light scattered

distributions of the lunar regolith for 0 percent  from the lunar surface indicates that many

porosity. Distributions are the same as shown in particles have diameters not much above the

figure 3-71; however, V=percentage of cumulative limits set by diffraction; that is, about 1 micron :
volume is shown with arithmetic instead of loga- * -

rithmie scale in order to illustrate the forms of the (ref. 3-32). Slz? analyses of fragme.ntal materzlal j
distributions. Below D 1 mm, the distributions are ~ Produced by impact and explosive cratering -
extrapolations of the functions listed in table 3-12. show that partlcles as small as 1 micron are
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TaBLE 3-13. Volumetric particle-size-frequency distribution of lunar regolith by quartiles, based on
Junctions listed in table 3—12 extrapolated to 100 percent volume

0 percent porosity model, particle diameter, u 50 percent porosity model, particle diameter, g
Landing site ) £
At 25 percent At 50 At 75 At 100 At 25 At 50 percent | At 75 percent At 100 S
volume » perceni percent percent percent volume » volume » percent -
volume » volume » volume * volume » volume » é
Surveyor I_____ 5X10-3 2X 108 5X107 4108 1. 1 5X 103 2X 104 2X 108 55
Surveyor ITI___| 255 75 37 22 870 | 255 125 75 e
Surveyor V__._| 60 20 11 7 180 60 31 20
Surveyor VI___| &9 23 11 6 340 89 40 23
Surveyor VII__. ® ® ®) ™ 3.0 cm (O] (®) )

* Percent volume is cumulative from largest particle to smallest.
» Maximum cumulative volume of particles based on extrapolation of observed size distribution to infinitesi-

mally small particles is 24.1 percent of total volume, for 0 percent porosity model, and 48.2 percent for 50 percent
porosity model.
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produced.? Most rock-forming silicate minerals
do not crush readily to particles much smaller
than 1 micron, however.

The number of interplanetary particles that
strike the Moon’s surface, and which are here
assumed responsible for most of the fragmen-
tation, increases rapidly with decreasing size,
but there is a definite lower limit to their size.
Particles with densities such as those of ordi-
nary rock-forming silicates are not stable in the
solar system if their diameters are much smaller
than about 1 micron. Particles much smaller
than 1 micron are ejected from the solar system
by radiation pressure (ref. 3-33). Abundant
particles in the size range of 1 to 10 microns
tend to be produced by impact of small inter-
planetary particles, but submicron particles
probably are produced only in small quantity.

If 1 micron is adopted as a lower limit of
size for the particle-size-frequency distribu-
tions of the lunar regolith, truncated power
functions can be found to represent the particle-
size distribution between 1 micron and 1 milli-
meter that will permit the cumulative volume to
go to 100 percent at 1-micron particle diameter
at each Surveyor landing site. The total size-
frequency distribution of particles at each site
can then be represented by two power functions:
the function, N=KDr, fitted to the observed
distribution in the particle-size range 1 mm=<
DLK="7 and a second function N=KD",
in the particle-size range 1 micron <D<1
millimeter. The value of v’ will be uniquely
determined under the conditions:

(1) That the total area of particles between
1 micron and 1 millimeter diameter is equal to
A,—A,, where A, is the cumulative area of
particles equal to and larger than 1 millimeter
(obtained from the observed distribution).

(2) That N is identical for both N= KD and
N=KD+ at D=1 millimeter, or, in other
words, that K is identical for both functions.

By analogy with equation (8), the cumulative
area, Apc, of particles of diameter equal to
or larger than D, but less than 1 millimeter,
can be expressed by

> y'xKDv*

AD<1= ————r—dD:a’ (D7'+2'—1) (8)

D=1

IE. M. Shoemaker, unpublished data.

where o’ =+ 7K/4(v' +2).
The solution for v’ is facilitated by reorga-
nizing equation (8) in the form

A
logm( £,<’+1
Y = ]Ogm D —2 (9)

Introducing the boundary conditions,
Apa=4,—4, at D=10"? millimeters

equation (9) becomes

lOglo(Ar_,Al + 1)
v = —2

o

—3

(10)

which is solvable for v/<{—2. The area A, at
each Surveyor landing site is found by solving
for D=1 millimeter in equation (6). If specific
values of the reference area A, are adopted,
corresponding to specific values of porosity P,
then equation (10) can be solved explicitly for
v by successive approximation. Solutions for
4 at each landing site, for 0 and 50 percent
porosity, are listed in table 3-14.

The derived total size-frequency distribution
of surface particles at each Surveyor landing site
is shown in figure 3-73 for the 0-percent poros-
ity model of the lunar regolith, and in figure 3-
74 for the 50-percent porosity model. At each
site and for each model of porosity, the derived
frequency distribution comprises the two func-
tions N—=KDv, 1 mm<D<K™/ listed in table
3-11, and N=KDv, 1 py<D<1 mm, listed in
table 3-14.

It may be seen from figures 3-73 and 3-74
that the general trend of the derived particle-
size distributions below 1 millimeter is similar
to the general trend of the observed distribu-
tions above 1 millimeter in both the 0- and 50-
percent porosity models. If only mare sites are
considered, the mean value of v” for the O-per-
cent porosity model is —2.3,, a8 compared with
a mean value for y of —2.4; for the 50-percent
porosity model, the mean value of v/ is —2.2;
The mean of all the values of ¥ and v’ for the
mare sites is —2.4, for the O-percent porosity
model and —2.3; for the 50-percent porosity
model. Functions N=KD», fitted by eye to
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TABLE 3-14. Constants and exponents of truncated power functions (N=KD)"', 1 u<D<1 mm)
derived from observed size-frequency distributions of surface particles at the Surveyor landing
sutes; cumulative rolume of particles= 100 percent at D=1 micron

0 percent porosity model 50 percent porosity model
Landing site
mm-7’ s v mm=Y’ s ¥

' 100 m? ' 100 m?
Surveyor I_ __ ... 5.0 105 —2.58 5.0 108 —2. 45
Surveyor ITT_______ . ___ 3.3X 108 —2.21 3.3X 108 -2 01,
Surveyor V.. . 1. 25 108 —2. 42 1. 25 108 —2.27
Surveyor VI._____ ... 1. 91x 10t —2. 33 1. 91X 108 —2.17
Surveyor VII._____ ... 7.9X 105 —2.47 7.9X 108 —2.29

*N=KDv, 1 u<D<1 mm, where N is the cumulative number of particles with diameter equal to or larger

than D, and D is the diameter of particles in millimeters.

represent the average total particle distribu-
tions from 1 micron to K~'/r at the mare sites,
have K=1.1X10% y=—24,, for the 0-percent
porosity model, and K=7X10°, y=—2.3;, for
the 50-percent porosity model. Both of these
fitted functions lie generally within the envelope
of individual functions N=KDv, 1-mm
SDLSK™ ', and N=KDv,1 4<D<1 mm, for
the mare sites. In other words, for the mare
sites, the mean derived frequency distribution
of surface particles smaller than 1 millimeter
for both the 0- and 50-percent porosity models
is nearly an extension to small sizes of the
mean observed distribution of particles larger
than 1 millimeter. The fit is closest for the
O-percent porosity model.

In the case of the Surveyor VII landing site,
on the rim of Tycho, the derived distributions
of particles smaller than 1 millimeter, for both
the 0- and 50-percent porosity models, are within
the envelope of derived distributions for the
mare sites. There is a marked difference, how-
ever, between the derived distribution of parti-
cles smaller than 1 millimeter at the Surveyor
VII site and the distribution of the observed
larger particles. The value of v/ is —2.4, on the
0-percent porosity model and —2.2, for 50 per-
cent porosity, whereas v is —1.8,. Thus, the
fine particles at the Surveyor VII site probably
are similar in distribution to those on the maria
but the observed coarse particles follow a con-
spicuously different distribution.

Total volumetric particle-size-frequency dis-

tributions that correspond to the surface par-
ticle distributions shown in figures 3-73 and
3-74 can be derived for the lunar regolith. For
particle sizes equal to or greater than 1 milli-
meter, the volumetric distributions are the same
as those given in table 3-12 and shown in figures
3-70 and 3-71. For particle sizes smaller than 1
millimeter, the volumetric particle-size-fre-
quency distribution, expressed as the percentage
of cumulative volume, is given by

y—100(dpat4) an

on the basis of the Rosiwal principle. Combin-
ing equations (8) and (11),

__100[e’ (D7 +2— 1)+ 4]

| % A

14<D<1mm (12)

Solutions for the constants of equation (12),
based on the constants and exponents of the
truncated power functions given in table 3-14,
are listed in table 3-15. The volumetric particle-
size-frequency distributions corresponding to
the combined functions listed in tables 3—12 and
3-15 are shown in figure 3-75 for the 0-percent
porosity model, and in figure 3-76 for the 50-
percent porosity model. Solutions for these
functions at the quartiles are listed in table 3—
16.

On the basis of the derived volumetric
particle-size-frequency distributions shown in
figures 3-75 and 3-76, the estimated median
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TaBLE 3-15. Constants and exponents of truncated volumetric particle-size-frequency distribution
functions derived from observed size-frequency distributions of surface particles at the Surveyor
landing sites; cumulative volume of particles=100 percent at D=1 micron

0 percent porosity model 50 percent porosity model
Landing site A1, mmis

a', mmy' s Y42 o, mm~7' » Y42
Surveyor 1 __ oo 1. T4 X 108 —0. 58 2.1 X10¢ —0. 45 3. 67X 108
Surveyor 1IT_ __ 2. 7,107 —.21 3. 05 X 108 —. 017 1. 14X 1¢7
Surveyor V_ _ - 5. 6y 108 —. 42 8.2; X108 —. 27 3. 89X 10
Surveyor VI __ - 1. 0y X107 —. 33 1. 91X 107 —. 17 7. 00X 100
Surveyor VII____ oo 3. 24X 108 —. 47 4.8, X108 —.29 1. 78X 107

. 1%

_ 100[a’(DY+2—1 mm'+}) 4+ 4]

A,

1 u<D<L1 mm

where V is the percentage of cumulative volume of particles with diameter equal to or larger than D, D is the diameter
of particles in millimeters, 4, is the cumulative area of surface occupied by particles with D >1 mm, and 4, is the

reference arca

10® mm?, for 0 percent porosity.

_{0.5>< 108 mm?, for 50 percent porosity

TaBLE 3-16. Volumetric particle-size-frequency distribution of lunar regolith by quartiles, based on
observed distributions in the particle-size range above 1 mm and truncated power functions derived
from the observed distributions in the size range 1 micron to 1 mm,; cumulative volume of particles=

100 percent at D=1 micron

¢ percenti porosity model, particle diameter, p 50 percent porosity model, particle diameter, u
Landing site
At 25 At 50 At7T5 At 100 At 25 At 50 At75 At 100
percent percent percent percent percent percent percent percent
volume * volume * volume * volume = volume * volume * volume * volume *
Surveyor I._______ 12 3.3 1.6 1.0 26 4.9 1.8 1.0
Surveyor T11______ 126 15 3.1 1.0 850 88 6.3 1.0
Surveyor V. __.___ 25 5 2 1.9 1.0 75 9.1 2.5 1.0
Surveyor VI______ 48 7.6 2.3 1.0 226 21 3.6 1.0
Surveyor VII_____ 83 6.2 2.0 1.0 3.0 cm 45 4.1 1.0

= Pergent volume i3 cumulative from largest particle to smallest.

particle diameter of the lunar regolith ranges
from 3.3 to 15 microns and averages 7.5 mi-
crons for the 0-percent porosity model. For the
50-percent porosity model, the estimated me-
dian particle diameter ranges from 4.9 to 88
microns and averages 33 microns. These esti-
mates for median particle diameter may be
compared with the conclusion of Christensen
et al. (ref. 3-27) that “‘a significant number of
particles are in the silt-sized range (that is,

smaller than 0.06 millimeter),” based on com-
parison of the Surveyor 1II footpad imprints
with simulated footprints in granular materials
of various size distributions. At the Surveyor
IIT site, our estimate of the median particle
diameter is 15 microns for the 0-percent porosity
model, and 88 microns for the 50-percent po-
rosity model. Jaffe et al. (ref. 3-34) found that,
on the assumption that a bright band of light
observed along the horizon after sunset at the
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F16URE 3-73.—Power functions derived from observed
size-frequency distributions of surface particles at
the Surveyor landing sites for the 0-percent porosity
model of the lunar regolith. The derived particle
distribution at each site is represented by two fune-
tions, N—KDv, where 1 mm <D<K-'7, and
N=KD"', where 1 4 <D <1 mm, which are listed in
tables 3-11 and 3-14. Cumulative volume of particles
in the regolith at each landing site goes to 100 per-
cent at l-micron particle diameter for the surface
particle distributions illustrated.

Surveyor VI site was caused by diffraction by
small particles, the observations indicate a mean
particle size less than 10 microns. We estimate
the median particle diameter at the Surveyor
VI site is 7.6 microns for the 0-percent porosity
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Fioure 3-74.—Power functions derived from observed
size-frequency distributions of surface particles at
the Surveyor landing sites for the 50-percent porosity
model of the lunar regolith. The derived particle
distribution at each site is represented by two func-
tions, n=KDv, where 1 mm <D<K-Vv, and
N=KD", where 1 micron <D <! mm, which are
listed in tables 3-11 and 3-14. Cumulative volume
of particles in the regolith at each landing site goes
to 100 perecent at 1-micron particle diameter for the
surface particle distributions illustrated.

model and 21 microns for the 50-percent
porosity model.

On the basis of a gaseous diffusion-caused
eruption crater produced by firing the vernier
engines of the Surveyor V spacecraft after
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landing, Christensen et al. (ref. 3-28) state that
‘“‘the estimated lunar permeability indicates
most of the particles are in the 2 to 60 size
range.”” We find in the average case that the
central 50 percent of the regolith by volume
(the distribution by volume between the first
and third quartile, table 3-16) lies between 2.2
and 59 microns for the O-percent porosity
model and between 3.7 and 835 microns for the
50-percent porosity model. At the Surveyor V
site, the central 50 percent of the particles by
volume lies between 1.9 and 25 microns for
the 0-percent porosity model and between 2.5
and 75 microns for the 50-percent porosity
model. This agreement between two completely
independent estimates of grain-size distribution

PARTICLE SIZE

is better than should be expected, considering
the uncertainties and approximations used in
both methods of estimation. We conclude that
our extrapolations of the observed surface par-
ticle-size distribution into the I-micron to
1-millimeter-size range, as illustrated in figures
3-73 and 3-74, are supported by the studies of
the mechanical properties of the lunar regolith.

It is appropriate to return at this point to
the question of whether the particles observed
on the surface are representative of the sub-
surface material in the lunar regolith. The
general smoothness of the walls of trenches
dug by the surface sampler at the Surveyor
I1I and V1I landing sites and the smooth forms
of the imprints made by Surveyor footpads
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have given the impression to some observers
that coarse particles of the size found on the
surface are much less abundant or are absent
in the subsurface. Scott and Roberson (ref.
3-26), from their observations at the Surveyor
VII landing site, state: “A distinet impression
is gained from the surface-sampler work that
the surface rocks lie on a relatively fine-grained
granular material, and that this material does
not contain rock fragments of a size comparable
to the fragments on the surface.” Gault et al.
(ref. 3-35), on the basis of scintillation of
striations on the wall of a trench dug by the
surface sampler at the Surveyor VII site,
concluded that grains as coarse as 200 microns
might be present, but that this represented the

maximum possible grain size of the material
exposed in the walls of the trench.

Our interpretation of the features shown in
the wall of the trench described by Gault et al.
and shown in figure 3-28 of reference 3-35 is
quite different. Inspection of the walls reveals
at least two holes from which fragments several
millimeters across may have been plucked.
In addition, many of the striations in the wall
of the trench, attributed by Gault and others
to the surface sampler, may have been formed
by coarse grains dragged by the surface sampler
along the walls. We believe that the walls of
the surface-sampler trenches and footpad im-
prints are relatively smooth because the bulk of
the subsurface material is, in fact, very fine
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grained, as indicated in table 3-16, and it is
also somewhat compressible (ref. 3-30). Coarse
particles, therefore, tend to be pressed into the
fine-grained matrix by the action of the surface
sampler and spacecraft footpads and are ob-
scured by the fine-grained material. Simulation
of the action of the surface sampler and footpads
in a soil model with grain-size distributions
like those shown in figures 3-75 and 3-76
would be desirable for further investigation of
this problem, but we have not seen convincing
evidence that the size distribution of particles
in the shallow subsurface is significantly
different from that on the surface.

Thickness of the Regolith

E. M. SuoEMAKER AND E. C. MoRRIS

The lunar regolith has been defined (ref. 3-36)
as a layer of fragmental debris of relatively
low cohesion that overlies a more coherent
substratum. It covers nearly all parts of the
lunar surface observed on the maria by Sur-
veyors I, TIT, V, and VI; it is inferred to have
been derived primarily by a process of re-
petitive bombardment, which also produced
the majority of small craters observed nearly
everywhere on the lunar surface. In most
places on the maria, the regolith is very fine
grained; 90 percent or more of the regolith
consists of fragments finer than 1 millimeter.

The thickness of the regolith may be esti-
mated from a variety of observational data.
One of the most direct estimates is provided by
the observed depths, or the estimated original
depths, of craters with blocky rims. These
craters have been excavated partly in more
coherent or coarser grained material that
underlies the regolith; their original depths,
therefore, exceed the local thickness of the
regolith. The estimated thickness of the reg-
olith at a given Surveyor landing site is
bracketed by the original depths of the smallest
craters with blocky rims and the original depths
of the largest, sharp, raised-rim craters with-
out blocks.

The actual thickness of the regolith probably
varies considerably at a given site, and gen-
erally only a limited number of craters is

observable in the size range of interest. Thus,
the estimates of regolith thickness are neces-
sarily approximate. At the Surveyor 1 landing
site, for example, the smallest blocky-rim
crater was found to be 9 meters in diameter,*
whereas the largest crater with a smooth,
raised rim was 3.3 meters in diameter. The
depth-to-diameter ratio of newly formed craters
of this size and type is close to 1:3. The esti-
mated depth of the regolith at the Surveyor 1
site, therefore, is between 1 and 3 meters.

At the Surveyor 111 site, the smallest blocky-
rim crater observed along the walls of the main
crater in which Surveyor III1 landed is 13
meters in diameter; the largest observed crater
with & smooth raised rim is about 3 meters in
diameter. The thickness of the regolith along
the main crater walls is thus estimated to be
between 1 and 4 meters. On the mare plain at
the Surveyor VI site, no blocky-rim craters
were observable from the Surveyor camera;
smooth, raised-rim craters as much as 30
meters in diameter were observed however.
Thus, we concluded that on the plain the
thickness of the regolith locally exceeds 10
meters (ref. 3-37). On the mare ridge at the
Surveyor VI site, the smallest blocky-rim
crater observed is 30 meters in diameter and
the largest smooth-rim crater is 22 meters in
diameter; there the regolith is estimated to be
between 8 and 10 meters thick.

Another estimate of the thickness of the
regolith may be obtained from the inferred
original depth of craters believed to have been
formed by drainage of the regolith material
into subregolith fissures. Rimless, elongate
craters observed in the vicinity of the Surveyor
V landing site are believed to have been formed
by drainage, and the small crater in which the
spacecraft landed appears to be & member of
this class. The original depths of the largest
craters formed by drainage represent the
minimum local thicknesses of the regolith. As
the angle of repose on the walls of these craters
is about 35°, the original depths of the drainage
craters were probably about one-third the

1+ Revised estimate based on distance from Surveyor
1 to this crater observed on Lunar Orbiter III high-
resolution photographs.
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widths or minor axes of the craters. The
minor axis of the Surveyor V crater is 9 meters;
the minimum estimated thickness of the regolith
is, therefore, 3 meters. The maximum thickness
of the regolith derived from one-third the
diameter of the smallest blocky-rim crater at
the Surveyor V landing site is 5 meters.

A dimple crater with a minor axis of 20
meters was observed in the floor of the main
crater at the Surveyor II1 landing site. If the
dimple crater has been formed by drainage, as
we believe, it indicates the regolith in the floor
of the main crater is about 7 meters or more
thick.

At the Surveyor VII landing site, on the
rim flank of Tycho, there is an ambiguity both
in prior definition and in observational evidence
that may be used to interpret the presence,
thickness, and characteristics of the regolith.
The difficulty arises from the fact that possibly
several, and at least one, of the geologic units
that make up the rim of the crater are frag-
mental debris. In the case of the patterned
debris, one of the most widespread units on
the Tycho rim, the material of this geologic
unit also appears to have relatively low
cohesion.

We do not intend to apply the term “regolith”
to such widespread blankets of fragmental
ejecta associated with large, individual craters
on the Moon. These units, inferred to be
formed by a single event or by a sequence of
a small number of events during a well-defined,
short interval of time in lunar history, are
more appropriately treated as mappable,
regional geologic units. They may be expected
to have certain internal consistencies of struc-
ture and to exhibit systematic lateral variations
in grain size, shock metamorphism, and other
characteristics,

The regolith, on the other hand, is conceived
here as a thin layer of material that forms and
progressively evolves over a longer period of
time as a result of an extremely large number
of individual events, and possibly as the result
of interaction of a number of different processes.
The regolith is a strictly surficial layer of debris
that conceals underlying geologic units in
most places on the Moon. Its thickness and
other characteristics are a function of total

exposure time of the different parts of the lunar
surface to a number of surface processes. A
new surface freshly formed by a volcanic flow
or ash fall or by a deposition of an extensive
ejecta blanket around a new crater has no
regolith; the process of its development, how-
ever, begins almost immediately, and theregolith
gradually becomes thicker with the passage of
time. In this respect, we consider the regolith
as a surficial layer analogous to soils on the
Earth.

Where a regolith has developed on a frag-
mental geologic unit such as a regional ejecta
blanket or a debris flow, the practical distinction
between the regolith and the underlying frag-
mental material must be based on differences
in grain size and aspects of physical and chemi-
cal alteration that can be recognized through
the data at hand. In particular, the presence of
numerous, small craters; a photometrically
observable alteration profile or coatings or
alteration rinds on individual fragments; or
a grain-size distribution of the surficial material
similar to that observed elsewhere on the
regolith, can be used as evidence for its presence.

At the Surveyor VII landing site, there is
good evidence for the presence of a thin regolith.
The most important evidence is the presence
of abundant craters smaller than 3 meters in
diameter; the size frequency distribution of
the small craters corresponds to the steady-
state distribution. This suggests that the surface
has been repeatedly cratered by very small
craters. Material excavated by the surface
sampler is, for the most part, very fine grained
and is similar in mechanical properties and in
general optical properties to the regolith
observed on the maria. Furthermore, as on the
maria, an abrupt change in albedo was found
at shallow depth. We conclude that this mate-
rial is part of a regolith similar in origin to that
observed on the maria. In some places, much
more coherent material or much coarser
fragmental material was encountered by the
surface sampler at depths less than 2.5 c¢m;
elsewhere, fine-grained material of low cohesion
was found to extend to a depth of at least 15
cm (ref. 3-26). These depths may represent

the approximate range of thickness of the

regolith at the Surveyor VII site.
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TABLE 3-17. Apparent thickness of the lunar regolith at the Surveyor landing sites

Minor axis of
Diameter of Diameler of largest crater Estimated
Landing slie largest craler gmallest crater inferred to have thickness of
with smooth, with blocky been produced regolith, m
ralsed rim, m rim, m by drainage, m
Surveyor I oo 3.3 L+ I S 1to3
Surveyor I11:
Wall of main erater. .o coceeacooo-- 3 13 |ccomoee 2 1to4
Floor of main erater_ _ o oo oecm e m e 20| 27
SUIVeYOr Vo e mmmmmmmmm e[ 15 913tob
Surveyor VI:
Mare Hdge. oo oo emcae o m e 22 {1 8t010
Mare plain. .o 30 (C N P >10
Surveyor VII_ e 60 K N I, 2to15¢cmb

» Nonc observed.

b Estimated from the depth of trenches exeavated by the surface sampler (ref. 3-26).

The smallest crater with a conspicuously
blocky rim observed at the Surveyor VII
landing site is about 3 meters in diameter.
We believe smaller blocky-rim craters were
not observed because there is only a low
probability that individual smaller craters
intersect very coarse blocks in the fragmental
unit that underlies the regolith; blocky crater
rims would be expected only where such coarse
blocks were encountered (ref. 3-36).

The estimated thickness of the regolith at
the five Surveyor landing sites is summarized
in table 3-17. The thickest regolith was
observed at the Surveyor VI site and the thinnest
regolith at the Surveyor VII site.

Disturbances of the Surface

E. M. SuoeEMAKER aND E. C. MoRr1s

At each of the Surveyor landing sites, wher-
ever the lunar surface was disturbed, dark,
fine-grained material was exposed beneath a
light surface layer (refs. 3-10, 3-14, 3-15,
3-36, and 3-37). Material ejected by footpad
impacts consisted primarily of dark clods or
aggregates of fine-grained particles (fig. 3-77).
The surface sampler exposed dark material at
depths as shallow as a few millimeters.

On the basis of observations at the Surveyor
I and III landing sites, the hypothesis was

advanced (ref. 3-14) that the subsurface ma-
terial, exposed by landing of the Surveyor
spacecraft and by manipulation of the surface,
is dark because the subsurface particles are
coated with a dark substance called lunar
varnish. Under this hypothesis, the rocky
fragments are generally brighter than the fine-
grained particles on the surface and conspicu-
ously brighter than the subsurface fine-grained
material because they are devoid of varnish. It
is supposed that if the varnish at one time had

Fioure 3-77.—Wide-angle picture of footpad 2 of
Surveyor I showing raylike deposits of dark sub-
surface material cxtending to almost 1 meter from
the edge of the footpad. The dark subsurface material
was kicked out onto a light surface layer by the foot-
pad during landing of the gpaceeraft (June 5, 1966,
11:29:49 GMT).
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FIGURE 3-78.—8mall fragment, about 6 cm across,
turned over by surface sampler on Surveyor VII,
exposing the dark underside. Part of the dark coating
has been scraped away by the surface sampler (Jan.
18, 1968, 06:03:17 GMT). o

F16URE 3-79.—Small, rounded fragment, about 5 c¢m
across, picked up and turned over by Surveyor VII
surface sampler. Contact between a dark coating on
underside of fragment that has been turned up and
the bright top surface that has been turned down
can be seen along the front surface of the fragment
in shadow, which is partly illuminated by sunlight
Bcattered from the spacecraft. The contact between
the bright and dark surfaces can also be scen along
the sides of the fragment (Jan. 19, 1968, 06:47:40
GMT).

been deposited on these fragments, it has
subsequently been scrubbed off by the same
processes of erosion that produce rounding of
the fragments. A thin layer of fine particles on
the undisturbed parts of the lunar surface is
lighter than the subsurface material because
these particles also tend to be scrubbed, but
the surface layer of fine particles is darker than
the exposed surfaces of the rocks because the
scrubbing is incomplete, owing to relatively
rapid turnover of the particles. Under this
hypothesis, the deposition of varnish must take
place on the surfaces of fragments at depths as
shallow as a few millimeters, or the abrupt
decrease of albedo with depth would not persist
in the face of repetitive cratering. It may be
expected, on the basis of the lunar-varnish
hypothesis, that the buried undersides of the
coarser fragments are coated with the varnish.

A test of the hypothesis was provided at the
Surveyor VII site by the overturning of a num-
ber of coarse fragments by the surface sampler.
Two of the overturned fragments are shown in
figures 3-78 and 3-79; in both cases, the under-
sides of these objects proved to be dark. On the
object shown in figure 3-78, most of the dark
material may simply be dark, fine-grained par-
ticles adhering to the rock. The coating was
partly scraped away by the surface sampler
which exposed material of much higher albedo
beneath the coating. On the rounded, rocklike
object shown in figure 3-79, the coating evi-
dently is very thin; however, it proved to be
resistant to abrasion and scraping by the surface
sampler. This coating may be the postulated
layer of varnish.

Origin of the Lunar Regolith
E. M. SuoeEMAKER anND E. C. MoRrRIs
A simple ballistic model for the origin of the

lunar regolith is presented here to account for
(1) the size-frequency distribution and wvaria-

tion in distribution of craters on the surface of

the regolith, (2) the thickness and variation of
thickness of the regolith, and (3) the size-
frequency distribution and variation of distri-
bution of the fragmental debris of which the
regolith is composed. We recognize that high-
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energy radiation, mass wasting, and probably
other processes have played a role in pro-
ducing the observed features of the regolith,
but we believe the effects of these other proc-
esses are subordinate to the effects of solid-
particle bombardment of the lunar surface. For
simplicity of statement, the subordinate proc-
esses will not be considered in this discussion.

The large majority of craters observed on the
lunar surface in all size classes is here interpreted
to be of impact origin. At present, it is not pos-
sible to determine the ratio of primary to sec-
ondary impact craters. Some very low-velocity,
secondary-impact craters appear to be recog-
nizable in Surveyor pictures from the presence
of projectile fragments lining the craters.
Higher velocity, secondary-impact craters prob-
ably cannot be distinguished from primary-
impact craters. On the basis of the probable
rate of production of secondary-impact craters
during primary cratering events (ref. 3-20), we
believe that most craters, in the size range
observed in the Surveyor pictures, probably are
secondary craters.

Regardless of whether the observed craters
are predominantly primary or secondary in
origin, the size distribution of small craters
appears to be a time invariant or steady-state
distribution. Below a certain size limit, the
size-frequency distribution of craters is the
same at all Surveyor landing sites despite differ-
ences in the abundance of larger craters and
probable differences in age of the surfaces. This
is shown most dramatically in the case of the
Surveyor VII landing site on the rim of Tycho,
where the observed distribution of craters
smaller than 3 meters in diameter is closely
similar to the distribution observed on the
maria, even though the abundance of craters
larger than 100 meters in diameter is more than
an order of magnitude smaller on the rim of
Tycho than it is on the maria. The upper crater
size limit for the steady-state distribution of
craters varies as a function of the number of
large craters and the age of the surface. It ranges
from about 3 meters at the Surveyor VII landing
site to about 50 to 200 meters at the mare
landing sites.

The range in thickness of the regolith for a
surface of a given age can be predicted from the

observed size-frequency distribution of the
craters on the basis of the following simplified
model. Functions F=xc*, fitted to the observed
size distribution of craters larger than ¢, (the
steady-state limit), are assumed to represent
the size distribution of all the small craters that
have actually been formed. At any crater diam-
eter below ¢,, the difference between F=xc* and
F=&c+ represents the number of craters lost
by erosion or burial as a result of repetitive
cratering and other processes of crater destruc-
tion. The diameter of the largest crater that has
been lost or has become unrecognizable is c,.
The loss of craters with diameters close to ¢,
occurs partly by erosion of the rim of the crater
and partly by filling of the crater by debris
derived from other craters both near and far.
In terms of crater depth, most of the change in
these craters occurs as a result of filling, and the
thickness of the deposit filling an old crater of
diameter ¢, which has just disappeared, is
given by the original depth of the crater minus
the original rim height. This thickness is about
one-fourth ¢, and represents the maximum
thickness of the regolith in a sample area of
108 km?.

The minimum thickness of the regolith is the
depth of the smallest crater, now filled, whose
floor forms a local part of the base of the rego-
lith. The approximate size of this crater can be
obtained from the solution for the cumulative
area of all the filled craters, the floors of which,
when connected together, form the entire base
or lower contact of the regolith. If

F=xc* (13)

represents the cumulative frequency distribu-
tion of all the craters smaller than ¢, that have
been formed on a given surface, and

=Tz
a.=,¢ (14)

represents the area of craters of diameter ¢,
then

dA, _dF

W_ac—d_c (15)

where A, is the cumulative area of craters
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equal to, or larger than, ¢ whose floors consti-
tute part of the base of the regolith and

X
4(7\+2)

A= f C X ot o (=M (16)

In addition, if the craters were uniformly
spread over the surface so that at A,=10% km?
the surface was completely occupied by craters
equal in diameter to, or larger than, the cor-
responding value of ¢, and if at A.=2X10°
km? every place on the surface had been
occupied twice by craters equal in diameter to,
or larger than, the value of ¢ corresponding to
A,=2%10* km? then a critical value ¢y, would
exist such that the floors of craters smaller
than ¢mia could not be part of the base of the
regolith, but must lie above the base of the
regolith. The depth of the craters with diam-
eter equal to this critical value of ¢ is taken as
the minimum thickness of the regolith. For
the spatial distribution of craters that would
give the least variance in the thickness of the
regolith, the critical value of ¢ is reached at
A,=2X%10* km?, or about twice the reference
area for the distribution F=yxc¢*. In other
words, after the surface has been covered
about twice over with craters, the floors of
smaller craters that may be considered in the
integration indicated in equation (16) do not
contribute significantly to the base of the
regolith. On the basis of equation (16), we may
write

4N 42) A, O+
ATX

cmm=[c,*+2+ a7

where

emm= the critical value of ¢ or the diameter
of the smallest crater whose floor is
part of the regolith
Ap,=total area of craters whose connected
floors constitute the base of the regolith
=2 10% km?

The floors of actual craters are concave up-
ward and those parts of the floors of inter-
secting craters that form the base of the rego-
lith are each a part of a concave surface. For

simplicity, however, let each concave element
composing the base of the regolith be approxi-
mately represented by a flat surface of a
characteristic depth kb, where

h=qc (18)

and ¢ is a constant of proportionality between
the diameter of & crater and the thickness of
the regolith that subsequently develops where
this crater was once formed. The constant ¢ is
somewhat smaller than the depth-to-diameter
ratio of the original craters and is close to 1/4.
On the basis of equations (16) and (18), an
approximate frequency distribution for the
depth of the regolith may be written in the
form .

H__IOOAC_IOO)\‘;rX(l/q a2
T A, 40424,
(h)‘+2_hx)‘+2)

hmln Sh Sha (19)

where
H—=cumulative percentage of the surface
underlain by a regolith of thickness
equal to, or greater than, b
B =qCmn=minimum thickness of the
regolith
hy=ge¢,=maximum thickness of the regolith

The median thickness of the regolith, hmeq, is
obtained from the solution for equation (19)
at H=>50 percent.

Solutions for Amia, #s, 8nd hges for the Sur-
veyor 1, V, VI, and VII landing sites are listed
in table 3-18, together with our best estimates
of the thickness of the regolith at these four
sites. The solutions shown are based on the
observed values of x, A, and ¢, at each of the
four sites listed in table 3-10. No data are
listed for the Surveyor III landing site because
all the observations made from Surveyor III
pertain to the inside of a 200-meter crater;
the observed thicknesses of the regolith there
should be compared with a more complex
model than the one we have described.

It may be seen from table 3-18 that our
best estimates of the thickness of the regolith,
in general, lie within the range of Amw to A
and are close to Ames. At the Surveyor VI
landing site, our best estimate of the thickness
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TABLE 3-18. Predicted thicknesses of the lunar regolith, based on eqs. (17) to (19) and the Sunctions
F=xc* listed in table 3-10, compared with best estimates of the thicknesses of the lunar regolith

Landing site hwin, m » he, 2 a hmed, m » Best estimate® of thickness of the
regolith, m
Surveyor 1. ____________._____ 1.6 14 3.1 1to3
Surveyor Vo ____._________ 1.2 47 3.2 | 3tos
Surveyor VI__________________ 2.7 25 4.6 | 8to 10 (mare ridge)>10
(mare plain).
Surveyor VIT________________. . 05 7 .09 | 0.02 to 0.15

* hmin=predicted minimum thickness of regolith.
h,=predicted maximum thickness of regolith.
hmea=predicted median thickness of regolith.

b Best estimates based on observational data listed in table 3-17.

of the regolith is twice to more than twice as
great as hpe. Although a difference this large
in one out of four cases is consistent with our
model of thickness distribution, it is also pos-
sible that the thickness of the regolith at the
Surveyor VI site is truly anomalous. An
anomaly of this type could be caused by the
presence on the mare surface of an initial layer
of fragmental material, such as a fragmental
flow top or a layer of volcanic ash, or to a
layer of pyroclastic material deposited at some
later time. It is of interest that the order of
the Surveyor landing sites by median thickness
of the regolith predicted from the observed
crater distribution is the same as the order on
the basis of the estimates of thickness derived
from other observational data. This strengthens
our confidence in the approximate validity or
predictive value of the proposed model.

It remains now to see whether the size-
frequency distribution of the fragments com-
posing the lunar regolith can be accounted
for by means of the ballistic model. To examine
this question, it is convenient to express the
size-frequency distribution in terms of cumula-
tive number of particles per unit volume of
the regolith as a function of the mass of the
particles. If the cumulative number of particles
per unit area is given by N=KD", as defined
above, then

N,=Ki-ampy-t (20)
where

N,=cumulative number of particles equal

to or larger than D per 10%/(2) K~V* mm?
D=diameter of particles in millimeters

The mass of a particle m can be estimated by
m=LD* (21)

where » is the density of the particle. Combining
equations (20) and (21)

f=N,=km: 22)
where

J=cumulative number of particles equal to
or greater in mass than m per 108/(2)

K—I/*r mm3
k:Kl—U/y)(E)(Y_U 3
l
— (7‘3‘1)

Taking the functions N =KD~ fitted by eye to
represent the average total particle distributions
from 1u to K="r at the mare sites, y=—2.4, for
the 0-percent porosity model, and y=—2.3; for
the 50-percent porosity model. The correspond-
ing values of e are —1.1, for the 0-percent
porosity model, and —1.1, for the 50-percent
porosity model. We wish to see whether these
values could have been predicted. For a given
value of ¢, the constant k of equation (22) and
K of equation (1) are determined from the
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assumed condition that the cumulative volume
of the regolith goes to 100 percent at D=14.
The regolith will be assumed to be composed
primarily of the cumulative ejecta from craters
with a sizefrequency distribution F=xc*,
c<c,. The diameter ¢ of each impact crater is
related to the kinetic energy and mass of the
projectile which formed it by the scaling relation

c= 9E*=0(§)rmp’ (23)

where
E=kinetic energy of the projectile
v=velocity of the projectile
my,=mass of the projectile
0=a scaling constant
r=an exponent close to 1/3

Assuming » to be constant, equations (13) and
(23) may be combined to give

fo=F=kym," (24)

where
f,=cumulative number of projectiles equal to,
or greater in mass than, m, per 10® km?

1)2 Ar
Y
kl_x0(2)
n=AT

The mean for the four estimates of A listed in
table 3-101is —2.94. For r=1/3, & good empirical
value for small craters formed in coherent rock
(ref. 3-38), the mean value of » is —0.98. Most
of these projectiles are believed to be secondary
fragments of the Moon. For primary projectiles
striking the Moon, estimates of ¢, based on
meteor photographs and on masses of meteorites
recovered on Earth, range from —0.8 to —1.34
(ref. 3-38).

Gault, Shoemaker, and Moore (ref. 3-38)
have shown that the cumulative frequency of
particles ejected from craters formed in co-
herent targets by projectiles with the mass fre-
quency distribution f,=km," can be expressed
in the form

fezklkzmcw (25)

where
339-462 0—69—8

f.=cumulative number of ejected particles
equal to, or greater in mass than, m,
per 10° km?

m,=mass of ejected particle

and
w="T1_4 26)

where :

§=the exponent of the function m,=FkM,}

m,=mass of the largest particle

M,=total mass of particles ejected from a
crater

From a variety of empirical data, 8 is found to
range from 1.0 for small craters to about 0.8
for large craters. For 9= —0.98, derived from
the F=yx¢* distributions of craters, w=—.098;
for —1.34<7'<—0.8, estimated for primary
projectiles, —1.44<’<—0.75.

In reality, the ejecta are repeatedly reworked
by small craters, and the ejecta from craters of
diameter less than ¢y, do not add to the volume
of the regolith. Thus, the volume of the regolith
is only a very small fraction of the cumulative
volume of craters ¢;<e¢<e¢,, where ¢, is of the
order of 10 microns or less. To a first approxi-
mation, however, the exponent « should be
close to e The principal effect of repeated
cratering is to grind the regolith finer and to
increase the proportion of fine to coarse frag-
ments. It may be seen that w is slightly greater
than e(w=—098, e=—1.1,, —1.1;) but that
—145<w’ £—0.75 brackets e Considering
the uncertainties introduced by the approxi-
mations used, the agreement is perhaps as good
as could be expected.

The size-frequency distribution of resolvable
fragments at the Surveyor III, V, and VI landing
sites was found to be the same, within the errors
of estimation, but at the Surveyor I and VII
landing sites, coarse fragments are more nu-
merous. At the Surveyor VII site, the spatial
frequency of coarse fragments is close to that
observed in the fields of coarse blocks around
blocky-rim craters. It is significant that coarse
fragments are most abundant at the sites with
the thinnest regolith. Considering all five sites, a
strong inverse correlation exists between the
abundance of coarse blocks and the thickness
of the regolith. This correlation may be ex-
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plained in terms of the probability that the
Surveyor touchdown points, or the sample areas
studied, are close to blocky-rim craters. Where
the regolith is thick, only relatively large craters
have blocky rims, and these are widely spaced;
where the regolith is thin, smaller, more closely
spaced craters have blocky rims, and there is a
higher probability that the sample areas studied
for particle-size distribution will contain coarse
blocks from these craters.

Direct evidence suggests that the occurrence
of coarse blocks in anomalous abundance is
related to the proximity to blocky-rim craters.
At the Surveyor I site, for example, a promi-
nent 27-meter-diameter, blocky-rim crater lies
about 60 meters from the spacecraft; many
coarse blocks observed nearby may have been
derived from this crater. The Surveyor VII site
is on the rim of Tycho, and the great number of
coarse fragments observed there is probably
related to the fact that the regolith has been
formed on relatively coarse fragmental debris
of the Tycho rim. Most fragments larger than
30 cm (diameters greater than twice the thick-
ness of the regolith) are probably part of the
fragmental, patterned flow material that directly
underlies the regolith at the Surveyor VIT site.

Photometry of the Lunar Regolith, as Observed by
Surveyor Cameras

H. E. Hort axp J. J. RENNILSON

Photometric data provided by the Surveyor
pictures have been used to (1) determine the
photometrie function of the surface in the vicin-
ity of the spacecraft, (2) compare macroscopic
textures of the surface with the observable
photometric function, (3) test for symmetry or
degeneracy of the photometric function, and
(4) investigate the effect of scale on the photo-
metric properties of the lunar surface. The
photometric characteristics of lunar materials
observed around each of the Surveyor space-
craft and their variation or pattern of variation
from place to place can be used to distinguish
different lunar materials.

Preflight calibrations of each Surveyor tele-
vision camera system response, combined with
frequent calibrations on the lunar surface using

photometric targets mounted on the spacecraft
and photometric control in the ground recording
system, were used in the reduction of lunar
photometric data acquired from each landed
Surveyor.

Undisturbed Material

At each landing site, the photometric prop-
erties of the undisturbed, fine-grained material
are remarkably similar and closely correspond
to the photometric properties of local areas
observed telescopically. It was possible to
make measurements of the surface luminance
at the mare landing sites along the Equator
over a much wider range of photometric
geometry than could be obtained from the
Earth-based observations, which are restricted
to east-west phase planes (Earth-Moon-Sun
plane). Surveyors I, V, and VI viewed rather
flat, but undulating, cratered plains, and as
the Sun passed almost directly over the space-
craft, relatively complete goniophotometric
measurements were obtained. Surveyor III
landed within, and on the east side of, a
subdued, 200-meter-diameter crater, which re-
stricted the photometric geometry; a dust-
coated camera mirror compromised the quality
of the photometric data. Surveyor VII viewed
a rolling-to-hilly terrain within the Iunar
highlands, where the Sun did not rise more than
48° above the northern horizon; this restricted
the photometric geometry.

Terrain areas were selected for photometric
measurement on the basis of surface flatness,
homogeneity, and relative direction from the
camera. Photometric data were collected, when
possible, along lunar azimuths of 0°, 45°, 135°,
180°, 225°, 270°, and 315° to test the symmetry
of the local photometric function. The photo-
metric sample areas ranged from 2 meters to
approximately 100 meters from the camera.
Uniform-appearing areas near the camera did
not contain unresolved fragments larger than
a few millimeters, while uniform-appearing
areas 75 to 100 meters away could contain
fragments up to several centimeters in diam-
eter. Surface flatness was judged by studying
pictures taken at low Sun elevations; areas that
exhibited little relief under grazing illumination
were selected for photometric study.
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Photometric data were reduced by both
digitizing analog magnetic-tape recordings of
the picture data and measuring the film record
by a densitometer. Photometric control be-
tween pictures was maintained by an eight-step
gray scale recorded with each picture. The film
densities of the selected areas were first com-
pared to the gray scale of that frame, and the
luminances were calculated from the transfer
characteristic determined from the picture clos-
est in time of the photometric target on the space-
craft. The luminances from the gray steps of
the photometric target were computed from
the preflight goniophotometric calibration, the
Iunar photometric angles existing at that time,
and an assumed solar illuminance of 13 000
lumens. Corrections for iris and filter differ-
ences were applied to the luminance values
computed for the selected areas.

Surveyor photometric data reveal that the
luminance of the fine-grained surface increases
gradusally with decreasing phase angle, and a
rapid increase occurs between 10° and 1° phase
angles. Among the various sample areas of fine-
grained material at any given phase angle, only
a small variation in luminance as a result of the
change in angle between the surface normal
projected into the phase plane and the reflected,
or emergent, light rays was observed. The sur-
face luminance gradually increases as this angle
increases when the projected surface normal
occurs on the Sun side of the reflected light
vector (negative o). A rapid decrease in
luminance occurs as the angle increases when
the projected surface normal appears on the
reflected ray side of the phase plane (positive a).
These angles are shown in figure 3-80.

The general photometric properties of the
uniform, fine-grained material viewed by all
Surveyor cameras did not reveal any variations
dependent on lunar azimuth. The photometric
function of the fine-grained material appears
symmetrical and similar to the terrestrially
measured lunar photometric function which
was based on measurements restricted to east-
west phase planes (Earth-Moon-Sun plane).
The Surveyor data also indicate that the lunar
function is essentially scale independent down
to resolutions of 1 em; topographic irregularities
larger than this appear to have little effect on

OBSERVATIONS 105

SURFACE \

FigurEe 3-80.—Lunar photometric geometry as viewed
from Surveyor eamera on the lunar surface. Symbols:
©, Sun; %, camera line of sight; g, phase angle; 7,
angle of incidence; N, surface normal; «, luminance
longitude (negative toward Sun side of camera line
of sight); ¢, angle of emittance.

the telescopically measured function. The lunar
photometric function of N. N. Sytinskaya and
V. V. Sharonov (ref. 3-39), compiled and im-
proved by D. Willingham (ref. 3-40), can be
used in photometric data analysis of images
from Ranger, Lunar Orbiter, and Surveyor
with resolutions as small as a few millimeters
(fig. 3-81) as well as for telescopic resolutions
of one-half km or more. Local concentrations
of rock fragments larger than a few centimeters,
however, can cause local variations of the
photometric function because the rocks have a
different photometric function.

Luminance measurements made at phase
angles of less than 5° were extrapolated to the
peak luminance of 0° phase angle. Homogeneous
lunar-surface areas exhibit their maximum
luminance at 0° phase angle, regardless of the
emittance angle and orientation of the surface
element. The peak luminance divided by the
solar illuminance is called the normal luminance
factor, or normal albedo. Estimates of the
normal albedo were made of the undisturbed,
fine-grained material at each landing site. These
estimates ranged from 7.3 to 8.5 percent at the
mare sites; the estimated normal albedo was
13.4 percent at the Tycho site in the lunar
highlands (table 3-19).
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TasLE 3-19. Albedo of Surveyor landing sites

Normal albedo (normal
luminance factor)
Landing site Ly/Le

Lys Lt
Surveyor I______| 7.3 55 1. 33
Surveyor III____| 8. 5 7.6 1. 09
Surveyor V_____ 7.9t08.4 7.5 1. 06
Surveyor VI._._| 8. 2 6.1 1. 35
Surveyor VII___| 13. 4 9.6 1. 39

» Normal albedo of undisturbed material.
b Normal luminance of footpad ejecta.

Variations in the albedo of the undisturbed,
fine-grained surface were not evident from
small phase-angle luminance measurements ex-
cept at the Surveyor V landing site. The near-
zero-phase luminances measured from the walls
and floor of the Surveyor V crater indicated a
nearly uniform normal albedo of 7.9 percent,
but the more level surface outside the crater
exhibited a normal albedo of 8.4 percent. Slight
variations in the luminance of fine-grained ma-
terial were observed at larger phase angles
(60° to 90°) in the middle to distant areas (50
to 200 meters) at the Surveyor I, V, and VII
landing sites. Some of these areas occurred
near blocky-rim craters from which many smail
fragments could have been ejected. The varia-
tions could be produced by swarms, or strewn
fields, of small fragments (1- to 5-cm diameter)
that cannot be resolved by the camera.

SURVEYOR: PROGRAM RESULTS

FiGure 3-81.—Normalized lunar re-
flectance versus luminance (bright-
ness) longitude based on terrestrial
observations by Sytinskaya and
Sharonov (ref. 3-39). Surveyor
photometric measurements from
+20° to —89° phase angles were
similar to the Earth-based telescope
measurements, which indicates that
the lunar photometric functions
were essentially similar to scale
independent to resolutions of =a

- centimeter.

Disturbed Material

Photometric properties of the fine-grained
material were different where the fine-grained
material was dislocated or overturned by the
spacecraft footpads, surface sampler, or by
rolling fragments. The disturbed material is
5 to 28 percent darker than adjacent undis-
turbed material (table 3-19). Before the Sur-
veyor observations, it was not known that
darker material occurred immediately beneath
the surface.

The lighter surface layer is extremely thin;
rolling fragments smaller than 2 cm across ex-
posed darker material along their tracks, which
were at most a few millimeters deep. Vertical
exposures along the walls of trenches dug by
the surface sampler did not reveal any visible
truncated edge of a light surface layer. The
lighter surface layer was always destroyed
whenever the surface was scraped by the sur-
face sampler. It is concluded that the light
surface layer is no more than 1 millimeter in
thickness and may be less than ) millimeter
thick.

The measured part of the photometric func-
tion of the disturbed material extends from
20° to 90° in phase angle and does not differ
appreciably in form from the function of the
undisturbed material. Ratios of the luminances
of the disturbed and undisturbed material show
more accurately the differences in the photo-
metric function of the disturbed material with
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reference to the more precisely measured func-
tion of the undisturbed, fine-grained material
(fig. 3-82). The derived photometric function
appears to be very similar to that of the un-
disturbed material. Lack of available photo-
metric data at phase angles from 0° to 20° does
not allow determination of the complete nature
of this function for undisturbed material,
however.
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Ficure 3-82.—Ratios of luminances observed from
adjacent undisturbed and disturbed fine-grained,
lunar-surface materials are shown on the upper
diagram; the dashed line delineates the average
ratio. In the lower diagram the reflectance function
of the disturbed material is plotted with respect to
the function of the undisturbed fine-grained material.
The lack of available data from 0° {o 20° phase angle
does not permit determination of the complete func-
tion for the disturbed material.

The occurrence of a very thin, easily de-
stroyed, light surface layer was one of the most
surprising observations made with the Surveyor
television cameras. The ratio of the normal
albedo of undisturbed surface material to the
normal albedo of disturbed subsurface material
at the various Surveyor sites (table 3-19) may
provide a clue to processes affecting the light
surface layer. At the Surveyor 1, VI, and VII
landing sites, about the same ratio was found
for nearly flat areas. At the Surveyor IIT and
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V landing sites, the ratio of albedos was much
smaller; there the measured surfaces slope 14°
or more. Pictures from Surveyor III provide
evidence that mass wasting or surface creep
is actively occurring on lunar slopes (ref. 3-14).
The creep movement may be caused by seismic
shocks from meteoroid impacts or internal read-
justments or by thermal expansion and con-
traction. This movement would tend to mix
the lighter surface material with darker sub-
surface material and there the ratio would
be low as a consequence of the high rate of
mixing.

The lowest ratio, or contrast between surface
and subsurface materials, was observed at the
Surveyor V crater where the steepest slopes
were observed. This crater probably was formed
by drainage of the fragmental material of the
regolith into a subsurface cavity, or fissure,
which would cause mixing of material along the
crater wall. Continued creep inside the crater
may prevent the formation of a light surface
layer equal in albedo to that formed outside
the crater. The estimates of normal albedo
support this concept; the level surface near the
crater exhibits an albedo of 8.4 percent; inside
the crater, the albedo is 7.9 percent.

Rock Fragments and Blocks

All coarse rock fragments and blocks that
protrude above the general level of the surface
are brighter at low angles of solar illumination
and large phase angles than the fine-grained
material. At small phase angles, most fragments
and blocks are brighter than the fine-grained
material, but the contrast is much less, and a
few rocks are darker than the matrix material.
The normal albedo of the larger measured
fragments ranges from 9 to 22 percent. The
photometric function of the measured rocks
differs markedly from that of the fine-grained
material; it resembles more closely that of a
Lambertian scattering surface than the function
for fine-grained material.

A few rock fragments at the Surveyor v
and VII landing sites showed small, bright
areas, which varied in position as a function of
illumination angle. These transient bright spots
may be caused by specular reflections from
crystals or glassy material.
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Most rock surfaces are essentially dust free;
a coating of dust, even as little as 0.1 milli-
meter thick, would significantly alter their
photometric function. The fact that some rocks
exhibit spots and other forms of albedo differ-
ences, as well as exhibiting specular reflections,
is indicative of nearly clean rock surfaces.
Several rocks have irregular surfaces, or pockets,
where fine-grained material has accumulated;
this is easily recognized by the contrasting
photometric properties of the fine-grained ma-
terial. Also, the polarimetric function of the
larger blocks is markedly different from the
adjacent fine-grained surface material, another
indication of essentially dust-free surfaces.

Measurements of rock luminances by the
Surveyor cameras were made under limited
geometric conditions. The calculated absolute
luminances showed greater variations than
measurements for the fine-grained material,
partly because of less accurate photometric
control, but chiefly because of the effects of
diverse orientation of the surfaces. Ratios of
the luminances of the rocks to the luminances
of the adjacent fine-grained material more
accurately illustrate differences between the
photometric function of the rocks and that of
the fine-grained material (fig. 3-83). The derived
function for the rocks appears nearly Lam-
bertian: a small distinct peak may occur on the
photometric function around zero-phase angle.

Colorimetric Observations of the Lunar Surface
J. J. RENNILSON

Color filters were incorporated in the Sur-
veyor I, III, and V television cameras in
anticipation that color might be an aid in
discriminating between lunar-surface materials.
Because only a limited number of filters could
be used in the television camera, three-color
colorimetry was selected as the best method
for measuring and describing the colors ob-
served with the camera (ref. 3-41).

The color filters in the camera-filter wheel
for Surveyor I were selected so that the overall
camera-filter spectral response (fig. 3-84) would
duplicate the standard color-matching func-
tions of colorimetry as well as possibly using
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FiGore 3-83.—Ratios of the luminances from rocks
and adjacent fine-grained material are shown in the
upper diagram, the dashed line representing the
average ratio. In the lower diagram the generalized
reflectance function of rocks is plotted with respect
to the function of the undisturbed fine-grained
surface material. The reflectance curve for rocks
appears nearly Lambertian with a small backscatter
peak superimposed near the zero-phase angle.

single filters. Figure 3-85 is a graph of the
overall camera-filter spectral response showing
the fit to the standard Commission Inter-
nationale d’Eclairage 1931 (CIE) color-
matching functions.

A technique suggested by Davis and
Wyszecki (ref. 3-41) was used for selecting
color filters to fit the response of the Surveyor
IIT and V television cameras approximately to
the color-matching functions. Two filters were
used in series in the optical train of the camera.
The filter glass components had to be 1 milli-
meter or more in thickness to withstand the
rigors of space flight. Because of weight con-
straints, the filter pairs were limited to a total
thickness of 3.0 millimeters. A special computer
program was used for determining the ideal
thicknesses and combinations of filters required
to fit the Surveyor III and V camera systems’
spectral response to the CIE color-matching
functions; the fit obtained was fairly good
(figs. 3-86 and 3-87). The filters were coated
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Ficure 3-84.—Spectral-response curve of the Surveyor
I television camera at the clear position of the filter
wheel.
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Ficure 3-85.—Overall camera-filter spectral response
of the Surveyor I camera using single filters in the
optical path. The solid lines are camera-filter response
curves; the dashed lines are the CIE color-matching
functions. The second maximum in the z’ curve is
obtained from a reduced value of the z’ function
added to the original camera-filter response.

with a neutral density deposit of Inconel so
that without varying the aperture approxi-
mately equal video signals would be produced
by exposure to a daylight source.

In order to measure color from the television
pictures, it is necessary to determine the camera
tristimulus values, which are proportional to
the video voltage. The proportionality factors
may be determined by measuring the video
signal when the camera is exposed to object
colors of known spectral radiance. Tristimulus
values for the Surveyor 111 and V cameras were
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FicUrRe 3-86.—Camera-filter spectral response fune-
tions of the Surveyor III camera compsared with
CIE color-matching functions. Camera-filter spectral-
response functions are shown with solid lines and the
CIE color-matching functions shown with dashed
lines.

determined by observing a 3X3 matrix of
filter/source combinations before launch; the
proportionality factors were obtained by least-
squares solution. The chromaticity coordinates
of these nine filter/source combinations were
calibrated with a spectroradiometer.

The spectral response of the vidicon tubes
used in the Surveyor television cameras is
sensitive to temperature. Variation of the
spectral response of the Surveyor television
cameras with temperature was not calibrated
before flight; thus, tristimulus values obtained
from measurements of pictures of calibrated
color targets, taken on the lunar surface at the
operating temperature of the camera, must be
used for accurate calculation of color. The color
targets were provided as parts of the two photo-
metric targets mounted on the spacecraft. Three
colors were present on each target, and they
were calibrated before launch with a spectro-
radiometer while irradiated by a known spectral
source at various angles of incidence.
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Figure 3-87.—Camera-filter spectral-response func-
tions of the Surveyor V camera compared with CIE
color-matching functions. Camera-filter spectral-
response functions are shown with solid lines and
the CIE color-matching funetions shown with dashed
lines.

Sets of pictures for colorimetric measurement
were taken of various parts of the lunar surface
at the Surveyor I, ITI, and V landing sites.
Some of the larger blocks and the material
disturbed by the surface sampler on Surveyor
IIT were of special interest. Preliminary at-
tempts to look for color differences have been
made by preparing color pictures, by color
reconstitution methods, using the preflight cali-
bration for control. The preliminary results
show the disturbed and undisturbed surface
material at the Surveyor I and IIT sites to be
relatively uniform dark gray. However, the
preliminary colorimetric reduction of the Sur-
veyor V data indicates the lunar surface at the
Surveyor V site is slightly olive gray. At none
of the sites were demonstrable differences in
color observed on any of the coarse blocks so far
examined, which are all gray, but lighter gray
than the fine-grained matrix of the surface.

Polarimetric Observations of the Lunar Regolith

H. E. Howr

Polarizing filters were installed in the Sur-
veyor VI and VII television cameras to serve as
analyzers for detection and measurement of the
linearly polarized component of light reflected
from the lunar surface. Areas around Surveyors
VI and VII were selected for polarimetric study
according to their geometric orientation relative
to the camera and Sun. Sample areas were
selected along the east-west Sun line to compare
low-resolution telescopic measurements of polar-
ized moonlight, made of areas more than 100
km?, to high-resolution Surveyor measurements,
covering areas from 1 cm? to 1 m?. Other sample
areas were selected northwest, north, northeast,
southeast, and south of the spacecraft to pro-
vide coverage to test for symmetry in the lunar
polarization functions. Additional areas con-
taining large rock fragments, disturbed material,
and footpad imprints were selected for special
examination. After lunar sunset, pictures were
taken of the lunar surface illuminated by
earthlight to measure the depolarization of
earthlight reflected from the lunar surface.

Method of Polarimetric Measurements

Pictures of the lunar terrain were taken with
three polarizing filters rotated sequentially in
front of the camera lens, while the aperture and
other camera conditions were held constant.
Variation in the apparent radiance of the same
image element contained in the three pictures is
caused by a polarized component in the light
incident on the filters. The greater the degree of
polarization, or percentage of linearly polarized
light in the light scattered from the lunar sur-
face, the greater the wvariation in apparent
radiance of image elements in pictures taken
through the three filters. Laboratory tests with
a slow-scan television camera and three polariz-
ing filters have shown that as little as 5 percent
linearly polarized light can be measured with
moderate precision and as little as 3 percent can
be detected.

The orientation of the polarizing filters re-
mains fixed with respect to the camera mirror
and rotates with respect to the picture format.
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The Surveyor VI camera was tilted about 16°
from the lunar vertical toward the lunar azi-
muth 60° before the hop, and 13° toward 56°
azimuth after the hop; the Surveyor VII
camera was tilted about 16° from the lunar
vertical toward the lunar azimuth 290°. Pictures
taken in the direction ot the camera tilt plane
will have the polarization axis of filter 2 parallel
to the horizon and the axis of filter 4 normal to
the horizon. At other camera viewing positions,
the axes of filters 2 and 4 are inclined to the left
or right of these positions, reaching the maxi-
mum inclination of 16° at viewing positions at
right angles to the camera tilt plane.

.For a first approximate analysis, the degree of
polarization was computed by dividing the dif-
ference between the luminances observed
through filters 2 and 4 by the sums of the lumi-
nances. The percentage of polarized light deter-
mined by this preliminary method of analysis
includes polarization introduced by the camera
mirror. Final corrections for the polarization
introduced by the mirror will be based on fur-
ther tests of mirrors of the type used in the
Surveyor camera. Preliminary polarimetric cali-
brations of Surveyor camera mirrors has shown
that a linearly polarized component of light will
be partially changed to an elliptically polarized
component. Both the aluminum oxide mirror
surface and the silicon monoxide overcoat are
involved in introducing polarimetric errors; the
errors do not appear to exceed a few percent,.

Polarimetry of Fine-Grained Materials

Light scattered from the lunar surface is
partially plane polarized at most phase angles.
The degree of polarization of sunlight scattered
from fine-grained areas of the lunar surface was
found to depend principally on the phase angle.
The orientation of the scattering surface has a
negligible effect on the degree of polarization,
although the plane of polarization of the linearly
polarized light, in most cases, tends to be paral-
lel to the scattering surface.

The degree of polarization of light scattered
from the fine-grained lunar surface on both the
maria (Surveyor VI) and highlands (Surveyor
VII) is similar to that observed telescopically.
Below phase angles of 35°, the polarization was
low to undetectable; an increasing degree of

polarization was observed from 35° to 90° phase
angles, and as much as 19 percent polarization
between 90° to 110° phase angles. The degree of
polarization decreases at larger phase angles,
declining to 8 to 11 percent at 155° phase angle.
Differences in the degree of polarization at a
given phase angle in light scattered from sur-
faces north and south of the camera were within
the scatter of the data; there is no evidence for
lack of symmetry in the polarization function.

Light scattered from the fine-grained material
observed by Surveyor VII in the lunar high-
lands was also partially plane polarized, but the
maximum degree of polarization was less than
half that observed on the mare site. A smooth
curve through the data points shows less than
4 percent polarization below 60° phase angle,
4 percent polarization at 60° phase angle, and a
maximum of 7 percent at 100° phase angle,
followed by gradually decreasing polarization
at larger phase angles. The degree of polariza-
tion did not vary significantly as a function of
the lunar azimuth of observation.

The preliminary polarization measurements
of light scattered from the undisturbed, fine-
grained lunar surface material at the Surveyor
VI and VII sites indicate that the polarimetric
functions at resolutions of about 1 cm are
similar to the telescopically observed polari-
metric functions (fig. 3-88) determined for
areas of more than 100 km? of lunar surface.
The polarimetric function obtained from Sur-
veyor observations and at the telescope is
also similar to that obtained in the laboratory
for powders of basic and basaltic rocks (fig.
3-89; refs. 3-42 and 3-43). Thus, the polari-
metric results are consistent with elemental
analyses from the alpha-scattering experiment
conducted on Surveyors V, VI, and VII (ref.
3-44).

Polarimetry of Rock Fragments

Rock surfaces observed on the maria and
highlands exhibited a greater variation of
polarizing properties than the fine-grained
material. A few rock surfaces are similar in
their polarizing properties to the adjacent fine-
grained material, while others produce a max-
imum polarization of the scattered light; that
is, two or more times greater than that produced
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F1curEe 3-88.—Preliminary polarization measurements for undisturbed fine-grained material
on the lunar surface near Surveyor VI (maria) at left, and Surveyor VII (highlands) at
right, compared with polarimetric functions derived from telescopic measurements. The
two curves from telescopic data represent the limits of the range of polarimetric measure-

ments (refs. 3-42 and 3-43).

by the fine-grained surface materials. The
degree of polarization of light scattered from
some rock surfaces varies mostly as a function
of phase angle, and the orientation of the
scattering surface has a subordinate effect,
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F1GURE 3-89.—Polarization curves for fresh fracture
surfaces of olivine basalt and powdered olivine
basalt samples (refs. 3-42 and 3-43). For comparison,
the average telescopically measured polarization
function for fine-grained mare and highland materials
are superimposed on the polarization curves for
basalt.

The orientation of the plane of polarization of
the linearly polarized light component con-
tained in the reflected sunlight tends to be
parallel to the viewed rock-surface element.

Only a few rock surfaces were observed
from Surveyor VI, mostly to the south and east
of the camera, where observations were limited
to a small range of phase angles (20° to 95°).
The polarization effects of rock surfaces at
phase angles less than 60° were undistinguish-
able from the effects of the fine-grained ma-
terials. Between 70° and 95° phase angles, the
degree of polarization of light scattered from
the rocks increased at a greater rate than the
polarization of light scattered from the fine-
grained material (fig. 3-90). Light scattered
from two rocks exhibited 25 and 26 percent
polarization at 95° phase angles. These rocks
have an estimated normal albedo (normal
luminance factor) that is at least two times
higher than the normal albedo of the adjacent
fine-grained material. Other rock fragments
with lower albedos produce lower degrees of
polarization. The brighter rock fragments
caused as much as 50 percent more polariza-
tion than the fine-grained material.

More rock fragments were viewed from
Surveyor VII than from Surveyor VI, and
polarization measurements were obtained over
a greater range of phase angles (5° to 135°).
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The rock surfaces again exhibited a more irregu-
lar polarization function than the fine-grained
material of the lunar highlands. The light
scattered from some rocks showed only slightly
more polarization than that of the fine-grained
materials; other rocks caused three to four
times greater polarization (fig. 3-90). The
light scattered from some rocks exhibits a
rapid increase in degree of polarization, starting
at 6 to 9 percent and going to 25 to 34 percent,
over the interval from 70° to 125° phase angles.
Maximum degree of polarization caused by
individual rocks occurred between phase angles of
114° to 128°. The measurements were obtained
only at 8° to 13° phase-angle intervals, however,
and the peak degree of polarization from rocks
causing strong polarization of light scattered
occurs between 120° to 122° phase angles. The
rocks producing high-peak polarization are
among the brightest rocks observed on the
lunar surface and have an estimated normal
albedo nearly twice that of the fine-grained
material.

Rocks causing less polarization also have a
lower albedo, and peak polarization occurs at
a phase angle nearer that observed for the
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fine-grained material. The combination of
lower albedo and an intermediate photometric
function suggests that.some of these rocks may
consist of shock-altered rock or shock-lithified,
fine-grained material.

Depolarization of Earthlight Reflected From the Lunar
Surface

During the lunar day, polarimetric measure-
ments were made of an area on the fine-grained
material of the highland surface about 3.1
meters northeast (44° selenographic azimuth)
of the Surveyor VII spacecraft. The highland
ares exhibited an average polarimetric function
with about 6% percent polarization at a
phase angle of 95°. Pictures were also taken
through the polarizing filters of this fine-grained
material about 12 hours after sunset, when the
lunar surface was illuminated by earthlight.
The phase angle of the polarimetric observa-
tions under earthlight was about 92°. The
degree of polarization of the incident-integrated
earthlight was estimated to be 15+2 percent
from a series of pictures of the Earth taken
through polarizing filters within a few minutes
of the pictures taken of the lunar surface.
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Figure 3-90.—Preliminary polarization measurements of light scattered from surfaces of
rock fragments near Surveyor VI (maria) left and Surveyor VII (highlands) right.
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Preliminary reduction of the polarimetric data
indicates that the polarization of earthlight
scattered from the lunar surface is about
1042 percent at a phase angle of 92°. The
observed depolarization of the scattered earth-
light is probably caused by multiple scattering
from the surfaces of grains composing the
very porous lunar surface.

Summary of Polarimetric Measurements

Preliminary reduction of the polarization
measurements from Surveyor VI and VII
pictures indicates that the polarimetric func-
tion of the fine-grained part of the regolith
reaches & maximum of 7 to 9 percent in the
highlands and 16 to 19 percent on the maria.
These polarimetric functions, measured for
areas of 1 ecm? to 1 m? are similar to those
measured at the telescope for areas of more
than 100 km?; thus, the polarimetric functions
are nearly independent of scale. The polariza-
tion function of fine-grained lunar material
closely matches the polarization function of
basalt and gabbro powders (fig. 3-89). The
polarization function for the mare sites more
closely matches that of basalt powders about
75 microns in mean size; the polarization
function for the highland site is similar to
basalt powders ground to about 30 microns
in diameter (fig. 3-89).

The polarimetric function of the lunar rocks
varies from nearly the same as that of the
fine-grained surface material to functions with
maxima more than twice the maxima observed
for the fine-grained surface material. The rocks
producing strong polarization effects also have
high estimated albedos. Rocks that produce
polarization somewhat similar to the fine-
grained material and have an intermediate
albedo may consist of shock-lithified, fine-
grained material, or strongly shock-altered,
coarse crystalline rock.

The overall observed polarimetric function
of lunar rocks is more like that of terrestrial
basalts and gabbros than any other common
rock type; it is intermediate between the
functions of fresh fracture surfaces; and basalt
crushed to grains several hundred microns in
diameter (figs. 3-89 and 3-90). As most

observed lunar rock fragments have been
disturbed by cratering events, the fragments
have undergone varying degrees of shock alter-
ation and comminution of crystals. The polar-
ization function of these rock fragments might
be expected, therefore, to be intermediate be-
tween the function of essentially uncrushed
crystalline material and the function of finely
fractured material.

Sunset Observations

J. J. RENNILSON

During observations of the western horizon
shortly after sunset, an unexpected phenomenon
was noticed in the Surveyor missions. A bright
line with several bright beads was observed
along the western horizon as late as 1 hour
after the upper limb of the Sun had set. The
beads disappeared by groups as the Sun
dropped lower behind the local horizon. Al-
though first recorded by Surveyor I, the
phenomenon was first recognized during the
Surveyor VI mission. It was again observed
during the Surveyor VII mission, but polari-
metric measurements of the phenomenon
were taken only with Surveyor VII. To date,
only the Surveyor VI data have been reduced
to photometric units.

The Surveyor VI data consisted of a total of
seven narrow-angle frames, spanning about
30 minutes in time. Frames numbered 1, 2, 4, 5,
and 6 were reduced using the mission analog
magnetic tapes and the data processed for
absolute luminances (ref. 3-37); frames 3 and
7 were omitted from the final reduction beacuse
of inconsistencies in their exposure data.
Figure 3-91 shows the location of the photo-
metric data in the processed frames. All
significant picture elements were plotted in
terms of their television line and position
along that line. The heavy line in figure 3-91
represents the apparent path of the Sun as it
traversed the western horizon. Dots on this
line are positions of the Sun’s center in each
of the usable frames. The dots, designated 18
and 19, are Teseau marks on the vidicon.
The angular separation of these dots is 1.383°.
Notice that the distribution of picture elements
in this illustration is for the first frame only.
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F1GURE 3-92.—Luminance variation of the bright line along the western horizon after sunset
at the Surveyor VI site. Angular distance is measured right or left of the interseetion of
the Sun’s path with the horizon. The solid line represents the data from the first picture
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F1GURE 3-93.—Luminance of a bead (line 320, clement
360) in the bright line on the horizon after sunset at
the Surveyor VI site. Luminance is plotted as func-
tion of angular distance from the center of the Sun’s
disk for six pictures.

Preflight calibration was used to establish
the correct luminance value for each picture
element. Television frames obtained during this
calibration consisted of pictures of a uniform
area light source. Variation in the luminance of
this source caused proportionate changes in
the camera video signals. Computer processing
of these signals at the same iris position re-
sulted in a transfer characteristic for each
picture element. Thus, effects such as camera
shading and nonlinearity of camera response
were considered.

Figure 3-92 shows the variation of luminance
along the horizon, through the center of the
bright area, and relates luminance to angular
distance along the horizon. For convenience,
this angular distance is measured right and
left from the intersection of the Sun’s path
and the horizon. Negative angles are measured
from the left of 0°. For clarity, the solid line
represents the data for the first frame only.
The maximum values of the other frames are
plotted with identifying symbols. If video
signals were saturated, the data points were
not included in these frames. It may be seen
in figure 3-92 that positions of the beads do
not change as the Sun sets. No new beads
appeared and the brightness of each bead
decreased with time.
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Figure 3-94.—Luminance of a bead (line 310, eclement
375) in the bright line on the horizon after sunset at
the Surveyor VI site. Luminance is plotted as a funec-
tion of angular distance from the center of the Sun’s
disk for six pietures.

Figures 3-93 and 3-94 show the luminance
profiles of two beads. The centers of these beads
are marked by the line and element coordinates
shown in figure 3-91. The angular distance
refers to the angle between the center of the
bead and the center of the Sun. As the Sun’s
angular distance increased, the position of the
beads’ luminance maxima shifted. The dotted
line indicates the trace of the maxima from each
frame. The luninance of the beads rapidly de-
creases with time, reaching a minimum value
about 20 minutes after their appearance. The
exact time at which the beads completely dis-
appeared is not known.,

Photometric and Polarimetric Observations of the

Earth
H. E. Hour

Throughout the lunar day, a series of pictures
was taken intermittently by the Surveyor VII
camera through the polarizing and clear filters
to obtain polarization measurements of earth-
light (fig. 3-95). These pictures are being used
to study the integral photometric and polari-
metric functions of the Earth, as viewed from
the Moon during the January 1968 lunation.

A sequence of Earth pictures was taken every
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2 or 3 hours (fig. 3-96) starting at 17:11 GMT
on January 22, 1968, and terminating at 19:37
GMT on January 23, 1968. The pictures taken
during the 26-hour period provide the informa-
tion for studying the variation in reflectance of
Earth as a function of rotation and changing
cloud distribution during a single day. The
Earth’s reflectance observed from the Surveyor
VII pictures was about 15 to 20 percent higher
than expected, and variation in reflectance of
11+ 3 percent occurred between 10:11 and 12:13
GMT on January 23.

Preliminary polarization measurements indi-
cate that the polarized component of the earth-
light varies as a function of cloud cover and the
changing patterns of oceans and continents
during rotation. Specular polarization appears
to occur over an area of about 2X10% km? in the
approximate geometric center of the Earth’s
illuminated crescent. The degree of polarization
of earthlight from the specular reflection area
varied from 26 to 30 percent over clear parts of
the oceans, 12 to 16 percent over clear parts of
the continents, and 4 to 8 percent over clouds.
Thus, the cloud distribution over the area of
specular reflection has a strong effect on the
degree of polarization of earthlight. The degree
of polarization of earthlight is much less from
areas beyond the zone of specular reflection.
Digital data-processing procedures are being
conducted to determine more accurately the
polarimetric function of the Earth.

Eclipse of Sun by Earth, as Seen From Surveyor ll

E. M. SHOEMAKER, J. J. RENNILSON, AND
E. A. WHITAKER

In late morning of the first lunar day of the
Surveyor I1I mission, an unusual opportunity
occurred to observe an eclipse of the Sun by the
Earth; this eclipse took place on April 24, 1967.
Were it not for the fact that the spacecraft was
tilted as much as 14.7° to the west and was
oriented favorably with respect to azimuth,
it would not have been possible to observe the
Earth from a landing site at 23° W longitude
because of the limited range of elevation angles
through which the mirror can be stepped. To
observe the Earth, the mirror was pointed up-
ward and positioned at its highest permissible

330-462 0—69——9

elevation step, and wide-angle pictures of the
eclipse were obtained., The image of the Earth
was reflected from very near the upper edge of
the mirror. During the eclipse, two series of
pictures (20 pictures total) were obtained
through the color filters. The first series of
pictures was obtained at approximately 11:24
GMT; the second set was obtained approxi-
mately 37 minutes later. The pictures were
taken at two iris positions, and multiple pic-
tures were taken through each filter,

During the eclipse, the Sun passed behind
the Earth along a path that brought the position
of the center of the Sun, as seen from the Moon,
to within 15 minutes of the sublunar point on
the Earth (fig. 3-97). At the time the Sun was
most nearly centered behind the Earth, the
projected center of the Sun lay northeast of
the sublunar point. The sublunar point was at
about 172° W longitude and 12.5° S latitude at
the time the first series of pictures was taken,
and at about 179° E longitude and 12.5° S lati-
tude at the time the second series of pictures
was taken. These positions are in the southwest
Pacific. The limb of the Earth lay along western
North America, the eastern Pacific, eastern
Antarctica, the central Indian Ocean, south-
east Asia, central China, eastern Siberia, and
a short arc across the western Arctic Ocean.

In the first series of eclipse pictures, the
Earth is partly surrounded by a halo of re-
fracted light that varies greatly in brightness
from one position to another along the limb
(fig. 3-98). A very bright region, approximately
60° in arc length, lies along the northern part
of the limb, nearest the position of the Sun.
In the majority of pictures taken, parts of the
image of the halo in this region are saturated.
On either side of this bright region, the halo
has a beaded appearance; small bright areas of
short arc length are separated from other
bright areas by sectors of the halo that are
relatively faint. Most of these bright areas or
beads are only a few degrees in length, but one
relatively bright sector, about 20° long, is
present that cannot be resolved into separate
beads. At least 12 beads can be distinguished
in the halo.

A gap ranging from about 50° to more than
90° js present in the images of the halo along
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¢ SUBLUNAR
POINT

11:24 GMT f2:01 GMT

ORIENTATION OF BOTTOM EDGE OF TELEVISION PICTURE OF ECLIPSE

F1cUuRrE 3-97.—Diagrams showing orientation of Earth and position of the Sun, as scen from
the Moon on Apr. 26, 1967, at 11:24 GMT and 12:01 GMT. A series of pictures of the
eclipse of the Sun by the Earth was taken by the Surveyor III television camera at
approximately each of the times illustrated.

Fi1Gure 3-98.—Superimposed Surveyor III pie-
tures showing distribution of light in the re-
fraction halo of the Earth at the time the first
series of eclipsc pictures was taken and at the
time the seeond scries was taken. An cclipse
image taken from the first series of pictures
has been reduced in size and is shown nested
within an eclipse image taken from the sceond
series of eclipse pictures. The angular orienta-
tion of both images is the same. Linc marked
N-8 shows projection of Earth’s axis on plane
of pictures. Eightcen beads, identified by
letters, can be distinguished. Note that the
angular position of beads in the refraction halo
tends to remain the same; the bright region
nearest the Sun changes position between the
time of the first series of pictures and the time
of the second, following the Sun.
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the eastern limb of the Earth. Over most of the
arc length of the gap, the halo is too faint to be
detected with the exposures used, but over a
short sector of the gap, the image of the Earth
may have been cut off by the edge of the camera
mirror.

In the second series of eclipse pictures, the
very bright region in the halo shifts to the
northeastern part of the limb, following the
Sun (fig. 3-98). More of the eastern limb was
bright enough to be detected in the second
series of television pictures than in the first
series, and the gap was reduced to an arc
length no greater than 40°. At least 18 beads
can be distinguished in the halo in the best
exposed pictures. Many of these beads occur
at nearly the same angular position, relative
to the projection of the Earth’s axis, as the
beads observed in the first series of pictures.
The beads are clearly related to features in
the Earth’s atmosphere, in contrast to the
brightest region in the halo, which is related
to the position of the Sun.

To identify the atmospheric features control-
ling the distribution of the beads, each bead’s
position in the second series of pictures was
measured relative to the projection of the
Earth’s axis. These positions were plotted on
the trace of the limb on stereographic projec-
tions of the Northern and Southern Hemi-
spheres of the Earth. The plotted positions of
the beads were then compared directly with
stereographic mosaics of ESSA 3 pictures of the
Earth taken on the day before the eclipse (fig.
3-99(a) and (b)). Even though there was some
shift in cloud patterns between the time the
ESSA 3 pictures were taken and the time of the
eclipse, it can be seen that the beads occur
predominantly over clear or largely clear re-
gions between the clouds. Clouds tend to occult
the refracted rays of the Sun, most of which
pass through the low atmosphere at the limb;
the beads occur at depressions in the optical
silhouette of the Earth.

Preliminary reduction of the colorimetric in-
formation contained in the pictures has begun.
Six pictures, one taken through each of the three
color filters during each of the two periods of
observation (fig. 3-100), were digitized using
equipment at the Jet Propulsion Laboratory.

The video voltage recorded on magnetic
tape was divided into 64 equally spaced
levels. For calibration, the preflight recording
of the 3X3 filter matrix was also digitized.
Equations for computing tristimulus values
were derived from the digital printout of the
preflight calibration tape.

The digitization procedure adopted for the
television pictures generates a larger number of
digital picture elements along a scan line than
there are scan lines in the picture; the digital
picture is a rectangular matrix of 600X684
elements. In the first series of pictures, the
image of the refraction halo is 54 lines high and
61 picture elements wide. The total number of
picture elements yielding: colorimetric data in
each of the digitized pictures from this series
was 644. Chromaticity coordinates for selected
picture elements were calculated, by means of
the tristimulus value equations, from the digital
voltages of corresponding elements in pictures
taken through each of the three color filters.
Because of present uncertainties about the pre-
flight calibration tapes and because of possible
jitter or other displacement of image points in
corresponding pictures, the calculated chroma-
ticity coordinates may have an error of as much
as 0.03 in z and y.

Chromaticity coordinates were calculated for
18 points on the images in the first series of
eclipse pictures and were plotted on a chroma-
ticity diagram (fig. 3-101). The location of
these colorimetric measurements with respect to
the eclipse images is shown in figure 3-102. Also
plotted on the chromaticity diagram are the
locus of color temperatures for a body that obeys
Planck’s law (a blackbody) and the locus of
color temperatures for natural daylight as far
as 4800° K. Loci of correlated color temperature
(ref. 3-45) are shown crossing the Planckian
locus in figure 3-101.

Most colorimetric measurements were made
in the bright region of the halo controlled by the
position of the Sun. Most measurements in this
region have a correlated color temperature close
to 4800° K. Beads in the halo exhibit lower
correlated color temperatures. The center of
bead G, close to the bright region, has a cor-
related color temperature of about 4000° K,
and the center of bead A, which lies over
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Ficure 3-99.—Stereographie mosaics of ESSA 3 pictures of the Earth, taken the day before
the eclipse. (a) Northern Hemisphere. (b) Southern Hemisphere. Bright areas are
clouds and, in mountainous regions and the Arctie, snowfields; dark arcas are clear.
Notc position of African continent which may be scen in the clear arcas on right-hand
side of (a). Trace of limb of Earth, as scen from the Moon, and positions of beads and
the bright region in the refraction halo of the Earth observed in the sceond scries of
celipse pictures taken by Surveyor IIT are shown by the white circles and lines that
extend from 90° W to 90° E. Beads occur in areas that are largely clear. Letters beside
symbols for beads correspond to letter identification of beads in figure 3-98 (mosaic
provided by Dr. D. S. Johnson, National Environmental Satellite Center, ESSA).
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Ficure 3-99.—Continued. (b) Southern Hemisphere.

Antarectica, farthest from the projected position
of the Sun, has a correlated color temperature
of approximately 2850° K. The correlated color
temperature tends to decrease in directions
away from the projected position of the Sun
and also tends to decrease toward the inner edge
of the halo. As would be expected, the color
temperature tends to be lower for light that
followed paths of greater atmospheric absorp-

tion. Most of the colors present in the images
had purities less than 50 percent.
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FicUurRE 3-100.—Wide-angle Surveyor IIT pictures showing eclipse of Sun by Earth as ob-
gerved on Apr. 24, 1967, through the filters indicated. (a) ' (red), 11:31:40 GMT;
(b) 7’ (green), 11:23:06 GMT; (¢) 2’ (blue), 11:24:01 GMT; (d) #’, 12:02:10 GMT;
(e) 7', 12:03:10 GMT; (f) 2, 12:02:44 GMT. First set of figures includes parts (a),
(b), and (c); second set of figures includes parts (d), (e), and (f).
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FI1GURE 3-101.—Chromaticity coordinates of selected points from the first serics of Surveyor
eclipse pictures. For purposcs of comparison, the Planckian locus with correlated color
temperature lines is shown with the locus of natural daylight, as measured by Y. Nayatin
and G. Wyszecki (ref. 3-41).
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F1gure 3-102.—Diagram of the solar eclipse showing positions of points on the color
composite image that were measured for color. The letters refer to the beads.
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Significant new knowledge on the mechanical
properties of the lunar soil has been provided by
the Surveyor series of spacecraft (fig. 4-1). This
report summarizes the mechanical properties
sections of the Surveyor Mission Reports (refs.
4-1 to 4-5), which contain information on soil
cohesion, adhesion, permeability, compressibil-
ity, particle-size distribution, bearing strength,
elasticity, frictional and light reflectance charac-
teristics. Mechanical property estimates pre-
sented are results of interpretations of landing
telemetry data and television pictures of footpad
and crushable block landing imprints, alpha-
scattering-instrument imprints, tracks made by
rolling stones, and rock fragments lying on the
surface. The surface sampler, flown on Surveyors
IIT and VII (see ch. 5 of this report), also
obtained data on mechanical properties.

To study lunar soil erosion effects and to
determine soil properties, Surveyor vernier
engines and attitude control jets were operated
after the landings. Erosion effects were observed
when: (1) Surveyor V vernier engines were fired
at low thrust, without spacecraft movement;
(2) Surveyor VI vernier engines were fired at
higher thrust, resulting in a hop of 2.4 meters’
(ref. 4-4); and (3) Surveyor VI attitude control
gas jets were operated.

Soil at the five landing sites was found to be
remarkably similar in many of its physical
properties, much more similar than would be
expected at five widely separated terrestrial
sites selected in a manner similar to those of

1 Values are given in centimeter-gram-second units.
To convert to foot-pound-second units, the following
factors apply: 1 m=3.28 ft; 1 ¢cm=0.394 in,; 1 N
(newton) = 10% dynes=0.225 lb; 1 N/em?=1.45 lb/in?;
1 dyne/em?=10-% N/jem?=1.4510-% lb/in.?; 1 poise
=1 dyne sec/em?=2.089X 10-2 1b sec/ft.
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Surveyor. At each site, the soil is granular and
slightly cohesive. Although predominately fine
grained, the soil contains a small percentage of
rock fragments in a wide range of sizes.

Spacecraft Landings

Description

Surveyors I, VI, and VII made nominal
landings on relatively flat surfaces; Surveyor V
landed at close to nominal conditions, but in a
small crater with an inner slope of about 20°.
For these spacecraft, vernier-engine shutdown
occurred at 4.3 +1.4-meter altitude, when the
spacecraft were essentially horizontal, with
vertical velocities of 1.5 4 0.5 m/sec and horizon-
tal velocities less than 1 m/sec. Surveyor III
made an unplanned triple landing because the
vernier engines continued to fire during the first
two touchdowns. The second touchdown oc-
curred 24 seconds after the first touchdown;
12 seconds later (% sec after termination of
engine thrust by Earth command) the third and
final touchdown occurred. During this landing
sequence, the spacecraft progressed down the
10° (average) inner slope of the large crater in
which it landed (ref. 4-2). Landing conditions
for each Surveyor mission are summarized in
table 4-1.

The spacecraft landing system (fig. 4-2) con-
sisted of three legs with crushable footpads (fig.
4-3) and three cylindrical crushable blocks
mounted under the frame near the leg attach-
ments. During landing, the legs rotated upward
around their hinge axes, and energy was
absorbed by compressing the shock absorbers.
When leg rotation was sufficiently great, the
blocks contacted the surface and provided
additional energy-absorption capability. After
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TELEVISION CAMERA
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e

ATTITUDE
CONTROL JET 2

CRUSHABLE
BLOCK 3 5
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FOOTPADS

VERNIER
ENGINE 2
T iy

FiGure 4-1.—Ground level view of a Surveyor spaceeraft. Each spacecraft has three sym-
metrically located footpads, shock absorbers, crushable blocks, vernier engines, and
three attitude control jets.
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TaBLE 4-1. Summary of landing conditions

Mission

Parameter Surcveyor I Survegor VI Tolerance
Surl;eyor Surveyor V] Sw;g;_»’yor

Touch- Touch- Touch- Initial Hop
down I down 2 down 3

Vertical landing velocity,
M/SECa e oo 3.6 1. 8 14 1.5 4.2 3.4 3.8 3.8 +0 4
Horizontal landing
velocity, m/seco.____.__
Angle of surface slope, deg_
Mazximum axial shock-
absorber load (leg 1), N__ 6190 2970 1420 3860 5620 7000 | 14900 7330 +5%
Maximum axial shock-
absorber load (leg 2), N__ 7110 3060 2800 2440 7280 8000 7800 7800 +5%
Maximum axial shock-
absorber load (leg 3), N_. 6220 3680 2350 4120 7300 7000 8600 6540 +5%
Mass of spacecraft at

+£0.2
+0.5

= e

o w
—
L=
oW
Lol =
o w
© e
o ©
oo
S
e
© w
=]
o
w o

ot ot

landing, kg _______-- 204.5 1 3057 |._._____ 200.0 | 303.7 | 300.5| 299.8 | 306.0 +0.5
Depth of footpad 2+

penetration, em____.__.__ R 2 2 2 442 6 6 4 +1
Depth of footpad 3+

penetration, em______._. b I 2 4 4+2 3 3 4 +1
Maximum travel distance

of ejecta, em___________ 50 | |- 70 80 50 90 40 +5

» The footpad depths listed are the estimated depths of the footpads below the undisturbed surface in their
final position; depths of penetration corrclating to times at peak shock-absorber loads were generally different
than the final depths; see table 4-2.
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F1aurRE 4-2.—Dimensions of landing gear assembly.



132 SURVEYOR: PROGRAM RE

6000

4000

2000

SULTS

-2000

8000

6000

4000

FORCE, N

2000

—2000 =

6000

4000

2000

FiGURE 4-3.—Surveyor footpad. (a) Side view. (b)

Bottom view, showing waffle pattern in aluminum
foil covering formed by internal honeycomb structure. e ec— o TME—

The footpad diameter is 30.5 cm at the top and 20.3
cm at the bottom.
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landing, the shock absorbers reextended to their
original undeflected lengths.

A temperature-compensated strain-gage bridge o
was mounted on each shock absorber to moni-
tor its axial load history, which was telem- -2000
etered to Earth in the form of a continuous
analog signal. Initial strain-gage histories for
each landing are shown in figure 4—4. Except for
the first two landings of Surveyor III, all
recordings indicate zero-force level before touch-
down because the spacecraft were in a free-fall
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Ficure 4-4.—Telemetry data showing initial shock-
absorber axial load histories during Surveyor landings.
In most cases, oscillations continue beyond the 2.5
seconds shown. (a) Surveyor I: landing. (b) Surveyor
III: first touchdown. (¢} Surveyor III: second touch-
down. (d) Surveyor III: final landing. (e) Surveyor
V: landing. (f) Surveyor VI: initial landing. (g)
Surveyor VI: hop landing. (h) Surveyor VII: landing.
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state after vernier-engine cutoff, which occurred
about 1.3 seconds before touchdown. However,
even for the first two Surveyor ITI landings, the
deviation from zero was insignificant on the
scale of the recordings. Footpad impact was
indicated by a rapid increase in force which
reached its maximum within 0.1 to 0.15 second.
As shown in figure 4-4, about 0.3 second after
first contact with the lunar surface, the forces
returned to zero level, indicating elastic re-
bound of the spacecraft. Rebound occurred in
all landings; it was most pronounced for
Surveyors V, VI, and VII because of a higher
shock-absorber spring rate. Reimpact, in some
cases followed by a second slight rebound,
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was followed by a ring-out oscillation, after
which (beyond the range of the display in
fig. 4-4) the force indications settled at values
indicating the lunar spacecraft weight.

The second landing of Surveyor VI occurred
after the vernier engines had been fired in a test
on the lunar surface. This firing caused the
spacecraft to lift off and land 2.4 meters {rom
the first landing. Complete strain-gage records
for the Surveyor VI initial landing, presented in
figure 4-5, contain the most clearly defined
ring-out oscillations of any Surveyor landing.

TIME —»

Spacecrafr/Soil Interactions
Visible imprints made by the footpads (figs.
4-6 and 4-7%) during the landings indicate that

3 Unless otherwise noted, all individual pietures and
mosaics are from narrow-angle television frames.
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Figure 4-5.—Surveyor VI shock-absorber axial load histories which show the complete
ring-out oscillations during the initial landing. These late oscillations are the most
highly developed of any Surveyor landing.

the lunar soil has been compressed, displaced,
and ejected. (Portions of the footpad imprints
were obscured by the footpads and by other
spacecraft components.) Motion of the footpads
during impact pushed the lunar soil downward
and outward. The horizontal motions of the
footpads, caused both by horizontal spacecraft
velocity and by outward movement of the legs
during shock-absorber deflection, formed ridges,
primarily outboard of the footpads. The foot-
pads are surrounded by ejected soil that appears
darker than the undisturbed surface. The
ejecta, which extend to distances as great as
90 cm from the footpads, consist of fine and
coarse soil thrown out over the surface during
impact and subsequent sliding of the footpads.

Figures 4-6 and 4-7 show footpads 2 and 3 in
their final positions and the adjacent areas of
Surveyors I, 111, V, VI (before and after hop),
and VII. (Footpad 1 and the adjacent area
were not visible to the television camera.)

330462 0— §9——10

Figure 4-8 shows the imprints made during the
second landing event of Surveyor ITI, as viewed
from the spacecraft after the final landing.
Figure 4-9 shows the imprints made by footpads
2 and 3 during the initial landing of Surveyor
VI, as viewed from the spacecraft after the hop.

Footpad imprint details vary, primarily be-
cause of the different landing conditions en-
countered by each spacecraft. After Surveyor I
bounced, the footpads came to rest in the initial
imprints (figs. 4-6(a) and 4-7(a)). The imprints
made during the first landing event of Surveyor
IIT were not located; however, imprints made
during the second landing event and rebound
are shown in figure 4-8. Multiple imprints were
made by each footpad during the third landing
event (figs. 4-6(b) and 4-7(b)). The Surveyor v
footpads plowed trenches (figs. 4-6(c) and 4-7(c))
in the soil as the spacecraft slid down the inner
slope of a small crater 9 to 12 meters in diameter.
The footpads rotated about their hinge axes
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FiGUure 4-6.—Lunar surface areas disturbed during footpad 2 landing impacts. (a) Sur-
veyor I: wide-angle picture showing rayed ejecta pattern (June 5, 1966, 11:29:49 GMT).
(b) Surveyor III: mosaic showing high reflectivity of bottom of first two overlapping
imprints outboard of footpad. Edge of a third imprint, formed in cjccta from first
two impacts, is visible over top of footpad (Apr. 26, 1067, Catalog 3-MP-3). {c¢) Sur-
veyor V: wide-anglc pictures showing trench formed as spacceraft slid down the inner
slope of the small erater in which it landed. The deepest penetration was on the uphill
end of the trench where initial impact occurred (Sept. 14, 1967, Catalog 5-MP-19).
(d) Surveyor VI: after initial landing. Wide-angle frames showing part of imprint made
during first impact and symmetrically distributed ejecta formed when the spacecraft
had a near-vertical final descent onto an almost horizontal lunar surface (Nov. 15, 1967,
Catalog 6-8E-25). (¢) Surveyor VI: after hop. Part of mosaic of wide-angle pictures
showing portion of imprint made during first impact at right of footpad; spacceraft
bounded back toward prehop position after making this imprint. Most soil was cjected
in the direction the spacceraft was moving during the hop (Nov. 17, 1967, Catalog
6-8SE-9). (f) Surveyor VII: imprint made during first impact is to the lower right of
the footpad. The rock beside the footpad is about 20 cm across (Jan. 14, 1968, Catalog
7-SE-18).
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F1GURE 4-7.—Lunar surface areas disturbed during footpad 3 landing impacts. (a) Surveyor
I (June 12, 1966, Catalog 1-SE-5). (b) Surveyor III: wide-angle pictures showing
imprint below antenna boom made during first impact of the final landing (Apr. 30
and May 1, 1967). (c¢) Surveyor V: wide-angle pictures showing far wall of trench
{below shock absorber) formed as spaceceraft slid downslope (Sept. 20, 1967, Catalog
5-MP-33). (d) Surveyor VI: after initial landing (Nov. 17, 1967, Catalog 6-SE-19).
(e) Surveyor VI: after hop (Nov. 18, 1967, Catalog 6-SE-24). (f) Surveyor VII: one
of the numerous rocks in the landing area made a hole in the crushable footpad behind
the magnet bracket (Jan. 17, 1968, Catalog 7-SE-20E).

139
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Fi1GURE 4-8.—Mosaic showing soil disturbance, about 11 meters from the television camera,
caused by second landing event of Surveyor III. Footpad imprints are indicated by
numerals and vernier engine 3 disturbance by a V. A second footpad 2 imprint formed
during a short bounce is indicated by the symbol 2’ (Apr. 26, 1967, Catalog 3-MP-1).

during the slide, with their outboard edges
tipped downward, and lunar soil was deposited
on the footpad tops (fig. 4-6(c)). Footpad
imprints in figures 4-6(d) and 4-7(d) were
made at first impact during the initial landing of
Surveyor VI; other pictures of these same im-
prints were obtained after the hop (fig. 4-9).
Figures 4-6{(e) and 4-7(e) show the footpad
imprints made visible because of the spacecraft
bounce after the hop. Because of the substantial
horizontal velocity acquired during the hop, a
greater amount of soil was ejected and was
thrown further by the footpads than during any
other landing except for the downhill slide of
Surveyor V (fig. 4-6(d)). Footpad 3 of Surveyor
VII came to rest in its initial imprint on top of a
small rock (fig. 4-7(f)). A rock, about 18 em
long and at least 10 cm high, near the final
position of footpad 2, appears to have been
moved during landing (fig. 4-6(f)).

Pictures of the areas disturbed by the foot-
pads show clearly that the lunar surface material
is granular. Many fragments are visible in the
television pictures. However, as shown in the
smoothed walls and bottoms of imprints and
trenches made by the footpads, the surface
sampler, and the sensor head of the alpha-
scattering instrument, most of the soil is

composed of particles finer than the resolution
of the television camera (approximately 1 mm at
footpad distances). Fragments larger than a few
millimeters in diameter are more abundant in
material ejected by the footpads than on the
nearby undisturbed surface. This observation
has been confirmed by particle count (see fig.
3-23 of ref. 4-6). Thus, many of the larger
fragments in the disturbed material must be ag-
gregates of fine soil displaced during footpad
impacts. Most of the fragments in the ridges
formed by the footpads are dark; similar dark
fragments are visible on the undisturbed surface.
Lighter fragments are visible on the undisturbed
surface and occasionally on the disturbed sur-
face; they probably are rock fragments and are
much more abundant at the Surveyor VII
highland site than at the mare sites.

Imprints formed by the crushable blocks
mounted under the spaceframe were observed
in Surveyor I, VI, and VII pictures (fig. 4-10).
On all spacecraft except Surveyor I, flat or
curved auxiliary mirrors were attached below
the spaceframe to improve the view of the
crushable blocks and of the area directly under
them. Some soil particles could be seen adhering
to the bottom of a Surveyor V crushable block.

Some of the footpad imprint pictures show
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b)=

F1GURE 4-9.—Surveyor VI footpad imprints made during initial landing, as seen from
posthop position. (a) Footpad 2 imprint (Nov. 17, 1967, Catalog 6-SE-39). (b) Footpad
3 imprint (Nov. 22, 1967, Catalog 6-SE-38).
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F1GURE 4-10.—Imprints on lunar surface made by crushable blocks. (a) Surveyor I: crush-
able block 3 imprint. Imprint walls are almost vertical; depth of penetration is about
2 em (June 3, 1966, 06:34:09 GMT, computer processed). (b) Surveyor VI: crushable
block 3 imprint, made during first landing, as seen through auxiliary mirror. The mound
of soil in the center of the imprint was left when the aluminum foil that covers the
bottom of the cored block ruptured during landing (Nov. 12, 1967, 07:08:08 GMT).
(¢) Surveyor VI: crushable block 3 imprint made during first landing, as seen from
posthop position. This imprint is the same imprint secn in figure 4-10(b) (Nov. 17-18,
1967, Catalog 6-SE-23). (d) Surveyor VII: crushable block 2 imprint, as seen through
auxiliary mirror (Jan. 10, 1968, 05:45:23 GMT, computer processed).
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clearly that the soil is inelastically compressible.
For example, the second impact of footpads 2
and 3 on the Surveyor VI initial landing, over-
lapping the flat bottoms of the first imprints,
produced sharp indentations without raised rims
(fig. 4-9). This indicates that, even after the
compaction caused by the first impact, the soil
underwent additional anelastic compression.
Further evidence of the compressibility of the
top few centimeters of the soil is provided by
the doughnut-shaped imprints of the crushable
blocks (fig. 4-10). In the center of each imprint
is a mound of soil, which was formed during
landing when the aluminum sheet that covers
the bottom of the cored block collapsed. The
crushable block imprints have sharp outer edges
and show no raised rim or disturbed soil outside
the depressions, again indicating that the soil is
compressible. Soil clumps, which fell from the
crushable block assemblies as they retracted
after landing, cover the imprint bottoms.

Evidence of soil cohesion may be seen in many
of the Surveyor television pictures (fig. 4-11). A
soil elump thrown 30 cm by a Surveyor V foot-
pad had sufficient strength to resist crumbling
when it landed. Another soil clump fractured on
impact without disintegrating after being
ejected by a Surveyor VII footpad (fig. 4-11()).
Footpad imprints have steep walls with open
fractures; soil clumps overhang a Surveyor VI
imprint In cantilever fashion (fig. 4-11(f)).
Cracks in surface material that had been moder-
ately disturbed were also visible near Surveyor
VII crushable block 3 imprint (ref. 4-5). The
surface samplers on Surveyors ITI and VII dug
trenches which retained vertical walls 10 to 15
cm high. These examples show that the lunar
surface material is cohesive.

The sides and bottoms of footpad imprints,
in many cases, are smooth. These smooth sur-
faces sometimes clearly reproduced, through
the covering of thin aluminum foil, the alu-
minum honeycomb pattern of the flat bottoms
and conical sides of the footpads. Laboratory
tests of a Surveyor footpad (fig. 4-3) indicated
that the ridges on the footpad bottom were
probably 40 to 80 microns high. Thus, it is
hypothesized that a large percentage of the
surface material is composed of particles smaller
than 60 microns in diameter (ref. 4-2).

Disturbed soil outside the imprints is darker
than nearby undisturbed soil. The contrast in
brightness between the disturbed and undis-
turbed soil was quite pronounced at all landing
sites, although it was somewhat less at the
Surveyor V site. Also, the smooth bottoms of
footpad imprints are brighter than undisturbed
soil (figs. 4-6, 4-7, and 4-9), except at small
phase angles, that is, when the angle is small
between the camera line of sight and the Sun
direction. These photometric changes indicate
that the fine: structure of the soil surface is
changed by physical disturbance; apparently,
reflectivity decreases with increase in porosity
and surface roughness.

With the exception of Surveyor VII, when
some local deformation and tearing of footpad
material occurred (fig. 4-12), there was no evi-
dence of crushing of the footpad aluminum
honeycomb or crushable blocks on landing.
Crushing strengths were 7 N/em? for footpad
bottoms, 14 Njecm? for the footpad tops, and
28 N/em? for the crushable blocks. Two small,
very bright objects, which were noted on the
surface near Surveyor VII, may be pieces torn
from the aluminum honeycomb by a rock. One
of these objects is shown in figure 4-13.

No settling of the Surveyor spacecraft after
landing was detected, except in response to
spacecraft commands and to compression of
shock absorbers during the lunar night. No
changes or movements, except those caused by
spacecraft operations, were noticed in disturbed
or undisturbed lunar surface material over
periods of observation of up to 6 weeks.

Simulations of Landings and Hop

Computer simulations of the landings have
been performed to estimate the mechanical
properties of the lunar surface material at each
landing site. The estimates were based on com-
parisons of the simulated landing data with
shock-absorber force histories obtained from
flight data and with footpad and crushable
block surface penetration depths estimated from
television pictures. Landing simulations were
performed using both rigid and soft-surface
models. In addition, simulations of the first two
Surveyor IIT landings and of the Surveyor VI
hop were performed to obtain estimates of
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Figure 4-11.—Textural detail of footpad imprints. (a)
Surveyor I footpad 2. Ejected soil clumps (which, for
the most part, are larger than naturally occurring
fragments adjacent to the footpad) demonstrate that
thesoil is cohesive (June 4, 1966, 06:55:26 GMT, com-
puter processed). (b) Surveyor III footpad 2 imprint
made during final landing has a waffle pattern impressed
by the bottom of the footpad; low Sun angle illumi-
nation (Apr. 20, 1967, 09:05:17 GMT). (¢) Surveyor
III footpad 2 imprint as seen with high Sun angle illu-
mination. Walls and bottom of imprint have higher
reflectivity than natural undisturbed lunar surface.
Flat surfaces and shapes of many fragments on near
side of imprint indicate that the fragments have been
only slightly displaced (Apr. 26, 1967, 06:05:55
GMT). (d) Surveyor V part of trench wall formed by
footpad 2; cohesion permits soil to stand at angles
greater than the angle of repose of loose material
(Sept. 14, 1967, 04:42:06 GMT). (e) Surveyor VI
footpad 2 imprint made during initial landing,
showing compressed soil in imprint wall and floor
(Nov. 16, 1967, 03:35:09 GMT). (f) Surveyor VI
footpad 2 imprint made during hop. The smoothness
of the imprint wall demonstrates the fine-grained
nature of lunar soil. Particles are smaller than the
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television camera can resolve (approximately 1 mm
at footpad distance). Note the soil clumps that
overhang the imprint rim and the lineations in the
imprint wall impressed by the conical side of the
footpad (Nov. 20, 1967, Catalog 6-SE-42). (g)
Surveyor VII footpad 2 imprint; smoothness of wall
surfaces shows that the soil is fine grained (Jan. 11,
1968, 12:28:52 GMT). (h) Surveyor VII footpad 2
imprint; the 45° wall of the imprint shows that the
soil is cohesive. Notc impression of the footpad
honeycomb structure left in the imprint wall (Jan. 13,
1968, 10:18:45 GMT). (i) Surveyor VII footpad 2
imprint and ejecta. Soil clumps, fractured on impact
after they were ejected by the footpad at landing,
can be seen at lower left (Jan. 13, 1968, 10:21:44
GMT).

vernier-engine thrust histories and heights of
engine nozzles above the lunar surface. These
estimates have been used for surface erosion
analysis.

A Surveyor footpad will not begin to crush
until the pressure on it exceeds 7 N/em®
Therefore, the leg force histories (for up to 5 em
of crushing of the footpad bottoms) are the same
for landings on surfaces with any bearing
strength above 7 N/em?. The honeycomb blocks
crush at 28 N/cm?2 Thus, any surface with a
bearing strength greater than 28 N/em? is es-
sentially rigid, as far as the response of the entire
spacecraft landing gear is concerned. Rigid
surface landing simulations have produced
shock-absorber force histories which agree
reasonably well (pesk forces generally higher,
but deviations less than 20 percent) with
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FicURE 4-12.—Surveyor VII footpad 3 showing hole in
crushable honeycomb behind magnet bracket; the
hole was caused by impact on a rock during landing
(Jan. 20, 1968, 20:25:20 GMT).

Fi1Gure 4-13.—Unidentified bright object on lunar
surface to right of Surveyor VII footpad 2, which
probably is a piece of aluminum torn from footpad
or crushable block honeycomb during landing
(Jan. 19, 1968, 19:42:37 GMT, computer processed).

corresponding flight data. These results indi-
cated that force histories are relatively insensi-
tive to surface hardness—a fact that has been
confirmed by soft-surface simulations with sur-
face hardnesses as low as 2 to 3 N/ecm?. There-
fore, consideration of force histories alone is not
sufficient; penetration data also must be consid-
ered to determine surface mechanical properties
by use of soft-surface mathematical models such
as described in references 4-7 and 4-3.

The soil model of reference 4-7 considers a
bearing strength versus penetration depth given
by ¢=a+ Bz, where a and 8 are coefficients and
z is the vertical penetration. A third term (v%),
shown by analysis to have a negligible effect for
Surveyor landings, was not included in the

calculations. The surface horizontal force was
assumed to be the product of a friction co-
efficient and the vertical resistance to penetra-
tion. After a preliminary investigation, a friction
coefficient of 0.7 was adopted for the remaining
analyses. The results indicated that at the Sur-
veyor I landing site and on the scale of the
Surveyor footpad the uppermost portion of the
lunar soil has a bearing strength of less than 1.4
N/em?, and bearing strength increases with
depth with an increasing rate and reaches a value
in the range of 4.2 to 5.6 N/em? at a depth of 5
cm. The results indicated that simulated pene-
trations of Surveyor I into such a surface would
be approximately 4.1 cm and 3.8 c¢m for foot-
pads 2 and 3, respectively. An extension of the
mvestigation of reference 4-7, using revised
penetration estimates (table 4-2), indicates that
the lunar surface bearing strength reaches the
range of 4.2 to 5.6 N/em? at a depth of approxi-
mately 4 cm.

The compressible soil model defined in the
Surveyor V Mission Report (ref. 4-3) and used
in preparing all Mission Reports considers a
bearing strength variation expressed by

p=po(l+cs)+-22 g2
P2~

where

p=pressure exerted on the penetrating ob-

ject

po=static bearing pressure

c=depth-proportionality constant

pr=1initial density of the soil

pz=compressed density of the soil

s=penetration

A small depth-proportionality factor (¢c=
0.0328/cm) was used; i.e., the static bearing
pressure, po, was assumed to increase by ap-
proximately 16 percent for each 5-cm surface
penetration. Consequently, this study provided
values of effective average bearing strength for
a depth corresponding to the maximum pene-
tration for each landing. On this basis, a p, of
3.4 N/em? gave consistently good correlation
between analyses and flight data for the
landings of Surveyors I, III, VI, and VII
(refs, 4-1, 4-2, 4-4, 4-5, 4-8, and 4-9). (The
correlation for Surveyor VI is shown in fig.
4-14.) However, for the Surveyor V landing, it
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FIGURE 4-14.—Surveyor VI initial landing data and analytical shock-absorber foree/time
histories.

was necessary to use a p, of 2.8 N/em? for
acceptable correlation (ref. 4-3). This appeared
to indicate a softer surface at the Surveyor V
landing site. It should be pointed out, however,
that the bearing capacity of a footing on a
slope is smaller than that of the same soil on a
horizontal surface. Consequently, the lower p,
indicated for Surveyor V is at least partially
a result of the 20° slope on which the spacecraft
landed, rather than an indication of a difference
in soil properties. For the posthop landing of
Surveyor VI, a good force history correlation
could not be achieved because of an unusual
force history generated by the leg 1 shock
absorber (fig. 4-4(g)). It is thought that foot-
pad 1 struck a rock, which restricted its lateral
movement during the landing, thus causing the
unusual force history.

Footpad 2 penetrations resulting from land-

ing simulations using the compressible soil
model are compared in table 4-2 with the
penetration values calculated from television
data. From these results, it appears that
penetrations obtained from landing simulations
on surfaces with p, from 4 1o 6 N/em would
bracket the actual penetrations as determined
from television pictures. Thus, based on this
compressible soil model, the average lunar
surface bearing strength to a depth of about
6 cm is estimated to be from 4 to 6 N/cm?
During the Surveyor VI landing, a clear
imprint was made by crushable block 3 (fig.
4-10(c)). A small mound of soil in the bottom
of the imprint is attributed to rupture of the

thin aluminum foil that covers the bottom of

the cored crushable block. Tests, described in
reference 4—4, were performed to establish the
pressure levels (2.4 N/em?) required to rupture
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TABLE 4-2. Fooipad 2 penetrations calculated from computer compressible surface landing simulations.
These values are compared with penetrations measured from television observations

Footpad 2 initial penetrations, cm
Bearing sirength used in
Spacecraft simulations, Njcm?
Po= From landing From television
simulations observations »
Surveyor I il 3.4 4.7 3+1
4.9 3.7
Surveyor III (final landing event) . .. _________ 3.4 5.0 2541
4.9 2.5
Surveyor V. _ el b2.8 12 1242
Surveyor VI (initial landing)_______.__________ 3.4 6.9 +2
Surveyor VII_ . o ___ 3.4 8.4 441
2.0 (penetration <2.5 ¢cm) 35
4.9 (penetration >2.5 cm) ’

* Work is being performed on improving these values and will be published as soon as available.

b Low bearing strength value of Surveyor V site is

the aluminum foil. With the compressible soil
model described above, it was calculated that
the static bearing strength of the lunar soil at
a depth of 1 to 2 em is about 1.8 N/em?

The first two Surveyor IIT touchdowns and
the hop of Surveyor VI were simulated using
a landing dynamics computer program that
incorporated a mathematical model of the
Surveyor flight control system. The Surveyor
IIT landing analysis (refs. 4-10 and 4-11)
produced the estimated touchdown welocities
shown in table 4-1. Variations of engine thrust
levels and engine height above the surface for
the second landing are shown in reference 4-2.
Simulations of the Surveyor VI hop were also
made (ref. 4-4) to provide data on engine
thrust levels and engine height above the sur-
face. Engine thrust data are shown in figure
4-15.

Depth of Footpad Soil Penetrations

Estimating footpad penetration during first
impact for each Surveyor landing is difficult
since the television pictures obtained after
landing show ounly the final position of the
footpads, not their position at maximum pene-
tration during first impact. During all the
landings, the footpads experienced two or more
impacts because of spacecraft rebound; im-
prints caused by the first impact generally

at least partially caused by the 20° surface slope.

were disturbed, or completely obscured, by
subsequent impacts.

Two methods were used to determine the
depths of footpad penetrations. The first
method consisted of reconstructing footpad
landing imprints in the laboratory by using a
Surveyor footpad and a soil of crushed basalt.
Lighting angles of a collimated light were ad-
justed to match the Sun’s position during the
lunar observations; a prototype television
camera on a full-scale Surveyor model was
used to view the results.

The second method was an analysis of space-
craft shadows as described in reference 4-12.
In this approach, estimates relative to footpad
dimensions were made of the distance and
height of lunar soil features around a footpad
using lengths of shadows of Surveyor television
pictures taken at different Sun angles.

By combining the results of both methods,
the general features of footpad imprints and
ejecta tims were reconstructed and vertical
dimensions of the imprints were determined.

The average footpad penetration values
listed in table 4-1 are the estimated final depths
below the natural lunar surface of the center
of the footpads in their present position. Local
lunar surface variations and differences in
the way soil was ejected during impact caused
significant variations in the depths of soil
around each footpad. Hstimates of initial
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FicURE 4-15.—Variation of Surveyor VI vernier-engine thrust with time during the hop.

footpad 2 penetrations, made during mission
operations, are given in table 4-2. Improve-
ments in these estimates are being made;
results will be published as soon as available.

Elastic Properties of the Lunar Soil

Damped oscillations were observed on the
strain-gage records following the final landing
impacts of Surveyors I, III, and VI, and the
hop made by Surveyor VI. The oscillations
were most clearly recorded from the initial
landing and from the hop of Surveyor VI.
Clear oscillations were not observed for Sur-
veyors V and VII.

The frequency of these oscillations can be
related to the combined elastic properties of
the spacecraft and the lunar soil; estimates of
the elastic properties of the lunar soil can be
made provided that the constants for the space-
craft are known. In addition, the rate of decay
of the oscillations provides data for an estimate
of the dissipative (anelastic) properties of the
soil. Laboratory tests have been conducted to
determine the elastic and dissipative constants
of the spacecraft; analysis of these tests is
presently in progress.

For a single mass-spring system with viscous
(velocity) damping, the free oscillations are of
the form (f(¢) =deflection)

F(t)=Cevet sin [o(1-v?)]%t

where v is the fraction of critical damping and
wo is the undamped, angular resonant fre-
quency. The quality factor @ of a resonant

system 1s Qzél;. For large @, i.e., small v, the

damped frequency is approximately equal to
wo- For a spacecraft on the lunar surface, w,
and v depend on the stiffness and damping of
the lunar surface material, as well as those of
the spacecraft.

The oscillations in each leg were of the same
frequency and in phase, indicating a vertical
mode of vibration. During the oscillations, the
maximum force developed in each leg was
about 620 N, which is equivalent to about
I-mm displacement of the spacecraft center of
gravity. For such a small motion, linear ap-
proximations for the spacecraft motion appear
justified. However, there is some dispersion in
the oscillations, with the frequency increasing
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slightly with decreasing amplitude. The reason
for this dispersion, which is neglected in the
present analysis, is not known. It may be
caused by nonlinearities in the system.

For the initial landing of Surveyor VI, the
average frequency of the observed oscillations
is 6.3 Hz and @ is about 9; for the posthop
landing, the frequency is 6.9 Hz and @ about
12. An approximate analysis indicates that a
spacecraft sitting on a rigid surface would have
an oscillation frequency of 8.0 Hz £ 10 percent.
Provided that the constants of the spacecraft
were essentially the same in both cases, this
observation indicates that the lunar surface
material, as loaded by the Surveyor VI foot-
pads, had greater stiffness and contributed less
damping at the second landing location than
at the first landing location. For Surveyors 1
and III, the observed frequency was about
6.5 Hz; an estimate of ¢ has not yet been
obtained.

In the absence of damping, the effective
stiffness of the lunar surface material under one
footpad is approximately

_4r°Mf
I Pt A

where M is one-third of the spacecraft mass,
f« is the resonant frequency for the spacecraft
on a rigid surface, and f, is the observed
frequency.

The rigidity modulus @ for the lunar ma-
terial can be estimated using the relation
(ref. 4-13)

G=2Km(1—v)

i

where r is the radius of the loaded ares, and »
is Poisson’s ratio. Since v lies between 0 and 0.5
for all common materials, this relationship
provides an estimate of G. Then, the shear
wave velocity of the lunar soil, V,, can be
estimated for a given value of ¢ and various
assumed values of bulk density, p, since V,=
(G/o)!”. In addition, the compressional wave
velocity, V,, can be obtained from the relation

_2V(1—)

2
Vs 1—2y

For Surveyors 1 and III, the oscillation

frequency was 6.5 Hz, which results in K,=
4.9<10% dynes/cm. This implies a rigidity
modulus range from 3.9X10° to 7.8X10°
dynes/cm? for v varying from 0.5 to 0, re-
spectively, and a shear wave velocity of 16 to
28 m/sec for a bulk density of 1.0 to 1.5 g/cm®.
For Poisson’s ratio less than 0.45 and the same
range of density, a compressional wave velocity
of 33 to 70 m/sec is obtained (ref, 4-2).

By using the frequencies from the Surveyor
VI landing, the value of K, correlating with the
oscillation frequency of 6.3 Hz would be re-
duced by about 10 percent from that given
above and increased by about 60 percent for the
oscillation frequency of 6.9 Hz. Corresponding
changes in the velocities would be —5 percent
and 430 percent, respectively.

The estimated seismic velocities are con-
siderably lower than those expected for ter-
restrial soils with other mechanical properties
as described in this report. Until tests on the
model spacecraft have been evaluated, these
results should be considered as preliminary
estimates only.

Lunar Soil Erosion

During a nominal Surveyor lunar landing
{engine cutoff at about 4-meter altitude),
the vernier-engine exhaust gas forces acting
on the lunar surface are so small that little, if
any, surface erosion occurs. During the Sur-
veyor I1I landing, the vernier engines continued
to fire until after the spacecraft made two
contacts with the lunar surface. This landing
provided the first indication of the effects of
rocket gases impinging on the lunar surface.
To investigate the effects of the gas plume on
the lunar surface, the Surveyor V vernier
engines were fired for 0.55 second about 2
Earth days after landing at a thrust level less
than the spacecraft lunar weight. A second
erosion test was performed 6 Earth days after
Surveyor VI landed. Tts engines were fired for
2.5 seconds at thrust levels sufficient to cause
the spacecraft to rise about 3.5 meters and
land 2.4 meters from the initial landing point,
thereby providing good views of the effects
of the firing on the lunar surface. On Surveyors
I and VI, the attitude control jets, which exert
much lower forces than the vernier engines,
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were operated to investigate their effects on
the Iunar surface.

Types of Lunar Soil Erosion

Terrestrial tests have demonstrated that the
vertical and horizontal shear forces exerted
by rocket gases impinging on a horizontal soil
surface could cause lunar surface erosion or
cratering by three basic processes:

(1) Viscous erosion. Entrainment of soil par-
ticles as the exhaust gases flow over the surface
(refs. 4-14 and 4-15, theoretical studies;
ref. 4-16, an experimental study).

(2) Diffused gas erosion. Movement of soil
caused by the outward and upward flow of gas
through the pores of the soil (ref. 4-17). An
eruption of the soil could occur if an engine is
rapidly shut down.

(3) Bearing load cratering (also called ex-
plosive cratering). Rapid cratering caused when
the exhaust gas pressure on a surface exceeds
the bearing capacity of the surface (ref. 4-18).
With the full expansion of Surveyor exhaust
plumes in the lunar environment, this type of
erosion was not likely to occur.

Vernier-Engine Firings

Surveyor III provided the first indication of
the erosion effects of rocket gases on the lunar
surface. The firing of the vernier engines during
the Surveyor V mission was intended primarily
to determine the diffused-gas eruption effects
resulting from rapid engine shutdown. Surveyor
VI engines were fired at a higher thrust level,
and for a longer period of time, to increase the
viscous erosion effects.

Observations

SurvEYor III. The vernier engines of Sur-
veyor III continued to fire during the first
two touchdowns. The site of the second touch-
down was visible to the camera from the final
landed position, approximately 11 meters away.
As seen in figure 4-8, not only are the imprints
of the three footpads visible, but also a light
streak of soil can be seen with adjacent dark
soil; both light and dark soil are attributed to
the firing of vernier engine 3. However, other
than the indication that the vernier engines

339462 06011

probably caused soil erosion, little additional
information could be obtained.

SurvEYOR V. On September 13, 1967, 53
hours after landing, the Surveyor V vernier
engines were fired at low thrust for 0.55 second.
Engines 1 and 3 were fired at thrusts of 120 N;
engine 2 was fired at 76 N. Study of Surveyor
television pictures has shown that even though
the spacecraft was resting on the inner slope of
a small crater at an angle of about 20° (fig.
4-16), the firing caused no downslope motion
of the spaceframe. The firing, however, did
move the sensor head of the alpha-scattering
instrument, which was resting on the lunar
surface. During the firing, the sensor head
rotated 15° and its center of gravity moved 10
cm in a direction 45° from the direction of
maximum slope. The lunar weight of the sensor
head was 4.4 N. Two types of soil erosion
occurred ;

(1) Viscous erosion. A thin layer of soil was
removed from beneath and adjacent to the
vernier engines (fiz. 4-17). Erosion of soil
during the firing extended to distances at least
up to 1.9 meters from the engines. As shown in
the controlled ® mosaics (fig. 4-18), the soil
layer near vernier engine 3 and adjacent to the
sensor head was substantially disturbed by the
firing. Some of the soil and rock fragments
moved by the firing are identified on these
annotated mosaics. The largest fragment known
to have been moved is 4.4 cm in diameter.
Television pictures indicate that, at least in
some places, soil was disturbed by viscous
erosion to depths probably greater than 1 cm
for distances up to 60 cm from engine 3. As
shown in figure 4-18, soil at E, beside rock a,
was eroded to a depth of about 1 em. The trail
(fig. 4-18(a)) left by rock H as it rolled down-
slope is no longer visible (fig. 4-18(b)). Figure
4-19 shows the relative distance that fragments
of different sizes can be moved by gases striking
the lunar surface with surface pressures equiva-
lent to those of vernier engine 3 (rel. 4-3).
This figure shows that fragments up to 4 or 5

#The controlled mosaics are composed of narrow-
angle television frames mounted on a spherical surface;
the center and orientation of each frame are correct
relative to all other frames.
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FiGUurE 4~16.—Profile of Surveyor V and the crater in
which it landed.

F1GURE 4-17.—Lunar surface bencath Surveyor VI
vernier engine 3, as scen through an auxiliary mirror.
(a) Prefiring picture. (b) Postfiring picture, showing
the shallow crater caused by diffused gas cruption
at cngine shutdown.

cm in diameter were moved at distances up to
approximately 20 cm; whereas, at distances of
200 cm, only fragments up to 0.4 cm in diameter
were moved.

(2) Diffused gas erosion. Exhaust gases,
which had diffused into the soil during the
firing, caused the soil to erupt at engine shut-
down and form a shallow, crescent-shaped
crater (fig. 4-17(b)). The crater is 20 cm in
diameter and 0.8 to 1.3 cm deep; the height of
the vernier engine above the surface was 39
em, and the maximum static pressure of the
exhaust gases on the surface directly below the
engine was 0.29 N/em? Prefiring and postfiring
pictures of the lunar surface below engine 3 are
shown in figure 4-17.

Survevor VI. On November 17, 1967, 177
hours after landing, the Surveyor VI vernier
engines were fired for 2.5 seconds in order to
lift the spacecraft from the lunar surface and
to move it a short distance from the original
landing site. This maneuver subjected the
lunar surface to greater erosional forces from
the vernier-engine exhaust gases than that
exerted during the Surveyor V static firing. To

" achieve horizontal motion during the hop, the

spacecraft’s flight control system had been
preset by Earth command such that the space-
craft acquired a tilt of 7° immediately following
liftoff (fig. 4-20). This 7° tilt of the vernier
engines caused soil eroded by the exhaust
gases to be preferentially ejected to the east,
away from the tilt direction (fig. 4-21).

Figure 4-22 is a mosaic of computer-enhanced
pictures of the first landing site identifying
the double imprints formed by the footpads
and the single imprints formed by the crushable
blocks during the original landing; the locations
of the vernier engines before liftoff for the
hop are also shown. On figure 4-22, the major
areas of erosion caused by vernier-engine
exhaust gases are identified with capital
letters. Areas A—FE represent erosion principally
attributed to vernier engine 2, areas G-I to
engine 3, and areas K-N to engine 1 (ref.
4-4). Enlargements of the main erosion areas
for each engine are shown in figures 4-23
through 4-25.

Some of the more pronounced erosion
features, formed by the firing and visible in
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F1GURE 4-18.—(a) Prefiring, annotated mosaic of alpha-scattering-instrument area. Rock
and soil fragments not moved by the firing are outlined; fragments shown by postfiring
pictures to have been moved by the firing are marked with an X (Sept. 10, 1967). (b)
Postfiring, annotated mosaic of alpha-scattering-instrument area. Fragments not
moved by the firing are outlined; fragments that moved are marked with an X

(Sept. 12, 1067).
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Ficure 4-18.—Concluded.

figure 4-22, include: (1) fine, dark soil de-
posited in rays by engine 2 at A, B, and C;
(2) the partial filling of the shallow depression
at E; (3) the large number of coarse soil
fragments deposited by engine 2 at D; (4)

the surface with a rippled appearance at I
caused by differential erosion by engine 3;
and (5) the fan of fine, dark soil deposited in
rays at M by engine 1. One or more of the
soil clumps ejected by the firing hit the photo-
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F1GURE 4-21.—Probable history of crosion in Surveyor VI vernier engine 2 area during hop.

metric target on one of the omnidirectional
antennas and left a thick coating of soil ad-
hering to the target (fig. 4-26).

Stmulations and analyses.—The vernier-
engine firing data and surface-pressure data
for Surveyors III, V, and VI are summarized
in table 4-3. The thrust levels listed were
obtained from analytical simulations (Surveyors
IIT and VI) and from strain gages on the
vernier-engine support structure (Surveyor V).

The minimum nozzle height listed for Surveyor
TIT was estimated from the analytical simula-
tions; those for Surveyors V and VI were
obtained from comparisons of Surveyor pictures
and photographs of laboratory simulations
using a full-scale spacecraft (refs. 4-3 and 4-4).
The lunar surface areas in the vicinity of
Surveyor III engines 1 and 2 could not be
viewed directly; therefore, their minimum
nozzle heights are not included.
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Ficure 4-22.—Mosaic of posthop, computer-processed pictures showing the (1) approximate
locations of the crushable blocks and vernier engines before liftoff for the hop; (2) the
images of footpads above their final imprints made during the original landing; and the
principal areas of erosion caused by the vernier engines during liftoff for the hop as
indicated by capital letters (Nov. 15 and 16, 1967, Catalog 6-SE-22).

FicUrE 4-24.—Mosaic of computer-processed pictures,

FicurE 4-23.—DMosaic of computer-processed pictures, showing imprints of footpad 3 and crushable block
showing rays of fine, dark soil deposited by Surveyor 3 made during the initial landing and soil disturbance
V vernier engine 2 during the hop (Nov. 15 and 16, caused by Surveyor VI vernier engine 3 during

1967, Catalog 6-SE-43C). the hop (Nov. 15 and 16, 1967, Catalog 6-SE—-43B).
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Ficure 4-25.—Mosaic of computer-processed pictures, showing crushable block 1 impact
area and soil disturbance caused by Surveyor VI vernier engine 1 during the hop (Nov.
15 and 16, 1967, Catalog 6-SE-43A).

TABLE 4-3. Vernier-engine parameters used in computations

Surveyor II Surreyor V Survegor VI
Parameter
Engine I | Engine 2 | Engine 3 | Enginel | Engine 2 | Engine 3 | Enginel | Engine 2 | Engine 3
Maximum thrust, N_______ 490 130 250 120 76 120 390 310 420
Nozzle exit planc height,»
[ 13 D R I 25 39 39 39 32 32 32
Maximum static pressure,
Nfem? || 0. 50 0. 29 0. 18 0. 29 0. 69 0.92 1. 35
Maximum dynamic pres- '
sure, Nfem? ____________| _______|..______ 0. 22 0.12 0. 076 0. 12 0. 30 0. 39 0. 56

= Tabulated values correspond to the minimum nozzle heights used in the surface loading computations. Al-
though some of these values were subsequently revised, the tabulated surfacc pressures still provide representative

cstimates.
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Ficure 4-26.—Surveyor VI photometric target on omnidirectional antenna boom. (a) Pre-
firing picture (Nov. 15, 1967, 09:37:11 GMT). (b) Postfiring picture. Before the firing,
the target was clean; after the firing, the target was coated with a layer of soil up to
0.9 mm thick. The coating probably was caused by impact of a soil clump on the target
during the firing (Nov. 15, 1967, 12:30:00 GMT).

The maximum static and dynamic surface
pressures listed in table 4-3 are values obtained
from Roberts’ theory (refs. 4-14 and 4-15).
Figure 4-27 shows the relationship between
these pressures and gas velocity versus radial
distance. The dynamic pressure is equal to
pu?/2, where p is the gas mass density and u
the radial velocity of the gas along the surface.
The values for the Surveyor V static firing
correspond to the engine thrusts and nozzle
heights given in table 4-3. The pressures given
for Surveyors IIT and VI are the maximum
values encountered during the second Surveyor
IIT landing event and Surveyor VI hop,
respectively. During these maneuvers, maxi-
mum engine thrusts and minimum nozzle
heights did not occur simultaneously; therefore,
the lifted maximum surface pressures did not
correspond to both maximum thrusts and
minimum nozzle heights.

The viscous erosion theory given in references
4-14 and 4-15 was used to compare the theo-
retical and observed crater dimensions. Theo-
retically, soils composed of particle sizes
smaller than 500 microns would not erode as
fast as observed during the Surveyor V firing.
Also, for a hypothetical soil composed of 600-

micron particles and with a cohesion of 0.01
N/em? (selected to approximate the average
erosion rate), the theoretical erosion crater
diameter would be 70 cm instead of the
measured 20-cm-diameter crater under the
Surveyor V vernier engine 3. These calculations
indicate that viscous erosion was not the major
erosion mechanism for the formation of the
crater. However, viscous erosion probably
caused the larger soil fragments to move across
the surface from positions outside the crater.

Since viscous erosion does not appear to
have been the principal eroding mechanism, it
is thought that diffused gas eruption occurred.
This type of erosion, however, does not provide
an estimate on cohesion of the surface material
because the diameter of a diffused gas eruption
crater is largely independent of the soil cohesion
(ref. 4-17). But it can be concluded, by com-
paring the calculated crater diameter with
the observed value, that the lunar soil must
be relatively impermeable; a firing time of
0.5 second (Surveyor V) is only one-tenth of
the time required to reach steady-state condi-
tions. This is based on an assumed soil porosity
between 0.3 and 0.5 and a viscosity of the
exhaust gases in the soil between 1>X107* and
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3X107* poise, as explained in reference 4-17.
From this, the permeability of the soil was cal-
culated to be between 1XX107% and 71078 cm?
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F1GURE 4-27.—Theoretical static pressure, dynamic
pressure, and exhaust gas radial vclocity at the
surface of a plane, parallel to the engine nozzle exit
plane; engine thrust=120 N, nozzle cxit plane
height==39.4 cm.

For comparison, the permeabilities of soils of
different uniform grain sizes are shown in
figure 4-28. This figure shows that the perme-
ability range for the lunar surface material,
probably down to a depth of about 25 cm, fits
into the permeability range of silts (grain-size
range from 2 to 60 microns). Lunar soil contains
particles larger, and probably smaller, than this
range. However, the estimated lunar perme-
ability indicates that most of the particles are
in the 2- to 60-micron size range. This estimate
is in agreement with conclusions reached from
light reflectance simulations of Surveyor III
footpad imprints (ref. 4-2).

Estimates of soil cohesion.—Results of the
Surveyor VI erosion test were used to estimate
bounds for the cohesion of the lunar soil.
Pictures of the Surveyor VI landing site (fig. 4-
22) indicate some surface erosion, apparently
of the viscous type, occurred beneath and ad-
jacent to each engine during liftoff. There is no
indication that bearing load cratering occurred.
During takeoff for the Surveyor VI hop, the
exhaust gas pressure on the lunar surface de-
creased gradually enough to prevent diffused
gas eruption of the soil. Therefore, the esti-
mates for soil cohesion are based on the con-
clusion that the cohesion was not large enough
to prevent viscous erosion, but large enough for
the soil to withstand vertical pressure loading.

According to the theory advanced in ref-
erences 4-14 and 4-15, the maximum erosive
shear stress occurs at the point of maximum
dynamic pressure and is dependent on the effec-
tive value of the friction coefficient. Soil erosion
data obtained by the Langley Research Center
from soils having an initial flat surface indi-
cated the effective friction coefficient, C,, to be

2.0 0.06 0.002 LIMITS OF GRAIN SIZE, mm
(MIT CLASSIFICATION SYSTEM)
GRAVEL SAND SILT CLAY
107" 1072 1074 107 107 10710 PERMEABILITY, cm?
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1
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SURVEYOR V ESTIMATES

F1GURE 4-28.—Permeability of terrestrial soils versus grain size
and classification related to Surveyor V results.
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about 0.2, which is the value recommended
in reference 4-15. For the irregular, undulating
surface existing at the Surveyor VI landing
site, the friction coefficient should be higher
than 0.2. For the upper-bound estimate made
here, C, is taken as 0.4. According to table
4-3, the peak dynamic pressures under vernier
engines 1, 2, and 3 were 0.30, 0.39, and 0.56
N/cm?, respectively. Thus, for a friction coeffi-
cient of 0.4, the lunar surface was subjected
to maximum shearing stresses of 0.12, 0.16,
and 0.23 N/cm? by exhaust gases from vernier
engines 1, 2, and 3, respectively.

Also, according to the theory in references
4-14 and 4-15, the viscous shear stresses are
resisted by the frictional and cohesional forces
of the soil. The resistance of the soil surface
provided by the friction forces between soil
grains is negligible for the small-diameter
particles at the Surveyor VI landing site. As a
result, erosion is essentially resisted by co-
hesion; therefore, upper-bound estimates of
soil cohesion are equal to the maximum values
of applied shearing stresses. Because each
vernier engine caused some soil erosion, the
minimum value for an upper-bound soil co-
hesion estimate is the shear stress caused by
vernier engine 1. This value is 0.12 N/em®

The maximum surface loading (1.35 N/cm?)
occurred under vernier engine 3. Under the
assumption that Terzaghi’s bearing-capacity
theory (ref. 4-19) is applicable for this type of
surface loading, estimates can be made for
the minimum value of soil cohesion needed
to prevent a bearing-capacity failure for
various values of soil density and internal fric-
tion angle. An application of this theory, in
conjunction with the pressure loading from
Roberts’ theory, indicates that a soil with an
assumed weight density of 2.4X107* N/em’
(1.5-g/cm® mass density) and a soil cohesion
greater than 0.0073 N/em? would be sufficient
to prevent a bearing-capacity failure for a soil
with a 35° internal friction angle. For a friction
angle of 30°, the required value of cohesion is
0.020 N/em? Since a bearing capacity type of
failure was not observed during the hop, this
procedure indicates that the soil cohesion lower
bound is 0.0073 N/cm?

Attitude Control Jet Operations

Observations.—Attitude control gas jets
mounted on all Surveyor legs provided attitude
stabilization during the flights. After landing,
Surveyor I attitude control jets were operated
to produce short pulses of 20-msec durations
with a 30-msec pause between pulses (ref. 4-1).
Pictures taken after operation of the jets re-
vealed the presence of a small dimple crater
near the attitude control jet 2 area of impinge-
ment. However, results of this test are in-
conclusive because no suitable prefiring pictures
of the impingement area are available.

The attitude control jets on Surveyor VI
were commanded to operate for a continuous
burst of 4 seconds and for another burst of 60
seconds (ref. 4-4). Good television coverage of
the jet impingement area on the lunar surface
before, during, and after jet operation afforded
clear observations of the surface erosion caused
by attitude control jet 2. The nozzle of this jet
was about 10.4 cm above the surface and was
inclined 24° from the spacecraft vertical axis.

Comparisons of pictures taken before and
after each burst (fig. 4-29) show that the
disturbance of the lunar surface caused by the
jet operations was minor and that no crater was
formed. Some small soil fragments up to 25 cm
from the impingement area were moved by the
jet operation. The most conspicuous effect con-
sisted of the movement of two lunar surface
protrusions, probably soil clumps, which were
12 to 15 cm from the center of jet impingement
(fragments A and B, fig. 4-29).

Simulations and analyses.—Ilaboratory tests
were performed in which an attitude control
jet was operated over soil beds in vacuum. The
soil erosion caused by the jet was of the viscous
type; no eruption caused by diffused gas was
observed.

It was found that erosion occurred if the soil
cohesion was below a limiting value. For the
sandy silts used in these tests, the limiting value
of the cohesion was 0.17 N/cm?. However, these
tests were conducted at a pressure of approx-
imately 50107 mm Hg and full expansion of
the jet plume probably did not occur. Therefore,
static pressure on the soil surface in the vacuum
chamber probably was greater than on the lunar
surface beneath the jet.
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FI1Gure 4-29.—(a) Mosaic of narrow-angle pictures taken shortly before the 4-second
operation of the attitude control jets. Representative fragments, shown by postoper-
ation pictures to have moved or to have been partially eroded by the firing, are cireled.
The dark area cutting diagonally across each pieture is the camera housing. A line
extending through the center of the attitude control jet is shown by the arrow. The
approximate point where this line intercepts the lunar surface is shown by an X (Nov. 9,
1967, Catalog 6-MP-1).
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Figure 4-20.—Continued. (b) Mosaic of pictures taken immediately after the 4-second

firing of the attitude control jets. Representative fragments that arrived at their present
sites because of the firing are circled (Nov. 9, 1967, Catalog 6-MP-2).
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Ficure 4-29.—Continued. (¢) Mosaic of the same pictures used in figure 4-29(b); however,
the fragments circled are those fragments shown by later pictures to have heen moved
by the 60-second attitude control jet firing (Nov. 9, 1967, Catalog 6-MP-2).
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S

Ficore 4-29.—Concluded. (d) Mosaic of pictures taken after the 60-second attitude
control jet firing. Fragments circled arrived at their present sites after the 60-second
firing (Nov. 9, 1967, Catalog 6-MP-3).
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Spacecraft Contamination

During all missions, some spacecraft con-
tamination, caused primarily by the landing
impact or by vernier-engine firings, was ob-
served (figs. 4-30 through 4-32).

Some fine material was observed on the
thermal compartments of Surveyor I (fig.
4-30); however, these particles could have been
deposited before the spacecraft landed.

Glare on Surveyor 11I pictures probably was
caused by a thin layer of lunar soil deposited
on the television mirror when the vernier
engines were fired during the first two touch-
downs.

Although Surveyor V landed on a 20°
slope, no obvious contamination of the space-
craft was produced, except that the footpads
plowed into the lunar surface, causing soil to
be deposited on the footpad tops. Following
the vernier-engine firing, a splatter of soil was

Fioure 4-30.—Surveyor I electronic compartment top
after landing. Relative lack of soil contamination is
shown by the small number of soil particles.

(b) . &

F1GURE 4-31.—Top of Surveyor V compartment B. A clump of soil ejected onto the compart-
ment top during the firing splattered in a direction away from vernier engine 1. (a) Pre-
firing picture (Sept. 10, 1967, 02:29:290 GMT). (b) Postfiring picture (Sept. 20, 1967,
05:48:58 GMT).
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F1GURE 4-32.—Relative lack of soil contamination on Surveyor VI spacecraft after the
vernier-engine firing. (a) Footpad 2; a few soil particles lic along the top edge (Nov. 17,
1967, 04:51:01 GMT). (b) Top of footpad 3 (Nov. 15, 1967, 12:23:13 GMT). (¢) Top of
clectronic compartment A (Nov. 18, 1967, 06:04:56 GMT).

observed on top of one of the electronic com-
partments (fig. 4-31). This contamination was
caused by impact of a soil clump, probably
ejected by diffused gas eruption from beneath
vernier engine 1. The soil clump must have
followed a near-vertical trajectory to reach
the compartment top. The firing also coated
the vertical face of the sensor head of the
alpha-scattering instrument with soil, destroy-
ing the reflectivity of its mirror finish.

During the hop made by Surveyor VI, some
lunar soil impacted and adhered to the photo-
metric target on one of the omnidirectional
antenna booms (fig. 4-26). It is estimated
that the lunar soil adhesion in this case was
between 250 and 1000 dynes/cm2. The minimum
value of 250 dynes/cm? is based on the soil
withstanding an acceleration of about 48
m/sec?, which is the estimated minimum value
of peak acceleration exerted on the photo-
metric target during the hop landing. This
value differs from that given in reference 4-4.

A layer of fine lunar soil and small soil
clumps was deposited on one of the Surveyor
VII auxiliary mirrors.

339462 0 69— 12

Summary and Conclusions

Evaluations of television and telemetry data,
aided by analytical and laboratory simulations,
have provided the following conclusions to
date:

(1) The soil at all landing sites is predomi-
nately fine grained, granular, and slightly
cohesive.

(2) At all sites, soil ejected during space-
craft landings and operations is darker than
undisturbed soil; whereas, smoothed and
flattened soil is brighter than undisturbed soil.

(3) Imprints of footpads and crushable
blocks indicate that the soil is compressible, at
least in its upper few centimeters.

(4) Static bearing strength of the lunar soil
increases with depth. Bearing strengths calcu-
lated for various size penetrators are as follows:
(a) In approximately the upper millimeter:
less than 0.1 N/em? (from imprints of small
rolling fragments); (b) at a depth of 1 to 2
mm: 0.2 N/em? (from imprints of the sensor
head of the alpha-scattering instrument on
Surveyor VII, ref. 4-5); (c) at a depth of 1 to
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2 cm: 1.8 N/em? (from Surveyor VI and VII
crushable block imprints); (d) at a depth of
4 c¢cm: between 4.2 and 5.6 N/em® (from an
extension of the Surveyor I footpad penetration
analysis of ref. 4-7); (e) to a depth of 6 cm:
between 4 and 6 N/em? (average bearing
strength from analyses of Surveyor footpad 2
penetrations using the compressible soil model
defined in ref. 4-3).

(5) Dynamic bearing stress developed on a
crushable block exceeded 2.4 N/em? during
penetration to a depth of 3 cm.

(6) Estimates of the soil shear wave velocity
are between 15 and 35 m/sec and of the com-
pressional wave velocity between 30 and 90
m/sec. These estimates, based on oscillations in
the spacecraft landing leg forces, are lower than
those expected for terrestrial soils with other
mechanical properties as reported in this section.

(7) Viscous soil erosion, i.e., erosion by the
entrainment of soil particles as gas flows over
the surface, occurred during the vernier-engine
firings and attitude control jet operations. Fine
soil eroded during the Surveyor VI vernier-
engine firing was picked up by exhaust gases
moving in a horizontal sheet along the lunar
surface and was redeposited at distances up to
several meters. Some soil clumps and fragments
ejected from the exhaust gas impingement areas
rose at least 1 meter above the lunar surface
and traveled at least 4 meters.

(8) During the Surveyor V vernier-engine
static firing, diffused gas eruption produced a
crater 20 cm wide and 0.8 to 1.3 cm deep. The
Surveyor VI dynamic firing did not cause
diffused gas eruption of the soil.

(9) Based on the Surveyor V vernier-engine
firing, the permeability of the soil, to a depth
of about 25 cm, is estimated to be in the range
from 1> 1078 to 7X 1078 cm? This corresponds
to the permeability of Earth silts and indicates
that most of the lunar soil is in the 2- to 60-
micron particle-size range.

(10) Soil cohesion is estimated to be be-
tween 0.007 and 0.12 N/em? (from vernier-
engine firings).

(11) Lunar soil, eroded by impingement of
vernier-engine exhaust gases, adhered to the
spacecraft. The most conspicuous examples are:
(a) Surveyor III: Dust on the mirrors; (b)

Surveyor V: Soil on the polished vertical sur-
face of the alpha-scattering-instrument sensor
head; (¢) Surveyor VI: A thick layer of soil on
the photometric target. Adhesive strength of
the soil impacting, and adhering to, the Sur-
veyor VI photometric target is estimated to be
between 250 and 1000 dynes/ecm?. (d) Surveyor
VII: A layer of fine soil and small soil clumps on
one of the auxiliary mirrors.

(12) Soil at the Surveyor VII highland site
is similar in mechanical properties to the soil at
the mare landing sites. The higher rock popula-
tion at this site did not cause an increase in
bearing strength of the soil.

(13) Within an 18-meter radius of Surveyor
VII, 0.6 percent of the area is covered by rocks
larger than 20 c¢m in diameter, 1.2 percent by
rocks larger than 10 cm, and 2.8 percent by
rocks larger than 5 cm (ref. 4-5).
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5. Soil Mechanics Surface Sampler

R. F. Scott (Principal Investigator) and F. I. Roberson

The soil mechanics surface-sampler experi-
ment was conducted on Surveyors III and VII;
tests were performed successfully on both
missions, The flawless performance of Surveyor
VI1 allowed more discrimination in the per-
formance of lunar tests, and the more quantita-
tive data obtained also provided a means for
further interpretation of Surveyor IIT data. A
discussion of the physical differences between
the missions is presented here, and some con-
clusions are drawn regarding the difference in
the characteristics of the two landing sites.

The Subsystem

Development of the surface sampler as a soil
mechanics instrument (fig. 5-1) involved the
study and incorporation of sensors for direct
measurements of position, force, and decelera-
tion (rel. 5-1). The evolution of the Surveyor
program and schedule led to a change in sub-
system design (ref. 5-2); a modified surface
sampler was flown on Surveyor III and,
following further changes in the surface sam-
pler/spacecraft interface, on Surveyor VII.

Mechanism

The Surveyor VII surface-sampler mechanism
was identical to that flown on Surveyor Ill
(ref. 5-3), with the exception of two magnets,
which were placed in the bearing plate of the
scoop door (ref. 5-4).

Electronics

The electronics auxiliary for the Surveyor
VII surface sampler incorporated a 7.5-watt
heater, larger than the 5-watt unit for the
Surveyor III electronics. The design of the
electronics was the same for both missions.

F1GURE 5-1.—Burface sampler on stand, partly extended.
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Because Surveyor VII was a later-generation
spacecraft, more telemetry channels were avail-
able to the surface sampler. The addition of two
temperature sensors, attached directly to the
retraction and elevation motors, was one
reflection of this increased capability. The
motor-current readout on Surveyor III was
assigned to a single commutator frame, which
yielded a maximum of eight motor-current
samples for a 2-second motor actuation. More
commutator frames were available on Surveyor
VII, and the motor-current signal was fed to
five symmetrically spaced commutator frames
on the mode 4 engineering commutator. This
provided, at the highest spacecraft bit rate of
4400 bits/second, a potential (depending on
the random start and stop time of a pulse)
maximum of 40 motor-current samples for a
2-second motion. This 50-msec sampling rate
provided an excellent envelope of the motor-
current pulse (fig. 5-2) and led to a more
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Ficurk 5-2.—Typiecal plot of motor current.

accurate indication of forces applied to the
lunar surface.

The Missions

Surveyor ITT landed in the southeast part of
Oceanus Procellarum, a site typical of the
maria (refs. 5-5 through 5-8). Surveyor VII
landed, 8% months later, near the crater Tycho,
on an ejecta blanket of material considered to
be much younger than the mare material.
During the interval between the missions,
adjustments were made in operations plans,
and some new techniques were devised.

Surveyor I

During the Surveyor IIT operations for the
first lunar day, the surface sampler performed
7 bearing tests, 4 trench tests, and 13 impact
tests (fig. 5-3). During the performance and
analysis of these tests, additional ideas for im-
proved operations techniques were evolved,
and ultimately led to generation of new com-
mand tapes for use on the Surveyor VII
mission. The total operating times and the
number of commands issued during the mission
are listed in table 5-1.

Surveyor Vil

At the time of Surveyor VII touchdown, the
operations plans called for the deployment of
the alpha-scattering instrument before any sur-
face-sampler operations to prevent any possible
disturbance of the lunar surface before a chemi-
cal analysis could be obtained. Because the
alpha-scattering instrument was not deployed

normally to the lunar surface, the surface
sampler was used to assist in the deployment
(ref. 5-9). Initial sampler contact with the
lunar surface occurred at bearing point 1 (fig.
5-4) and, as shown in figure 5-5, was remark-
ably similar to the initial bearing test on Sur-
veyor III (bearing test 1, fig. 5-3). Using com-
mand tapes especially designed to operate the
surface sampler in a bearing test mode, as well
as tapes to provide pictures between each com-
mand during & trenching test in order to con-
struct a motion picture, successful soil tests
were continued throughout the first lunar day.
The total operating times and number of com-
mands issued during the mission are shown in
table 5-1; 16 bearing tests, 7 trenching tests,
and 2 impact tests were performed. After initial
deployment to the undisturbed surface, the
alpha-scattering instrument was redeployed to a
second sample position fa rock) and then to a
third sample position (disturbed surface).
Figure 5-6 shows the surface sampler in the
process of moving the alpha-scattering instru-
ment from the second to the third lunar sample.
The locations of the soil tests and of these
sample positions are shown in figures 5—4 and
5-7. The results of data analysis from bearing
test 2 on Surveyor VII are shown in figure 5-8.
This diagram is a revision of figure 5-5 of refer-
ence 5-9, following postmission studies.
Temperature data and motion increment
measurements for the surface-sampler motors
on Surveyor VII showed that the motors did
not change their operating characteristics
significantly (particularly as far as distance per
command is concerned), even though they
operated under a wide range of temperatures.

TaBLE 5-1. Summary of surface-sampler

operations

Operation Surveyor I Surveyor VII
Total power on time.____ 18 hr 22 min | 36 hr 21 min
Total spacecraft com-

mands_.._ oo ___ 5879 12 639

Total functions.________ 1898 6956
Total bearing tests__.___ 7 16
Total trenching tests____| 4 7
Total impact tests._.___| 13 2
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The similarity of the elevation motors on the
surface samplers on both missions can be seen
from the curves of force versus motor current
shown in figure 5-9. From these curves, it is
clearly evident that the bearing forces applied
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by the surface samplers were nearly equal under
stall conditions. Thus, direct comparisons could
be made of the soil at both landing sites.

The surface-sampler subsystem was operated
during the second lunar day, thus demonstrat-
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Figurg 5-3.—Plan view of surface-sampler operations area, showing locations of all tests
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ing that the unit and suxiliary had survived the
lunar night.

The Operations: Comparison of Tests
Surveyor Il

The landing of Surveyor I (ref. 5-3) demon-
strated that the lunar surface was composed
of a granular, soillike material and gave some
indication of the properties of the soil. The Sur-
veyor IIT surface sampler had been arranged
and calibrated so that measurements of the cur-
rent supplied to its motors would give an indica-
tion of the force applied to the lunar surface in
testing operations. The state of the spacecraft
telemetry following landing on the lunar sur-
face, however, precluded any measurements of

BEARING TEST ]

IWPACT TEST N/

Ficure 5-4.—Locations of bearing and impact tests
performed on Surveyor VII.

FiGURE 5-5.—Similarity of initial bearing tests performed. (a) Surveyor III (day 112,
05:17:27 GMT). (b) Surveyor VII (day 011, 03:55:42 GMT).
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the motor currents and, therefore, the forces,
during subsequent operations. The maximum
forces exerted by the elevation and retraction
motors under stall conditions had been meas-
ured in terrestrial tests and related to tempera-
tures. Since the motor temperatures could be
estimated during Surveyor I1T operations, the
surface tests were conducted until deliberate
stalling of the motor was achieved. In this man-
ner, it was possible to estimate the forces ap-
plied to the surface. From this information and
from various tests conducted with Surveyor I11,
the properties of the lunar surface soil were
estimated.

The lunar surface material appears to have

the properties and behavior of a fine-grained,
terrestrial soil possessing a small amount of
cohesion and an angle of internal friction cor-
responding to a medium-dense soil. The density
is apparently within the range of ordinary ter-
restrial soil (ref. 5-2). Most of the lunar tests,
with the exception of the bearing tests, indi-
cated a relatively homogeneous soil material in
lateral extent, but one that increased somewhat
in strength as a function of depth. This was
observed by the greater difficulty of deepening
trenches as the depth exceeded a few centimeters.

Relatively few rocks were accessible to the
surface sampler on Surveyor ITI, and only one
of these rocks was picked up for a closer exami-

F1GURE 5-6.—Surface sampler holding the alpha-scattering instrument during deployment
to third lunar sample on the Surveyor VII mission (day 022, 11:21:12 GMT).
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Ficore 5-7.—Plan view of Surveyor VII surface-
sampler operations showing locations of trenches,
rocks, and positions of alpha-scattering instrument.

nation. Its dimensions, however, were too
small to permit the weight of the rock to
be determined.

Impact tests were performed on Surveyor
111; however, the relatively small spring con-
stant of the torque spring precluded the
determination of density from these tests.

Surveyor Vii

Surveyor VII landed on an ejecta blanket
north of the rim of Tycho. Telemetry was used
extensively for the measurement of motor cur-
rents during subsequent surface operations. As
a consequence, it was possible to determine the
force versus depth of penetrations during bear-
ing tests (ref. 5-9) and trenching operations.
The soil behaved qualitatively and quantita-
tively in a fashion similar to that observed at
the Surveyor 111 site; relatively minor differ-
ences were observed. Results from bearing tests
show that the mechanical properties cited for
the mare material can be applied to the Tycho
blanket material.

During Surveyor V11 operations, obstructions
were encountered in the trenches. A large frag-
ment of rock, which could not be moved with
the force available to the surface sampler in
retraction, was encountered at a depth of
about 3 cm. Therefore, it appeared 