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Preface

This two-part document constitutes the Project Final Report on the Surveyor
spacecraft. Part I of this Technical Report consists of a technical description and
an evaluation of engineering results of the systems used on Surveyor. Part Il
presents the science data derived from the lunar soft-landing missions, and the
scientific analyses conducted by the Surveyor Scientific Evaluation Advisory Team,
the Surveyor Investigator Teams, and the associated Working Groups.

Results given in this part of this Technical Report are based on data evaluation

before June 15, 1968, It is expected that future evaluations and analyses will pro-
vide additional science results.
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l. Introduction
L. D. Jaffe and R. H. Steinbacher

Preliminary science results from each successful Surveyor
have been presented in separate Mission Reports, issued
just subsequent to the end of each mission (Refs. I-1
through 1-5). In this Surveyor Project Final 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 seciion presents briefly those spacecraft charac-
teristics most necessary to an understanding of the scien-
tific data obtained, and the corresponding characteristics
of spacecraft operations. An account by the Surveyor
Scientific Evaluation Advisory Team of the major findings
from Surveyor is presented in Section II. Subsequent
sections, prepared by Surveyor Investigator Teams and
Working Groups, provide further information in indi-
vidual technical areas.

Selected lunar pictures, along with appropriate explan-
atory material, are presented in Part III of the Mission
Reports (Refs. 1-6 through 1-10).

A. Spacecraft

The Surveyor I spacecraft configuration is shown in
Fig. I-1. The spaceframe structure was of tubular alumi-
num; hinged to the spaceframe were three landing legs,

JPL TECHNICAL REPORT 32-1265

each with a shock absorber and a hinged footpad. The
footpads and blocks, attached under the spaceframe near
each leg hinge, were constructed of energy-absorbing
aluminum honeycomb to reduce landing shock. Two
thermally controlled compartments housed the electronic
equipment. A vertical mast carried thz movable solar
panel and planar array antenna (high-guin). Two deploy-
able 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 en-
gines was throttlable 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 gyroscopes. A
rader altimeter furnished an altitude mark to initiate
main retro firing 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 on-board computer for the final
phases of the descent.

Surveyor I, designed to attain the engineering objec-
tives of the Surveyor Project, carried a television system

'N (newton) is a standard international unft: 1 N is equal to
10° dynes.
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Fig. I-1. Surveyor | spacecraft configuration.
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for operation on the lunar surface and over 100 engineer-
ing sensors, such as resistance thermometers, voltage
sensors, strain gages, accelerometers, and position indi-
cators for movable spacecraft parts. No instrumentation
was carried specifically for scientific experiments.

The television camera flown on Surveyor I is shown in
Fig. 1-2. The vidicon tube, lenses, shutter, filter, and iris
were mounted along an optical axis inclined approxi-
mately 16 deg 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-deg) or wide-angle (25.3 deg)
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 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 m from the camera.

At the time of the Surveyor I landing, additional
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 I-1 lists the scientifically sig-
nificant spacecraft variations used. Many of the engineer-
ing changes made to increate Surveyor’s reliability and

performance, though not listed here, resulted in a better
quality and greater amount of data (Ref. I-11).

On Surveyor 111, a simplified surface-sampler instru-
ment replaced the approach (downward-looking) televi-
sion 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 m or
retracted close to the spacecraft by a motor drive. " he
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 telev sion 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 at-
tached to the spaceframe so that the camera could pro-
vide 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 chemically analyze the
lunar soil. This instrument was designed to irradiate
the lunar surface with alpha particles from curium-242

Table |-1. Payload differences among Surveyor spacecraft

Instrumentation Surveyeor | Surveyer Il Surveyor V Surveyor VI Surveyor ViI
Television camere Yes Yes Yes Yes Yes
Filters Color Color Color Polarizing Polarizing
Glare hood Standard Extended Extended Box Box
Elevation limit 35 deg 35 deg 35 deg 70 deg 70 Deg
Photometric targets Two Two Two Two Three
Surface sampler No Yes Neo No Yes
Azimuth range —- +40to —72 deg" — — +71 10 —4) deg"
Alpha-scattering instrument No Ne Yes Yes Yes
Avxiliary mirrors None Two (flat) Two (convex) Three (convex) Three (convex)
View under alpha-scattering instrument —_ — Yes Yes Yes
View under vernier engine - Engines 2 and 3 Engine 3 Engines 2 and 3 Engines 2 and 3
View under crushable block e Block 3 Block 3 Blocks 2 and 3 Blocks 2 and 3
Magnets
Footpads —_— - Block 2 Block 2 Blocks 2 and 3
Surface sampler —_ — - - Yes
Stereoscopic and dust detection mirrors No Neo No No Yes
SArm movement CW(+) and CCW/( =) retation from the perpendicular to the spaceframe.
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EXTENSION

Fig. 1-2. Surveyor | television camera.
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TELEVISION CAMERA
SURFACE-SAMPLER INSTRUMENT

SURFACE-SAMPLER AUXILIARY
ALPHA-SCATTERING-INSTRUMENT SENSOR HEAD

ALPHA-SCATTERING -INSTRUMENT
ELECTRONIC COMPARTMENT

FOOTPAD MAGNET BRACKET
STEREO MIRROR
PHOTOMETRIC TARGET

@QQ® @EWEO

Fig. 1-3. Configuration of various Surveyor spacecraft showing changes in scientific payloads (models).
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sources and to measure the spectra of alpha particles
scattered back. It also provided spectral data on pro-
tons produced by (a, 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 compart-
ment located on the spaceframe (Refs. 1-12 and 1-13).

Surveyor VII carried, in addition to the camera and
alpha-scattering instrument, a soil mechanics surface
sampler similar to that on Surveyor I11. The Surveyor VII
surface sampler, however, was mounted with a slightly
different orientation sc 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 111. However, on Surveyors 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 calibration, Surveyors I, 111,
V, and VI carried photometric targets on a footpad and
on an omnidirectional antenna boom; Surveyor VII car-
ried an additional target on the other omnidirectional
antenna boom.

To give greater area coverage, the auxiliary viewing
mirrors were changed from flat to couvex for Surveyors
V, VI, and VII. For Surveyor V, one mirror was oriented
iv provide a view of the alpha-scattering-instrument
senso1 head on the surface rather than of the area under
vernier engine 2, An additional viewing mirror was used
on Surveyors VI and VII so that the area under vernier
engine 2 and crushable block 2 could be observed.
Surveyor VII 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
adhering dust.

Surveyors V and VI carried a bar magnet and a non-
magnetic 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 magnets placed in the p.essure pad of the door
of the surface-sampler- scoop. All magnets could be
obscrved by the television camera.

6

Surceyors V, VI, and VII incorporated some paint-
pattern changes ‘0 reduce the brightness contrast be-
tween 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.

B. Landing Sites

Four Surveyor spacecraft landed in the lunar maria, near
the equator (Fig. 1-4). These sites were selected primarily
because they were being considered for Apollo manned
lunar landings. Survyor 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 considerable depth. The avail-
ability of Lunar Orbiter 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 I-2 lists the varieties of terrain on which the
Surveyors landed and their selenographic 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 upon radio doppler tracking
of the landed spacecraft from earth. Both of these methods
locate the site in inertial coordinates relative to the center
of gravity of the moon. The third set is a listing of the
selenographic coordinates, in the system used in
the Orthographic Atlas and in the Lunar Charts of the
Aeronautical Chart and Information Center (Refs. 1-16
and I-17). The fourth set is a listing in a more recent
selenographic coordinate system, based on the catalogs
of Mills (Ref. 1-18) and of Arthur (Ref. I-19). These co-
ordinates were obtained by determining the position of
the landed Surveyors on Lunar Orbiter photographs
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 Section III of this
Report). The Lunar Orbiter photographs were, in tum,
related to the Orthographic Atlas and Mills/Arthur co-
ordinates by matching large features, visible from earth.
Surveyor 1 was photographed on the lunar surface by
Lunar Orbiters 1 and III; Fig. 1-5 is . * enlargement
of a Lunar Orbiter photograph of Surveyor I, together
with a laboratory photograph of a durveyor model with
similar configuration and lighting. The Lunar Orbiter
photographs of the other Surveyor landing sites were
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Fig. I-4. Surveyor landing sites.
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Fig. I-5. Lunar Orbiter !!l photograph of Surveyor | on the lunar surface (enlarged from high-resolution frame H-194,
framelet 248). The superimposed image is o model of Surveyor spacecraft in a similar configuration and lighting
to the Lunar Orbiter photograph. The image of the model and shadow was photo-reduced 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 fo produce a scan pattemn.
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Table I-2. Surveyer landing sites

SPRSHES: Sy

Spacecralt locations
Selenogrephic Selenogrophic
e Inertial coordinates Inertial coordinates coordinates, coordinatus,
Spoce- Luner from from Atas /ACIC systom, | Mills/ Arthur system,
croh reglen theractoristics inflight tracking” on-surface tracking” trom surface from surfece
features’ featvres’
Longitude | Latitude | Longitude | Latitude |Longitude | Latitude | Longitude | Lathwde
Surveyor Sovthwes! part Level mare floor | 43.34°W 2.44°8 | 43.32°W .46 43.23°w 2.46°8 | 43.22°W 2.45°8
! of Oceanus of Flomsteed o
Proceliarum Ring 2.50°8
Surveyor Southeas! pert Waell of 200-m 23.4\1°W 3.0°8 23.32°w 3.06°8 | 23.34°W 2.99°8 | 232.34°W 2.97°%
m of Ocoonvs crater
Precellorym
Surveyor Sovthwes! pari Near top of 9. 23.20°¢ 1.5°N 2).20°¢ 1.42°N Neot located Neo! located
v of Mere X 12-m croter
Tranquillitatis
Surveyer Sinvs Medil Level mare area, 1.36°W | 0.42°N 1.37°wW 0.46°N| 1.39°W | 0.51°N 1.40°W | 0.53°N
vi near mare
ridge
Ejecto blonket, Hilly highlend 11.41°W | 41,01°8 | 11.44°W | 40.97°8 | 11.45°W | 40.88°8 | 11.47°W | 40.06°8
vi north of
Tycho rim
"See Ref. 111,
bSee Section X of this Repert.
*See Section 111 of this Repert.

made before the Surveyors landed. Surveyor V has not
yet been identified in Lunar Orbiter photographs; it may
be outside the Lunar Orbiter high-resolution coverage.

The differences among the four sets of coordinates are
due in part to random errors and in part to systematic
errors in the models used. Differences between the in-
ertial and the selenographic coordinates arise from uncer-
tainties in the selenographic grid and from differences
between the center of figure and the center of gravity
of the moon.

C. Spacecraft Operations

Surveyor spacecraft were launched from Cape Kennedy,
Florida, by Atlas/Centaur launch vehicles. After injec-
tion on a trajectory intersecting 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
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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 (ex-
cept for Surveyor I1I) when the spacecraft altitude was
about 4 m and approach velocity was about 1.5 m/sec,
The spacecraft then fell freely to the surface. The velocity
components at touchdown 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, 204 to 306 kg.

The vernier engines on Surveyor 111 did not shut down
before initial touchdown, but continued to burn, lifting
the spacecraft from the surface. It landed again about
20 m 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 m from
the position of the second touchdown. The vertical

*The main engine on Surveyor V, however, burned at about 1-km
altitude.




velocity component 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 engineering interrogation
was made, then an initial series of 200-line television
pictures was transmitted through an omnidirectional
antenna. The planar array antenna was then pointed
toward the eerth, and the transmission of 800-line tele-
vision pictures was initiated. Engineering interrogations
were interspersed with the various science operations.

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

Lunar operations were commanded from, and spac.-
craft data were received through, the Deep Space Station
25.m communications antennas at Goldstone, California;
Tidbinbilla (near Canberra), Australia; Robledo (near
Madrid), Spain; and Johannesburg, South Africa. Occa-
sionally, the 65-m antenna at Goldstone and the 25-m
antenna at Honeysuckle Creek (near Canberra), Australia,
were used.

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

There were 87,674 television pictures obtained from
the lunar surface (Table I-5). Photogrammetric, photo-
metric, polarimetric, and colorimetric data were included.
Among the objects observed were:

Table 1-3. Times for Surveyor touchdowns and

last data returns
Spocecraht Touchdown Lest dete return
Surveyer | June 2, 1966, Jenvery 7, 1967,
06:17:36 OMY 07:30 OMmY
Surveyer Il | April 20, 1967, May 4, 1967,
00:04:17 GMT 0004 OMY
Svrveper V September 11, 1947, December 17, 1967,
00:46:42 OMY 04:30 OMT
Surveyor VI | Nevember 10, 1967, Decomber 14, 1947,
01:01:04 OMY 19.14 OMY
Swrveyor Vil | Jenvery 10, 1968, Febrvary 21, 1968,
01:05:36 OMmY 00:24 OMY

Table I-4. Measurement sources and types of scientific
information derived from Surveyor spacecraft

Insirument or senser

Sclontitic information oblained

Lunar surface | Five sites in maria and highlands
(Fig. 1-4); objects 1% m to 30 km

from camera; undisturbed surface

Telovision camera

Alpha-scatiering insirument

$oil mechanics surface sam-
pler

Spacecraft leg strain goges,
londing rodar system,
flight control gyres, and
occelerometers

Spacecraft resistance ther-
mometers, solar panels,
sun sensors, and direc-
tional antenne

Magnets

Spacecraft vernier propul-
sion system and attitude
control je! system

Lunar lopegraphy, surface strucivre and
geoclogy; lvnar photomeliry, polerize-
tion, and color; cohesion of lunar sur-
face mater .|; terresirial photometry,
polarization, and color; terrestrial of-
mospheric transmission, color, ond
clovd petterns; solor corona exlent,
photometry, and polarization; ability
to point lasers from earth to luner
locations

Chemical composition of lunar surface
ond neor surface; radiation level on
lunar surface

Beoring and shear strengths of luner
surface and near-surface material; co-
hesion, internal friction, and density
of lunar surface material; surface rock
strength ond density

Bearing strength, cohesion, internal fric-
tien of lunar surface material; rador
reflectivity and dielectric constant of
lunar surface material; density end
elastic velocity of lunar surface material

Lunar surface temperatures, thermal in-
ertia, and directional infrared emission

Content of magnetic particles in lvnar
surface materiol

Lunar surface permeability to gases, co-
hesion, adhesion, response fo gai
erosion

and that disturbed by spacecraft;
at sun angles of 0 to 90 deg, and
in earthlight

Earth In sunlight, at various phases and
time intervals; eclipsing sun

Lasers on earth | At 1-W output

Solar corona Inner and outer, to 50 solar radii

Planets Mercury, Venus, and Jupiter

Stais To sixth magnitude
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Table 1-5. Number of Surveyor television pictures

. Se—— | S———
Pictwins token per luner doy’ Totel pictures
$ne ecrah tohse
First doy | Second doy | Pourth doy
Surveyer | 10,340 " — 11,240
Svrveyer I 6,326 — - 6,326
Svrveyer V 10.006 1,040 64 19,018
Swr. Jyor VI 29,952 — — 29,952
Surveyer VIl | 20,993 48 — 21,038
07,674 (votel)
*These numbers reflec! later information then these given in the Minien Reperts
(Refs. 1) theough |-8).

By means of the alpha-scattering instrument, chemical
analyses, covering major constituents with atomic num-
bers 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 vs penetration curve for the granular
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 and
one highland site. Strength and density of individual
rocks were also measured.

Strain gages on the leg shock absorbers of the space-
craft 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 rec-
ords 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, V1, and VII pro-
vided information on the content of ferromagnetic and
ferrimagnetic particles at two mare and one highland site.

At the mare landing sites, firings against the lunar
surface of the vernier rocket engines on Surveyors 111, V,
and VI and of the attitude control jets on Surveyors | and
VI provided information on the permeability of the
surface to gases, the lunar surface cohesion, responsc 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 m
from the surface; it landed 2.4 m from its original position.

Television pictures and other scientific data from
Surveyor may be obtained from the National Space
Science Data Center, Greenbelt, Maryland. Individual
pictures can best be identified by the spacecraft number
and GMT day of year and time at which they were
taken. Mosaics can best be identified by catalog number.

References

1-1. Surveyor I Mission Report. Part 11: Scientific Data and Results, Technical
Repor: 32-1023, Jet Propulsion Laboratory, Pasadena, Calif., June 1, 1966

1-2. Surveyor III Mission Report. Part 1I: Scientific Results, Technical Report
32-1177, Jet Propulsion Laboratory, Pasadena, Calif., June 1, 1967,

1-3. Surveyor V Mission Report. Part II: Science Results, Technical Report
32-1246, Jet Propulsion Laboratory, Pasadena, Calif., November 1, 1967.

1-4. Surveyor VI Mission Report. Part II: Science Results, Technical Report
32-1262, Jet Propulsion Laboratory, Pasadena, Calif., January 10, 1968.

JPL TECHNICAL REPORT 32-1265

o o te




References (contd)

1-5. Surveyor VII Mission Report. Part Il: Science Results, Technical Report
32-1264, Jet Propulsion Laboratory, Pasadena, Calif., March 15, 1968.

1.6. Surveyor I Mission Report. Part Ill: Television Data, Technical Report
32-1023, Jet Propulsion Laboratory, Pasadena, Calif., November 1, 1966,

1-7. Surveyor (Il Mission Report. Part 111: Television Data, Technical Report
32-1177, Jet Propulsion Laboratory, Pasadena, Calif., November 10, 1967,

1-8. Surveyor V Mission Report. Part Ill: Television Data, Technical Report
32-1246, Jet Propulsion Laboratory, Pasadena, Calif., Tuly 15, 1968,

1-9. Surveyor VI Mission Report. Part 111: Television Data, Technical Report
32-1262, Jet Propulsion ".aboratory, Pasadena, Calif., August 15, 1968,

1-10. Surveyor VII Mission Report. Part 111: Television Data, Technical Report
32-1264, Jet Propulsion Laboratory, Pasadena, Calif. (to be published).

I-11. Surveyor Project Report. Part I: Mission Description and Performance,
Technical Report 32-1265, ,t Propulsion Laboratory, Pasadena, Calif. (to
be published).

1-)2. Turkevich, A,, Knolle, K., En:aert, R. A,, Anderson, W. A,, Patterson, J. H.,
and Franzgrote, E. J., “Instrument for Lunar Surface Chemical Analysis,”
Rev. Sci. Inst., Vol. 37, No. 12, pp. 1651 -1686, 1966.

I-13. Turkevich, A. L., Knolle, K., Franzgrote, E. ]., and Patterson, J. H., “Chem-
‘cal Analysis Experiment for the Surveyor Lunar Mission,” J. Geophys. Res.,
Vol. 72, No. 2, pp. 831-83b, 1967.

1-14. Willingham, D. E., Lunar Surface Generation and Surveyor Landing Anal-
ysis, Project Document 602-4, Jet Propulsion Laboratory, Pasadena, Calif.,
1967.

1-15. Filice, A. L., Thornton, T. H., and Willingham, D. E., Surveyor Landing
Site Selection, Project D) )cument 602-20, Jet Propulsion Laboratory, Pasa-
dena, Calif., 1967.

1-16. Orthographic Atlas of the Moon, Supplement 1 to the Photographic Lunar a
Atlas, compiled by D. W. G. Arthur and E. A. Whitaker, University of :
Arizona Press, Tucson, Ariz., 1961. i

1-17. Lunar Charts, Aeronautical Chart and Information Center, St. Louis. Mo., ,
1961-1968. '

I-18. Mills, G. A., “Absolute Coordinates of Lunar Features,” Icarus, Vol. 7, pp.
183-200, 1967, and Icarus, Vol. 8, pp. 90-116, 1968.

1-19. Arthur, D. W. G., “The Tucson Triangulation,” and other related papers,
accepted for publication, Communications Lunar and Planetary Lab.,
University of Arizona, Tucson, Ariz.

1-20. Spradley, i.. H., Steinbacher, &., Grolier, M., and Byrme, C., “Surveyor I:
Location and Identification,” Science, Vol. 157, pp. 681-683, 1967.

T —— —

12 JPL TECHNICAL REPORT 32-1265




Acknowledgment

We extend appreciation to Mr. S. E. Dwornik, NASA, and Dr. T. Vrebalovich
and Mr. E. M. Christensen, JPL, who were responsible for the planning and
conducting of major portions of the Surveyor science effort; to Mr. A, L. Filice,
Mr. D. Willingham, Mr. J. N. Strand, and Mr. D. L. Smyth, JPL, for evaluations
of potential landing sites; and to Mr. S. Z. Gunter, Mr. ]J. N, Strand, Dr. S. L.
Grotch, and Mr. R. A. Bideaux, JPL., who were responsible for science data
handling.

JPL TECHNICAL REPORT 32-1265




PRECEDING PAGE BLANK NOT FILMED.

Il. Principal Science Results From the Surveyor Project

L. D. Jaffe (Chairman), C. O. Alley, S. A. Batterson, E. M. Christensen,
S. E. Dwornik, D. E. Gault, J. W. Lucas, D. O. Muhleman,
R. H. Norton, R. F. Scott, E. M. Shoemaker,
R. 4. Steinbacher, G. H. Sutton,
and A. L. Turkevich

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 high-
land site in the southern hemisphere. The aiming areas,
selected before launch, were chosen after examination of
telescopic and Lunar Orbiter photographs (except for the
Surveyor I mission, which preceded the Lunar Orbiter
flights). All five spacecraft landed within there selected
areas. The landing sites were:

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

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

Surveyor V. Steep, inner slope of a 9- by 12-m 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 one radius from, the rim of the crater Tycho in
the highlands.
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At each of the Surveyor landing sites, the lunar surface
is covered by a layer of fragmental debris, predominantly
fine-grained, whick 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 rr 3olith (10 to 20 m) was found at the Surveyor VI
site. The regolith near Surveyor I is 1 to 2 m thick, and at
the Surveyor V site is less than 5 m. The thickness of the
regolith within the 200-m crater where Surveyor III
landed varies from about 1 to 2 m on the rim to perhaps
10 m or more at the crater center.

A. 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 are cup-
shaped with walls and floor concave upward and low,
subdued rims; 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 Surveyor V site and were




observed at the Surveyor III site; these may have been
formed by drainage of the surficial fragmental debris
into subsurface 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 Llocks or clods of weakly
cohesive, fine-grained material ejected from nearby

primary 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 corresponds to that expected for a steady-state
population of craters produced by prolonged, repetitive
bombardment by metecroids and by secondary fragments
from the moon. There are fewer craters larger than 8 m
in diameter at the Surveyor VII site than at the mare
landing sites; this indicates that the Tycho rim material
on which Surveyor VII landed is relatively young.

B. Resolvable Rock Fragments

Some rock fragments are on the surface and others are
partly embedded to various depths in a finer-grained
matrix. The fragments are scattered somewhat irregu-
larly, 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 resolvable rock frag-
ments; 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 fairly
deeply embedded in the finer surface material. The frag-
ments 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 fragments are probably pro-
duced 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 Surveycr VII.
This rock was rounded on the exposed side and angular
on the subsurface side. Spotted rocks, cLserved at the
Surveyor I and V sites, are common near Surveyor VII.
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In many cases, the lighter material forms slight protru-
sions on the fragment, 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/cm®, with a most prob-
able value of 2.8 to 2.9 g/cm®. A similar rock was broken
by a moderately strong blow from the surface sampler.
Most of the resolvable blocks on the lunar 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 par-
ticles. Some of these aggregates are compact and angular,
whereas others appear to be porous and probably are
only weakly compacted.

C. Particle Size

Between 4 and 18% of the lunar surface is covered by
fragments coarse enough to be resolved by the television
camera (coarser than 1 mm). The size-frequency distribu-
tion of re-olvable fragmental debris at each Surveyor land-
ing site can be represemed 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 five to ten times more
abundant on the rim of Tycho than on the maria.

The ability of the finer-grained matrix material to
conform to smooth surfaces and to preserve fine imprints;
its permeability toc 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,;.

D. 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 centimeters, as indicated by the
footpad and crushable block imprints; and its static
bearing strength increases with depth as follows:

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

(2) At a depth of 1 to 2 mm: 0.2 N/cm? (from: imprints
of the alpha-scattering-instrument senso head).
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(3) At a depth of about 2 cm: 1.8 N/em? (from im-
prints of crushable blocks on Surveyors VI and VII).

(4) At a depth of about 5 cm: 5.5 N/cm® (from pene-
trations of footpads on Surveyor I).

The higher rock population at the Surveyor VII site did
not, in general, increase the bearing strength of the soil
compared with that at the Surveyor I, II1, and VI sites.

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

Viscous soil erosion (erosion by the entrainment of soil
particles as gas flows over the surface) occurred during
vernier engine and attitude control jet firings. During the
Surveyor V vernier engine firing, soil and rock fragments
up to 4.4 cm in diameter were moved by viscous erosion.
At engine shutdown, exhaust gas, which had diffused
into the soil, eruyted, producing a crater 20 cm 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 25cm is 1 X 10-* to 7 X 10-* cm?,
This corresponds to the permeability of terrestrial silts.
The soil cohesion bounds were determined to be:

(1) 0.007 to 0.12 N/cm? (from vernier engine firings).
(2) 0.05 to 0.17 “i/cm? (from attitude control jet firings).

Lunar material thrown against spucecraft surfaces in
several cases adhered to the spacecraft components.
Adhesion of soil to the Surveyor VII surface-sampler
scoop was observed to increase toward the end of the
lunar day. The adhesive strength of the lunar material
impacting, and adhering to, the Surveyor VI photometric
target is estimated to be between 10? and 10° dynes/cm?.

Soil properties, sirailar to those described, also were
indicated during the surface-sampler operations. The
bearing strength values and the soil behavior during all
tests are consistent with a granular material possessing a
cohesion of 0.035 to 0.05 N/cm? an angle of internal
friction of 35 to 37 deg, and a density of about 1.5 g/cm?.
These values apply to soil depths between a few milli-
meters and about 10 cm. An increase of strength with
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depth in the soil near Surveyor III 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 11 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 millimeters to about 10 cm.

E. 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. Photo-
metric measurements at each Surveyor landing site show
that the undisturbed fine matrix of the mare surface has
a normal luminance factor (normal albedo) that varies
from 7.3 to 8.5%, and the mare material disturbed by the
footpads and by the surface sampler has a normal lumi-
nance factor that ranges from 5.5 to 7.6%. The normal
luminance factor for the fine-grained, undisturbed and
disturbed material at the Surveyor VII site is higher than
that of the corresponding mare material. The normal
luminance factor for the rock fragments ranges from
f to 22% 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%
polarized at phase angles near 120 deg. This suggests
these rocks are crystalline or glassy, and that their
surfaces are relatively free of fine particles.

Observations of the fine-graired parts of the lunar sur-
face disturbed by the landing and liftoff of the Surveyor VI
spacecraft, and by rolling fragments set in motion by
the spacecraft, have shown that lunar material exposed
at depths no greater than a few millimeters has a signifi-
cantly 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 occurrence of this
rather sharp contact of material with contrasting optical
properties at widely 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 i« not destroyed as a result of
repetitive turnover of the | .nar surface by solid-particle
bombardment.
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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 photometric function of the smoothed
surfaces is more like that of a Lambertian scatterer than
the undisturbed, fine-grained lunar material. This indi-
cates the pore spaces of the fine-grained material tend to
be filled in by compression against smooth surfaces on
parts of the spacecraft.

In general, lunar surface temperatures derived 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 post-sunset data, whereas the
values for earth-based post-sunset 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 space-
craft. When Surveyors I1I and V landed in craters, it was
observed that the local lunar surface temperature de-
pended 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 min of the descent 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 deg. The general form
of these functions for all landing sites is approximately
the same. However, the entire curve is higher by nearly
a factor of two 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 reflec-
tivity of the Tycho rim area is cbout 30% higher than
the average reflectivity of the moon as measured from
earth; the mare areas are about 30% lower. In particular,
it is estimated that the reflectivity of the Surveyor V area
(Mare Tranquillitatis) is between 3 to 5% . 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.

F. Chemical Compesition

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 high-
land site (Surveyor VII mission), the presence of mag-
netic material in the lunar soil was demonstrated, and
the amounts of the most abundant chemical elements
were esiablished.

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 chemi-
cal element on the moon is oxygen (57 =5 atomic %);
second in abundance is silicon (20 =5 atomic %); and
third is probably aluminum (about 7 atomic %). 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 highland 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 is relatively stable chemically
(although a small amount of radiation-decomposed ma-
terial 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 chemi-
cal composition found is significantly different from the
most common meteorites (metallic or stony) falling on
the earth,

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

The similarity of the lunar samples with basaltic com-
position and the morphology of surface features observed
in terrestrial and Lunar Orbiter photographs are strong
circumstantial 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
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an explanation for the albedo differences between these
two major geologic units and, in addition, suggests a sig-
nificant difference in rock density consistent with isostasy.

G. Observations of the Earth and of the
Solar Corona

Pictures of an eclipse of the sun by the earth were
made during the Surveyor I1I 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 due to refraction by
the earth’s atmosphere and that clouds present at the
limb occulted the light.

JPL TECHNICAL REPORT 32-1265

During the Surveyor VII mission, pictures of the earth
were taken with various polarizing Rlters. The highly
polarized component of light appcars to be due to specu-
lar reflection from ocean surfaces. Pictures of earth-based
laser beams dirccted toward the spacecraft’s lunar loca-
tion 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, from the innermost
K-coronu a* 2 sclar radil to well beycnd the known outer
F-corona at 20 solar radii. The data will provide infor-
mation on th~ previously unobserved region between
15 ond 50 solar radii.
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lll. 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 lunar surface. Surveyors I,
IIl, V, and VI landed on mare surfaces; Surveyor VII
landed in the southerm highlands on the flank of the
crater Tycho, the youngest, large bright-ray crater on
the moon. Table III-1 lists the days and times of landings
of each spacecraft, their location and the sun elevation
at the time of landing.

Surveyors I, 111, V, and VI provided pictures of various
lunar mare features, such as the surface in inter-crater
areas, the inner walls of a large 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 super-

imposed on a broadly undulating surface. Ths Surveyor
VII pictures revealed a great variety of coarse rock
fragments probably excavated from the depths of Tycho.
Some fragments are vesicular, others appear dense; some
fragments are spotted, suggesting differences in crystal-
linity or composition in the fragments.

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

Sterevscopic pictures of the lunar surface were ob-
tained from Surveyors VI and VII. Surveyor VI vernier
engines were ignited; the spacecraft lifted off the lunar
surface and landed about 2.5 m from its original position,
thus providing a base for stereoscopic pictures. Surveyor

Table lli-1. Surveyor times, locations, and approximate sun elevations at landing

Location (selenographic coordinates) Approximate
st (OMT hriminisec) RN SSvaion
e Longitude Latitude of landing, deog
Suivayor | 06:17:36 on June 2, 1966 43.22°W 245°S 28
Surveyor Il 00,04:17 on April 20, 1967 23.34°W 297°8 "
Surveyor V 00:46:42 on September 11, 1967 23.20° 1.42°N 7
Surveyor VI 01:01:04 on November 10, 1967 1.40°W 0.53°N 3
Surveyor Vil 01:05:36 on Janvary 10, 1968 11.47°W 40.86°S 13
JPL TECHNICAL REPORT 32-1265 2




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 spacecraft. Stereoscopic pic-
tures 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 trans-
mitted over 800 pictures during the second lunar day of
operation; subsequent engineering interrogalions were
continuc.J through January 1967. After a warmup period
of about 147 h after sunrise 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 hr after sunrise on 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 space-
craft were received at the Goldstone, California, Track-
ing Station of the Deep Space Network. Pictures were
also received at the Canberra, Australia, and Robledo
(near Madrid), Spain, Tracking Stations.

A. Television Camera
D. R. Montgomery and E. C. Morris

Surveyor's 7.31-kg (16.1-1b) television camera (Fig.
I11-1) consisted of a mirror, filters, lens, shuttc., vidicon,
and attendant electionic circuitry. Each picture, or
frame, was imaged through an optical system onto the
photoconductive surface of a vidicon, which was scanned
by an electron beam. The camera was designed to ac-
commodate scene luminance levels from about 0.008 to
2600 ft-L, employing both electromechanical mode
changes and iris control. On the Surveyor I, III, and V
missions, frame by-frame coverage of the lunar surface
could be obtained over 360 deg in azimuth and from
40 deg above the plane normal to the camera Z axis to
—65 deg below this plane. On the Surveyor VI and VII
missions, the coverage in elevation was increased to +90
deg above the plane normal to the camera Z axis. The
camera was capable of a resolution of about 1 mm at
4 m and could focus from 1.23 m 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.

Fig. lll-1. Surveyor | television camera.

The edge of the mirror (Fig. III-2) was a 10.5- by
15-cm ellipse, and the mirror was supported at its minor
axis by trunnions, Its reflecting surface was formed by
vacuum deposition of Kanigen on a beryllium blank,
followed by a deposition of aluminum and finally by
deposition of silicon monoxide. The reflecting surface
was flat within % wavelength, at A = 550 mu and had an
average specular reflectance of 86%. 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 potentiometer.

Within the mirror housing was a filter wheel (Fig.
111-3), which contained three color or polarizing filters,
in addition to a fourth section containing a clear element.

The image was formed by means of a variable-focal-
length lens (Fig. 111-4), placed between the vidicon and
the mirror assembly. The focal length could be varied
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Fig. l-2. Mirror assembly of the Surveyor television
camera, (a) Surveyor | television camera hood and mirror
assembly. A small visor was added to the top of the
hood on the Surveyor Il camera. (b) Mirror assembly
and redesigned hood used on Surveyors V, Vi, and VII.
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Fig. 11-3. Filter wheel of the Surveyer tclevision camere.

from 25 to 100 mm, resulting in optical fields of view of
about 25.3 to 6.43 deg; however, the camera was always
operated at either the 25- or 100-mm focal length. Addi-
tionally, the lens assembly could be varied in focus by
means of a rotating focus cell. An adjustable iris pro-
vided effective aperture changes from f/4 to /22, in
increments which resulted in change of aperture area by
a factor of one-half. The iris could be controlled by com-
mand; also available was a servo-type automatic iris con-
trol, which adjusted the aperture area in proportion to the
average scene luminance. As in the mirror assembly,
potentiometers 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% of incident light for operation ot the
automatic iris,

Light energy from object space was converted to an
equivalent electrical signal in the image plane by the
vidicon tube (Fig. III-5). The size of the image frame on
the vidicon tube was 11 mm square. A reference mark
was included in each corner of the scanned frame, which
pirovided, in the video signal, an electronic level repre-
senting optical black for the scanned image. In the
normal, or 600-line mode of operation, the frame was
scanned once each 3.6 sec. Each frame required nomi-
nally 1 sec to be read from the vidicon and required
220-kHz bandwidth for transmission. In the second mode
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Fig. I1l-5. Vidicon tube of the Surveyor television camere.

of operation, one 200-line frame was scanned each 61.8
sec. Each frame required 20 sec to complete the video
transmission and utilized a bandwidth of 1.2 kHz. This
200-line mode was used for omnidirectional antenna
transmission from the spacecraft.

A mechanical focal plane shutter, located between the
camera lens assembly and the vidicon image sensor
(Fig. 111.8), could be operated in two modes. In the
normel mode of operation, upon earth command, the
shutter blades were sequentially driven by rot.ry sole-
noids across an aperture in the shutter base plate. The
time interval between the initiation of each blade deter-
mined the exposure interval, nominally 150 msec. In the
other shutter mode, the blades could be positioned to
leave the aperture open and the frame scanned every
3.6 sec during 600-line operation or every 61.8 sec during
200-line operation. This open shutter mode of operation
was useful in the imaging of scenes with low luminance
levels, such as the sky with stars, and planets and the
lunar surface illuminated by earthlight.

A third operational mode, us:? for stellar observations
and lunar surface observation under extremely low lumi-
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Fig. Il-6. Shutter assembly of the Surveyor television
camera.

nance 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 cornmanded 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. Pictuses could be taken when scene

luminance was as low as 0.008 ft-L. with the integrating
mode.

Two photometric/colorimetric reference targets were

mounted on the spacecraft within view of the camera
(Fig. II1-7). These targets, one mounted on omnidirec-

N4

#

tional 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 addi-
tional target mounted on omnidirectional antenna A.
Each target was identical and contained a series of
13 gray wedges arranged circumferentially around the
target. In ad iition, three color wedges, whose CIE
chromaticity coordinates are known, were located radially
from the target center. A series of radial lines was incor-

Fig. Il-7. Surveyor V picture of photometric reference target mounted on leg 2 of the spacecraft. The

gray steps are indicated by numbers. A small pin protrudes from the cen’er -

the target and casts a

shadow downward across the target (September 16, 1967, 04:36:25 GMT).

26
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Table lli-2. Comparison of Surveyor camera characteristics: 600-line mode

Characteristic Svrveyer | Surveyor I Surveyer V Surveyer VI Surveyer VII
Dynemic renge 130 7.9 14.41) 15.41) 100
Signal-te-noise ratio, db 364 4) 43.9 40.0 43.6
Horizontal relative response ot 600 lines 0.17 0.38 0. 0.20 0.20
(ot center of vidicon)
Vertical relative response at 600 lines Not tested 0.27 0.40 0.46 0.33
(et center of vidicon)
Slope of system transfer characteristic curve 1.4 1.4 1.2 1. 0.96

porated in each chart to provide a gross estimate of
camera resolution. Finally, the chart contained a center-
post, which served as a gnomon, to aid in determining
the solar angles after lunar landing.

The basic camera design, used on the first three suc-
cessful Surveyor missions, was later improved for the last
two flights. Advances were made primarily in mirror
movement accuracy and, most important, in filter posi-
tioning 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 com-
parison of the camera characteristics on each flight is
given in Table I11-2.

B. Categories of Pictures
R. M. Batson and K. B. Larson

Surveyor television pictures were taken in scquences
called panoramic surveys and in other sequences de-
signed to obtain optimum photographic covcrage of areas
of special interest. Panoramic surveys cover the area from
65 deg below the camera horizontal to the horizon. A
mechanical stop, 132 deg counterclockwise and 225 deg
clockwise from the 0-deg azimuth, prevented taking
pictures in a very small sector. During the Surveyor I,
II1, and V missions, no pictures were taken to the left of
the 12¢-deg azimuth or to the right of the —213-deg
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 and VII
cameras, raaking 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 to record surface
detail with the highest resolution possible. Between 900
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and 1000 pictures were required to record the full pano-
rama in the narrow-angle mode. These pictures were
taken every 6 deg horizontally and every 5 deg vertically,
until the entire area visible to the camera was photo-
graphed. Successive horizontal rows of pictures were
offset 3 deg from each previous row to avoid gaps in
coverage, Iris and focus were set at their optimum values
for recording lunar surface detail. Figure I11-8 (see Table
111-3) is a diagrammatic representation of survey pano-

rama sequences in the narrow-angle mode.

Table Ili-3. Calibrated camera elevations (in degrees)
for elevation steps listed in Figs. 1ll-8 and III-9

".m Surveyor I*| Surveyor i | Surveyer V | Surveyer VI | Surveyer VI
[} -68® —667° | =701° | —69.97° | —69.9¢°
1 -63° —61.7° | —65.1° | —6497°| —64.98°
2 -58° ~568° | —601° | —59.97 | —59.90
3 -53° -51.8° | —552° | —54.97 | —54.97
4 —48° ~469° | —50.2° | —49.95 | —49.96
5 -43® -41.9 —453% | —44.95 | —4496
6 -38° -37.0 —-40.3 —39.96 | —239.94
7 -33° -32.0 ~35.3 —3497 | —34.94
8 -28" | -270 -30.3 -2996 | —29.93
9 . -22.0 -253 -2496 | —249

10 -18° | <7 ~20.3 -19.95 | —19.94
n -13® -12.3 -15.5 —1496 | 1497
12 -8 -7.2 -10.6 -9.96 -9.96
13 -3® -22 ~5.6 —4.96 —4.98
14 2® 2.9 -0.7 0.05 0.0
15 7 7.9 4.3 5.06 5.03
16 12° 12.8 9.3 10.05 1005
7 " 7.7 14.4 15.04 15.03
18 22° 227 19.4 20.04 20.01
19 27° 277 24.3 25.05 25.05
20 32® 32.6 29.2 30.05 30.03
2 ar® 34,1 35.04 34.99
22 40.04 39.98
23 45.05 44.99

SThe sequences shown in Figs. 111.8 and 111-9 were not vsed during the Surveyer |
mission, but the nominal Surveyor | elevations are shown here for reference.
"Walve not specificolly calibroted.
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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. Although 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 III-9 is a diagrammatic 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 panoramic survey sequences;
others were taken of small areas of special interest, and
consisted of only a few frames in each filter position,

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 systematica'ly
throughout each mission.

Photometric, colorimetric, and polarimetric data were
not measured on pictures taken during panoramic sur-
veys because the photometric response of the camera
changed nonuniformly with time. It was necessary to stop
periodically during photometric, colorimetric, and polari-
metric surveys to take control pictures of calibrated color
and photometric targets mounted on the spacecraft.

Pictures of stars were taken during each mission to
measure the orientation of the camera with respect to the
lunar surface. During the Surveyor III mission, color
pictures were taken of the earth during its first quarter
and during a solar eclipse. During the Surveyor VII

NEGATIVE AZWTH

— HORIZON ,LEVEL OPACECRAFY

@ PICTURE (NUMBER INDICATES NUMBER OF

[ snea oescuneo By seacecaart

PICTURE SINCE START OF COMMAND SEQUENCE

Fig. ll-9. Survey panorama sequence used for wide-angle mode operation. Pictures are taken in the order shown
by circled numbers at the camera azimuths and elevations shown. See Table HI-3 for a listing of camera elevaiion
values in degrees for each elevation step for each Surveyor mission. These sequences and numbering conventions
were used during all Surveyor missions except Surveyor |, when vertical sequences were used. Azimuth and elevation
valves on the pictures were the same for Surveyor | as those shown in the sequences, but the sector numbering
convention was different; e.g., Surveyor |, sectors 1 and 2, were equivalent to sectors 9 and 10, on all other missions.
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mission, pictures of the earth were taken through polar-
izing filters throughout the first lunar day. The earth
pictures were used for attitude determination as well as
for color and polarization experiments.

Focus-ranging surveys were taken to measure the
topcgraphy 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 measur-
ing 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 space-
craft as it moved across the eastern terrain during the

lunar afternoon. During the Surveyor VI mission, shadow
progression surveys also were taken from the second
camera position of the original sites of contact hetween
the lunar surface and the spacecraft in its first location.

Special area surveys consisted of a series of small
surveys of spacecraft parts and spacecraft/surface con-
tact areas. These were taken to examine parts of the
spacecraft for possible damage and to examine the inter-
action 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

Table li-4. Categories of pictures taken by the Surveyor cameras®

Svrveyer | Surveyar V Surveyer VI Svrveyer VI
Cotegory Surveyor il
Pirst l Second Firet Second | FPourth | Pre-hop | Post-hop Pirst Second Yool
luner day| luner day fluner day| luner doy| lunar doy lunar day| luner dey
Narrow-angle panoramas 6459° | 258 3,385° | ¢,608° 6,530° | 0,2336°| 9610 | 25 | @12
Wide-angle panoramas 1,650°| 106 650° | 2,509° 900’ 1,207 | ,227° 8,339
Photometric surveys 90 ne" | 2,034" 2,266' | 3,324' | 2967 10,800
Focus-ranging surveys n 372 2777 80 1,328 1,433 7,091
Stereo miicor survey 299 ¢! 308
Alpha-scatiering-instrument 30 75 20 252 385
support
Surveyor Vil alpha-scattering- 253 253
instrument deployment support
Surface-sampler area surveys 151 890 4 1,045
Surface-sampler operations 707 1,503 2,210
support
Special area surveys, magnets, 1,819 13§ 653 2,683 1015 634 2,062 1461 1,258 10¢ 11,159
and miscelloneous
Earth 64" 43 023 930
Stars and planets 57 23 182 L] 192 78 623
Shadow progression 202 1e 177 895 843 168 2,404
Solar corona 84 74 328 155 64
Totals 10,732 618 6,301 17,792 1015 63 12777 | 17,137 | 20916 45 87,396
11,350 6,301 18,870 29914 20,56) 87,396
aThe number of pictures listed for each mission represents the totel number of 4200-line television pictures.
picture identification dete eniries recoived by USGS from JPL. Colibration ®Includes 200-line pictures and pictures token through color filters.
m“’::'.' ;:"'”"‘”': “"’.’."'.‘;" :r‘:“"’:: m 1:.0:“ kg fincludes 200-1ine pictures and pictures token through polarizing filters.
ferences between the totels given in this table and these given in Setien | of Fincludes 200-line pictures.
this Report probably ere due to differences in counting methets. bincludes colorimetric and photomelric surveys.
bincludes pictures taken through color filters. {includes polarimetric and photometric surveys.
eIncludes pictures token through polarizing filters.
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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 pre-deployment
surveys and periudic post-deployment 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. Severs! pictures were taken of this area
under different illv.nination.

During the Surveyor VII mission, the alpha-scattering
instrument did not deploy normally to thc lunar surface,
and the surface sampler was used to deploy the instru-
ment. 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 attached to the scoop of the surface
sampler. These were surveyed under varying illumi-
nations 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 I11-4 lists the categories and numbers of pictures
taken by each Surveyor camera.

C. Location of the Surveyor Spacecraft
E. A. Whitaker

1. Selenographic Coordinates

From about 1913 to the present day, the basis for all
selenographic coordinates has been the well known cata-
logs of Franz (Ref. I1I-1) and Saunder (Ref. III-2). '{ hus,
the Orthographic Atlas (Ref. 111-3), 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 upon these measures. More
recently, these measures were checked and combined
into a single catalog by Arthur (Ref. III-4).
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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. 111-5), Mills (Ref.
111-8), Arthur (Ref. I11-7), and others. At the time of
writing, the most recent catalog is that of Mills, which
uses Schrutka-Rechtenstamm’s reduction of Franz's mea-
sures (Ref. 111-8) as control. A somewhat more extensive
catalog is that by Arthur (Ref. 111.7), which is to be
published in late 1968 or early 1960. This catalog uses the
raw measures 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 upon a number of Yerkes
Observatory 40-in. refractor plates. Typical differences
among the various catalogs are shown in Table III-5,

Table l1I1-5. Comparison of the location of three lunar
craters as listed in the catalogs of Saunder,
Franz, Mills, and Arthur

Crater Flamstood £ Pytheas A Linné A

Cataleg | )\ deg 8, deg A, dog 8, deog A, deg 8, deg

Sounder | —45.98 | —3.69 | —21.73 | +20.45 | +14.35 | +20.93
Fronz - — =217V | +20.44 | +14.39 | +20.93
Mills —4599 | —3.68 | —21.70 | +20.45 | +14.40 | +20.97
Arthur —45.99 | —3.68 | —21.69 | +20.46 | +14.36 | +20.95

Of the four catalogs, that of Franz probably contains
the largest errors, as it was based largely upon early
Lick Observatory plates of mediocre quality. That of
Saunder is generally considered to be more accurare,
being based upon Observatory of Paris and Yerkes Ob-
servatory plates of good quality. The Mills catalog is
based upon 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.

2. Location of Surveyor I

The Surveyor I spacecraft landed at a position esti-
mated from pre-landing tracking data to be 2.49°S,
43.32°W, An early attempt to correlate bright hills on the
horizon, visible in the Surveyor I panoramas, with topo-
graphic features on ACIC chart LAC 75 was inconclu-
sive, and led to a location situated well outside the 2¢
error ellipse of the tracking data (Refs. III-9 and III-10).
Whitaker repeated the attempt, however, and obtained
good correlation by using a low sunrise earth-based




photograph of the region, secured a few monthi rarlier
with the University of Arizona 61.in. NASA reflector.
This yielded coordinates of 2.57°8, 43.31°W, wel! within
the 2o ellipse (Ref. 111-11),

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 Orbiter I medium-resolution photo-
graphs of the area (the high-resolution photographs were
not usable) showed that the correlation between the hills,
as viewed by Surveyor I and Lunar Orbite~ I, was excel-
lent. This narrowed the area of search for the location of
Surveyor I to an area 3 by 1 km (Fig. 111-10). 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 be-

Fig. 11-10. Part of Lunar Orbiter | photograph M-210
showing the expected ($,) and actval (S,) pesitions of
Surveyor |. The wpacecraft is visible as a diffuse bright
spot. A and B are rock strewn craters and C is a crater
180 m in diameter.

cause of the inability to judge distances, and hence dimen-
sions, from the Surveyor nanoramas.

Subsequently, reflection data from the on-board radar
doppler sensors of the Surveyor I spacecraft were made
available (Ref. 111-12). 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 appear-
ance (A and B, Fig. 111-10), 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. 111-12). 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 resolu-
tion by Lunar Orbiter III. The location proposed by
members of JPL and ACIC was searched without success.
That proposed by Whitaker also was searched unsuccess-
fully, although a bright, rock-like object casting a long
thin shadow was detected close by. It was not possible
to reconcile the Surveyor and Lunar Orbiter data until
further work by Whitaker, et al., established the identi-
fication of the bright object casting the long thin shadow
as the Surveyor I spacecraft. The anomalous craters A
and B (Fig. 111-10) were found to be strewn with rocks,
undoubtedly the cause of the enhancements in radar
reflectivity.

A re-examination of the Lunar Orbiter I photographs
showed that Surveyor I was visible as a bright spot on
almost all frames that included the landed area; it can be
seen in Fig. I11-10. An investigation similar to Whitaker's
was conducted by Spradley, et al. (Ref. III-18), .ho
arrived at the same results.

The landed location of Surveyor I was carefully pin-
pointed on Lunar Orbiter IV photograph H-143. The
centers of 13 craters with known coordinates situated
avound this location were also pinpointed, using a small
transparent overiay provided with concentric circles for
accurate centering of the craters. Ail 14 points were then
transferred to a plastic overlay, and the positions of the
13 craters, taken from catalogs of selenographic positions
(Refs. I11-2, 111-4, and I11-6) were noted at the appropriate
places. These craters and the sources of the coordinates
are shown in Table III-6.
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Table H1i-6. Selenographic coordinates of 13 craters
vsed to determine the location of Surveyer |

Milts Arthur
Crater

A tog 8, deg A\ dog A, deg
Encke & - - -40.01 +0.36
Maestlin G -42.0 +2.91 - -
Svens P - - -44.62 +1.17
Svens PO -45.57 +0.23 - -
Flamsteed - - -44.23 -4.46
Plomsteod P - - -41.06 -47)
Plomstoed FA - - -40.78 -3.44
Plomsteed PO - - -40.53 -2.32
Flamsteed K ~43.62 -3.09 - 43.62 -3.09
Plamstoed D B - —-44.02 -3.16
Plomstood € ~45.99 -3.68 -45.99 -3.68
Plomsteed C - - -46.20 - 549
37003 - - -45.04 -1.94

It will be seen that two craters common to both cata-
logs have ideniical courdinates, giving some confidence
in the accuracy of the measures. A comparison between
the coordinates given by Saunder (Ref. 111-2) and those
listed in the tabulation, where duplicated, shows a
definite systematic difference in both A and 8. The mean
values are A(Arthur)—A(Saunder) = +0.01°; g(Arthur)
— B(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, predominantly in
the general directions east-west and north-south, by
joining the centers of appropriate craters. By simple
proportion, points were then marked on these lines giving
the intersects of each full degree line of latitude or longi-
tude, as sppropriate. Because the Lunar Orbiter photo-
graph was taken nearly vertically and because of the
small size and equatorial location of the area photo-
graphed, it was expected 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 than the other craters. These intercepts were
therefore ignored when drawing the grid. The coordi-
nates of Surveyor I were determined by simple inter-
polation from the enclosing latitude-longitude lines. They
are:

43.22°W =0.01°
2.45°S +0.01°
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On the traditional Saunder/Franz system these would
be 43.23°W, 2.46°S. 1..e probable errors were not de-
duced mathematically but were based upon the departure
from linearity of the grid iniersects.

3. Location of Surveyor 111

The landed location of the Surveyor 111 spacecraft was
pinpointed (Ref. 111-14) on Lunar Orbiter-IV photograph
H-125, as were the following eight measured points:
Mills 303, Gambart R, Fra Mauro B, Saunder 233,
Lansberg g, Euclides K, Arthur 3402511, and Lansberg N.
Adopting a similar procedure to that used for Surveyor I,
the following coordinates were determined for Surveyor
I1:

23.34°W x=001°
297°S +0.01°

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

4. Location of Surveyor V

Tho landing point of Surveyor V was situated some
distances away from the nominal aiming point. The coordi-
nates of the landed position, obtained from the pre-landing
tracking data, were 23.19°E, 1.50°N. This location, ac-
cording 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 surrounding terrain.
Although many terrain features seen in the Surveyor V
panorama appear to be too small to be seen in Lunar
Orbiter photograph H-78, this irame was se.rched ex-
tensively, but unsuccessfully, in the appropriate area for
points of correlation (Ref. I11-15).

The best post-landing tracking coordinates available
at the time of writing were 23.20°E +0.03°, 1.42°N
+0.01°.' In order 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 pin-
pointed 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

'F. B. Winn, private communication, 1968,




Fig. I1-11. Part of Lunar Orbiter V photogroph M-74
showing the estimated position of Surveyor V and error
ellipse obtained from posi-landing tracking data. The
boundary of Lunar Orbiter V photograph H-78 is also
indicated.

medium-resolution frame of the area. The probable error
ellipse was added, also the boundaries of ! unar Orbiter V
photograph H-78 (shown in Fig. III-11). All topographic
details visible in the Surveyor V panoramas are too small
to be visible in this photograph. This process revealed a
syst¢matic error amounting to 0.1° in longitude on the
ACIC charts of the region (RLC 7 and 8).

5. 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 Orbite: photograph H-108, which
prevented the inclusion of control points on the west
side; it was, therefore, neccisary 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,
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Réaumur D, and Seeliger A on frame H-102 and con-
structing 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 intersects 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°W +0.01°
0.53°N +0.01°

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

6. Location of Surveyor VII

The methods used for obtaining the positions of
Surveyors I, 111, and VI could not be used for determin-
ing the location of Surveyor VII for two reasons: (1) The
selenographic grid is not selenodetic; i.e., 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. (2) At the latitude of Tycho, latitude
circles are sufficiently curved to cause further difficulties
in att'mpting to draw a grid.

The following method was therefore adopted for deter-
mining the location of Surveyor VII. 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 Mt. Wilson, which enabled the
transference of the pinpointed 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.
I11-8), it was then possible to transfer the point accurately
to this sheet. The coordinates of the point, as read directly
from the xi-eta grid, were xi, —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
fromn the grid. These readings were then compared with
the Saunder catalog positions (Ref. 11I-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 systematic difference between this system and that
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of Arthur in this region, the final result is: 11.47°W +0.02°
longitude, 40.86°S +-0.03° latitude.

7. Summary

Table I11-1 lists the derived selenographic coordinates
for Surveyors 1, 111, VI, and VII. As Surveyor V has not
been located on Lunar Orbiter photographs, the coordi-
nates from tracking data represent a best estimate of its
location. The derived coordinates of the four located
Surveyors are repeated here:

Surveyor I:  13.22°W =0.01° longitude;
2.45°S +0,01° latitude

Surveyor I11: 23.34°W =+0.01° longitude;
2.97°S +0.01° latitude

Surveyor VI: 1.40°W =0.01° 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 deter-
minations with respect to the Arthur and Mills triangu-
lations, which show small systematic differences from the
traditional Saunder/Franz network.

D. Orientation of the Spacecraft and
Television Cameras
J. J. Rennilson and R. M. Batson

The spacecraft attitude, r: ferenced to a local seleno-
graphic system, can be determined from three inde-
pendent 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. III-16). In addition, the
attitude of the camera and the spacecraft can be eval-
uated from observations of the horizon; the east-west
component of the camera and spacecraft attitude can be
accurately determined from measurement of the position
of the western horizon ir camera coordinates and the time
of sunset

1. 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 occurs is the “attitude hold”
orientation of the spacecraft during descent. This refer-
ence is established when the spacecraft is about 13 m
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above the surface. At this altitude, the spacecraft’s Z axis
may not coincide with the local vertical;, however, the
maximum misalignment is seldom larger than 1.45 deg.
Once on the surface, the leg strain gages offer further
corrections to this attitude determination.

2. Antenna/Solar Panel Positioner (A/SPP)
Determination of Spacecraft Attitude

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 selenographic sun and earth vectors. The
attitude of the spacccraft is obtained from the difference
between the sun and earth vectors measured by the A/SPP
and the true selenographic 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 electrical 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 selenographic angle. In computing
the rotaiional matrix that defines the attitude of the space-
craft, the contribution of these errors must be minimized.
Statistical methods were applied to determine the mag-
nitude of the errors involved and their effect on the
determination of the spacecraft attitude. These methods
made use of pre-fligh’ 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 deter-
mination of the spacecraft attitude.

J. 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 co-
ordinates to selenographic coordirates. 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 dete:-
mined accurately, and thus a full correction can be made;
other errors can be estimated only. Those errors for which
the Surveyor cameras were calibrated are:

(1) Image nonlinearity.




(2) Departure of actual focal length from nominal focal
length.

(8) Misalignment and rotation of the vidicon.
(4) Mirror pointing inaccuracies.

Errors for which incomplete or no calibration was made
include optical axis/mechanical axis misalignment, lens
distortion, and variations of all these errors as a function
of temperature. Corrections for errors are usually per-
formed in the order given in the following paragraphs.

Image nonlinearity. The reseau, consisting of a 5 X 5
matrix of dots deposited on the vidicon faceplate, corrects
for nonlinearity. The basic assumption made in this cor-
rection 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 characteris-
tics; however, flight acceptance 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 focal
length. The calibrated focal length determines the angu-
lar scale of the picture. Tiie image coordinates are repre-
sented as angular displacements in azimuth anc elevation
from the coordinates of the center reseau.

Misalignment and rotation of the vidicon. Misalignment
errors of the camera optical axis with the center reseau
on 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 stel.ar vector in camera coordinates.

Mirror pointing inaccuracies. Pre-flight photoqran;
metric tests of the Surveyor cameras provided estimates
of the mirror pointing inaccuracy of each Survey:, caviera
except that of Surveyor I. The errors of wirrgs point-
ing 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 co-
ordinutes, the camera coordinate to spacecraft coordinate

rotational matrix transforms these vectors to spacecraft
coordinates. From this point, the reduction follows the
same procedures as the A/SPP attiude determinations.

'The rotational matrix of camera coordinates to space-
craft coordinates is one of the largest uncertainties in
determining the attitude of the spacecraft. Pre-flight cali-
bration of this matrix was performed only on Surccyors 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 variations 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 step-
ping 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
camer. showed variations in position of objects on the
horizon up to 0.2 deg during the lunar day.

Table I11-7 lists the camera attitude in selenographic
coordinates for each successful mission. The attitude was
derived from observations of the stars and planets. Table
II1-8 lists the combined spacecraft attitudes for each
mission from the three sources of data: gyro error, A/SPP
position, and television camera observations. The relation-
ship of the angles of spacecraft geometry is shown in
the sketch.

Table lll-7. Camera attitudes in selenographic

coordinates
Parameter 1, deg 2, deg ¢3, deg
Surveyor | -58.0 £0.7| 17.1 £0.5 | 567 +0.7
Surveyor Ili 228.5 +0.9| 22.4 +0.7 | 84.0 +0.9
Surveyor V 263.0 +£0.7| 33.5 +£0.5 | 21.6 +0.6
Syireyor VI
Before hop —-19.5 £0.2| 153 +0.2 | 49.5 +0.2
f After hep -323 +0.2| 122 +0.2 | 58.3 +0.2
Surveyor ViI 1965 +0.5| 14.0 £0.3 | 51.6 +0.5
During most of day

¢, ongle to the camera tiit vector measured in the herizontal plane from lunar
east, negative counterclockwise and positive clockwise

¢, vertical angle of the camera tilt vector measured from local vertical

¢, horizontal angle from the camera tilt vector to the camera O-deg azimuth
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Table 111-8. Spacecraft attitudes

Spacecralt Tilk magnitude, 3, dog Tik divection, a, deg Rell, 0, dog Remarks
Surveyor | 0.4 233 89.5 No error analysis performed
Surveyeor Il 12,0 142.8 44.2 No error analysis performed
Surveyor V 19.5 £0.8 2624 £0.8 243 £20 Before stutic firing
Svrveyor V 167 £1.8 260.) 1.5 25.2 £3.0 After static firing
Surveyor VI 1.9 £0.7 307.1 07 1186 £1.0 Before hop
Surveyor VI 40 23 4.5 +23 1136 £1.8 After hop

ZENITH

- EAST

+r

SOUTH

a ezimuth of tilt direction measured positive clockwise from <+ X axis

B magnitude of tilt measured positive clockwise from —2Z axis

o roll angle of + X axis from east measured pesitive clockwise in the spacecraft's
x-y plane

X

SPACECRAFT
COORDINATE SYSTEM

Spacecraft attitudes were verified by an independent
method of computing the position of the horizon in camera
coordinates. If the horizon were a circle with the camera
in the center, ii could be plotted on a cylindrical pro-
jection in camera coordinates as a sinusoidal curve, the
amplitude of which (above or below the 0-deg camera
elevation) is equal to the magnitude of camera tilt. The
camera coordinates of two or more observed pcints on
the horizon (differing in azimuth by 15 to 165 deg) 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 space-
craft by horizon measurement are the same as those
listed for reduction of stellar observations. In addition,
no horizon viewed by Surveyor was perfectly smou.h,
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and departure of the observed horizon from the theoretical
horizon may aiso lead to errors in attitude determination.
At most Surveyor landing sites, however, the observed
horizou is sufficiently close to the theoretical horizon that
when large numbers of points on the horizon were used
in several combinations, the standard deviations in com-
puted camera attitude were small.

Most of the observed horizon points used in this kind
of attitude computation are selected by subjective inter-
pretation, but the location of the theoretical horizon in
places can be determined more rigorously. For example,
several distant ridges of known height were visible along
the northerw. horizon at the Surveyor I landing site. The
vertical angles between the theoretical horizon and the
summits of these ridge, therefore, could be computed as
a function of the height and distance of the ridges relative
to the camera. The accuracy of this computation is pri-
marily a function of the accuracy with which the heights
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of the ridges are known; in this case, it was about +0.1
deg. Several data points were added to the determinations
of horizon position for Surveyor I 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 topographic prominences west
of the spacecraft, sunset came earlier to most Surveyors
than that predicted from ephemeris data. The angular
height of these prominences above the theoretical horizon
could thus be computed as a function of the time differ-
ential between actual and predicted sunsets at each land-
ing site. The selenodetic landing site locations and the
actual sunset times for each Surveyor mission are known
accurately enough that the location of the western horizon
can be computed within approximately =+0.15 deg.

Table III-9 shows the camera attitudes determined
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 (Table I11-7).
The large discrepancy in the different solutions for the
Su, "eyor V orientation is in a north-south direction, and
cannot be resolved by using the sunset data.

Table 111-9. Camera attitudes from horizun

measurements
Parameter ®1 *' @2, “. @3, “.
Surveyor I* -63 +3 16,1 +0.5 | 52 +3
Surveyor I 227 +2 23.5 +0.2 | 83 +2
Su-veyor V (before 271 +2 310 £0.2 | 30 +2
September 24, 1967)
Surveyor V 271 2 330 +£0.2| 30 +2
(September 24, 1967)
Surveyor VI before hop -22 +3 154 £03 | 47 +3
(before November 17,
1967, 10:32 GMT)
Surveyor VI after hop -32 +3 11,6 £03 | 59 +3
(after November 17,
1967, 10:32 GMT)
Surveyor VII® (before 196.5 +0.5| 14.0 £0.3 | 51.6 +0.5
Janvary 19, 1968)
Surveyor ViI 194.2 +0.5] 13.8 £0.3 | 49.3 +0.5
(Janvary 19, 1968)

*An anevlar misalignment of approximately 0.25 deg in the direction of camere
tilt apparently existed in the optical train of the Surveyor | camera.

bThe horizon at the Surveyor VII landing site was teo irregular to make accurate
measurements. Therefore, the attitude of the camera as listed In Table 111.7 is
repeated here. The location of the true western horizon, as determined from the
time of sunset, provided an aottitude determination consistent with the vaeluc.
shown. The second orientation, relative to the first orientation, was determined
by measurements of the shift in the position of the tvve horizon, as determined
from the attitudes listed in Table 111.7.
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E. Topographic Mapping Methods
R. M. Ba!son

Topographic and planimetric maps have been made
from Surveyor television pictures by four basic techniques:

(1) Focus ranging.
(2) Stereoscopic phliotogrammetry.
(3) Shadow measurement.

(4) Photographic trigonometry.

Focus ranging is a near-field (i.e., within 10 m of the
camera) mapping method that is based on the limited
depth of field in pictures taken in the narrow-angle .node
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 each picture
are located on u mosaic of focus-ranging pictures taken
at specific focus settings. The camera azimuth and ele-
vation of the center of the area of best focus for that focus
setting are determined by graphical measurement. The
location of the point of best frcus on the lunar surface
is then computed from azimuth, elevation, and calibrated
focus distance. A point 10 m below the intersection of
the camera azimuth and elevation rotation axes is used
as the origin of the coordinate system, and the x-y plane
of the system is oriented parallel to the lunar level plane.
Contour lines are drawn by interpolation | etween control
points. Planimetric features, such as criters and rock
fragments, are plotted by reference to a grid system on
the x-y plane consisting of lines of equal camera azimuth
and lines of equal camera elevation, as determined by
focus ranging (Figs. 111-12 and 111-13).

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 surveys is required to
provide a sufficient density of control points to map the
near field at a Surveyor landing site.

Stereoscopic photogrammetry is the most accurate
method for mapping the near field of Surveyor landing
sites. Stereopsis is present in pictures of the same surface
taken from two different locations. it the relative posi-
tions of the two camera stations and the relative camera
orientations at the time the pictures were taken are all
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Fig. 11-12, Grid on an x-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 | landing site.

accurately known, then the locations of the features in
the pictures can be computed by triangulation.

Stereoplotting instruments provide a method of con-
tinuous analog triangulation. These instruments are used
to recreate an optical, three-dimensional mode) of the
surface to be mapped, which can be viewed and mea-
sured by the stereoplotter operator. This is done with
an index mark in the form of a puint of light or a black
dot, which appears to float in the three-dimensional
model and which can be moved horizontally and verti-
cally 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 unique requirements imposed by
stereoscopic pictures taken by Surveyor television cam-
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eras. Measuremeats with these pictures must be made
analytically, one point at a time, or with a stereopiotter
specially designed for use with Surveyor tclevision pic-
tures (Fig. I11-14).

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
orientation 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, elevation, and distance to the shadow
is then used to compute the location 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
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Fig. 11-13. 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.

used for distances between 5 and 100 m. This shadow,
which is approximately 1 m wide, is too large to make
any bu* gross topographic measurements in the near
field. It has heen found to be an accurate (2=5%) way to
measure distar.ce as great as 100 m 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 photographs with features re-
corded 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 spacecraft on Lunar Orbiter photographs.
Heights of features visible on Lunar Orbiter photographs
and Surveyor pictures are computed as a function cf the
distance of the feature from the Surveyor 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 pic-
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tures. From the set of heights thus computed, contour
lines are plotted by interpolation. The accuracy of these
~ontour lines is a function of distance from the space-
craft and density of control points in the immediate
vicinity of the contour 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 arc observed. A comple-
mentary set of conditions applics to the area west of
the spacecraft.
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Fig. l-14, Surveyor photo-restitutor. This instrument was originally designed to rectify monoscopit Surveyor
pictures, but has been modified for use as an anaglyphic stereoplotter. Each projector is a geometric analog of
the television camera. Glass transparencies, 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 each picture was taken. One picture is projected with red light; the other is projected with blue
light on @ white screen or platen. The operator wears spectucles with one red lens and one blue lens, enabling him
to see 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.

F. Landing Site Maps
R. M. Batson

A topographic map of the landing site of Sur. eyor I,
the only Surveyor photographed by a Lunar Orbiter
spacecraft (Fig. III-15 and Ref. I1I-13), is being made
by the photographic trigonometry method. The Air
Force Chart and Information Center (ACIC) has cora-
piled a map of the site by stereophotogrammetric meth-
ods (Ref. III-17) from the Lunar Orbiter photographs.
The ACIC maps are being used in conjunction with the
Surveyor pictures and the Lunar Orbiter photographs to
make accurate correlations and topographic measure-
ments of the Surveyor I landing site.
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Only four focus-ranging surveys were taken during
the Surveyor I mission; consequentiy, features near the
Surveyor I spacecraft cau be located only approximately
by assuming a datum aud plottin; the location of the fea-
ture as a function of its vertical angle from the Surveyor
camera and the height of the camera above the datum.
Figure II1-16 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 I11-17
shows the profiles computed from focus-ranging measure-
ments made during the Surveyor I mission. A shadow
progression profile was also made along a line to the east
of the spacecraft (Fig. III-18).
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Fig. N-15. Part of Lunar Orbiter Il frame H-183. The arrow points to the Surveyor | spacecraft.

The photographic trigonometry method was first used
to make a preliminary topographic map of the Surveyor I11
landing site (Fig. I11-19). Whitaker (Ref. 111-14) located
the spacecraft by resection on Lunar Orbiter IV photo-
graph H-125, which was taken before the Surveyor III
landing. The spacecraft landed in a large crater 200 m
in diameter, and no features farther than about 150 m
from the camera were visible. The topographic measure-
ments for the map in Fig. I11-19 were based on a camera
tilt of 23.5 deg along the 83-deg camera azimuth (Ref.
111-14). Focus-ranging profiles were nat taken during th-
Surveyor 111 mission, and no large-scale, near-field may.
of the site have been ~reparad.

The landing site of Surveyor V was the first on

which the focus-ranging method was used extensively
for detailed mapping (Fig. I11-20). Shadow measurements
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were also made; these measurements agreed with 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 because 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 com-
pressed. Footpad 1 rotated about 1.4 deg, resulting in a
vertical separation of camera position of approximately
7.45 cm. This baseline should be sufficient to make meas-
urements 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 photographic trigo-
nometry is not possible.
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Focus ranging and shadow profiles were taken, but did not contain a sufficient density of points for accurate mapping.
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Fig. 111-19. Contour map of the Surveyor Il landing site. Contour lines wer
the photographic trigonometry method. Probable vertical accuracy is +0.!
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Fig. 11-21. Contour map of the Surveyor VI landing site. Contour lines were drawn by interp
photographic trigonometry. Areas known to be obscured to the Surveyor VI camera have been

Depression contoui's are not shown. Probable vertical accuracy is =3 m.
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All four mapping methods are being used to map the
Surveyor VI landing site. A thorough correlation of fea-
tures on Lunar Orbiter photograph H-121, framelets
264 through 272, has been made with the Surveyor VI
pictures, Many features are as far away as 800 m from
the Surveyor VI camera. At this distance, an angular
measurement error of +0.2 deg results in an errer in
height measurement of +28 m. For this reason and
because of a relatively low density of control points, a
5-m contour interval was used (Fig. 111-21). No fea-
tures, with the exception of the small Lrater designated
B-1, could be located and identific * east of the space-
craft; therefore, no contour lines were drawn in this
area. Areas obscured to the Surveyor camera have been
removed from the superimposed Lunar Orbiter mosaic.
Most of the features in the Lunar Orbiter photogruphs
should be visible in Surveyor piciures, but they muy 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
111-29 is a diagrammatic representation of the location of
these features in the Surveyor panorama.

The hop of Surveyor VI displaced the sparecraft 2.54
m horizontally *  vertically —0.12 m, and rotated it
counterclockwise 4.25 +-0.25 deg. The displucement was
determined by focus ranging. Because of the change in
illumination angles, both before and = ' «r 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 pre- and post-hop focus-ranging surveys. 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 he par-
allax between the two camera positions. Focus-ranging
planimetric maps of the landing site before and after the
hops were superinposed, with a 4.25-deg rotation, and
manipulated lairally until a best fit of features was
obtained. The result is shown in Fig. II1-23, When

'An independent measurement made by Christensen, et al., was
obtained by a different method (see Section IV of this Report).
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vertical heights were computed, it was found that much
better correlation between pre- and post-hop figures was
possible if 2 c1a were subtracted from all height meas-
urements made hefore the hop. Figure 111-24 is the
completed focus-renging map made from: surveys taken
before and after the hop. Both spacecraft positions are
shown, and festures identified on both sets of data
are distinguished from those identifiable on only one.

The displacement in camera position produced by the
hop permitted the taking of stereoscopic pictures. These
are being used to map the landing site in the area be-
tween 5 and 170 m from the spacecraft. The stereoscopic
cffect is difficult to use, because the hop took place very
near lunar noon, when the sun was high and the con-
trast was poor in pre- and post-hop 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 Fig. 111-14,

The Surveyor VII landing site is being mapped by
combinations of all four mapping methods. Figure
I11-25 is the map made by focus ranging. The only
stereoscopic effect in the Surveyor VII pictures was pro-
duced 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. 111-26)
was made by stereoscopic measurements of pictures
taken directly and through the mirror. This fragment
was placed in the area covered by the stereo mirror by
the surface sampler. Fi;rure 111-27 is a stereogram of the
rock showing the measured control points used for com-
pilation 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 Propul-
sion Laboratory. The entire area of stereoscopic cover-
age on the Surveyor VII landing site is being mapped
by the same method and through use of the same com-
puter program. A small-scale map of the Surveyor VII

site is also being compiled by photographic trigonometry.
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Fig. 1-23. Surveyor VI relative orientations. Features shown with screened lines were located by focus-ranging
surveys taken before the hop; features shown with salid lines were located by focus-ranging surveys taken after the
hop. The average height of fectures, measured by focus runging before and after the hop, indicates that the second
camera position is 12 cm higher than the first. Horizontnl dispiacement was 2.54 m. Measurements 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 deg during the hop.
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Fig. ll-24. Contour map (by Raymond Jordan) of the near field of the Surveyor VI landing site. The me
both bef.re and after the hop. Features that could be identified on one set of pictures oniy (taken e
screened lines, as are the locations of spacecraft parts before the hop. All other features are shown w
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Fig. 11-25. Contour map (by Raymond Jordan) of the near field of the Surveyor Vil landing site. The map was made from focus
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Fig. 1l-26. Contour map of a small rock fragment at the Surveyor VIl landing site. The map was made by photo-

grammetric measurement of stereoscopically observed control points in the stereo mirror area.
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Fig. 11-27. Stereogram of the fragment mapped in Fig. I11-26. The numbered points were used to

control the contour lines of Fig. 11l-26.

G. Geology
1. Regional Setting, E. C. Morri-

The first four successful Surveyor spacecraft landed
on broad mare plains. Surveyor I landed on a gently,
undulating mare surface partly enclosed by the rim of
a large, nearly buried crater about 100 km in diameter
(Fig. 111-28) in the southern part of Oceanus Procel-
larum. 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 photographs of this area.

Surveyor III landed about halfway up the inner,
northwest-facing slope of a 200-m-wide, subdued crater
(Fig. III-29) located in the eastern part of Oceanus
Procellarum, about 120 km southeast of the crater Lans-
berg (Fig. 111-30a). The S:rveyor III site is crossed by
faint rays from the large crater Copernicus (Fig. 1"1-20b),
400 km to the north. About 20 km west of the site, the
mare surface is broken by rcugh, hummocky terrain and
numerous isolated hills of the Fin Mauro formation of
Imbrian age (Ref. III-18). Low mare ridges and hum-
mocky terrain form the eastern boundary of the smooth
patch of mare material upon which Surveyor III rests.

Surveyor V landed in the southwzstern part of Mare
Tranquillitatis in the eastern part of the moon (Fig.
111-31), 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 Orbiter photographs of an area near the Surveyor V
site reveal many craters about 10 m across which are
also aligned in a northwest direction. Some individual
craters are markedly elongate in this same direction, These
craters may be drainage or collapse craters that are struc-
turally 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 Surveyor V crater is about 9 m wide, 12 m
long, and about 1 m deep.

Surveyor VI landed in Sinus Medii, an isolated patch
of mare material near the center of the sub-earth side of
the moon (Fig. 111-32). The surface of Sinus Medii has a
higher average albedo than most of the maria. The de-
tailed shapes and trends of mare ridges, crater chains,
and small challow trenches on Sinus Medii reflect the
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Fig. 11-29. Small part of Lunar Orbiter Ill photograph
H-154 showing location of Surveyor Il in @ 200-m-
diameter crater. The small triangle represents the true
size and orientation of the spacecraft.
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Fig. 11-28. Lunar Orbiter IV photograph H-143 of the
Surveyor | 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.




Fig. 1-30. The Svrveyor N land-
ing site. (a) The ciater Lansberg
and region to the southwest show-
ing the Surveyor NI location (small
circle). The low evening illumina-
tien emphasizes the low mare
ridge segments northeast of the
londing site and the rough, hum-
mocky topography northwest of
the landing site (photograph taken
with the 82:in. reflector at
McDonald Observatory). (b) Same
region as Fig. 11-30a with full-
moon illumination showing rela-
tionship between Surveyor I
location (small circle) and Coper-
nicus rays (photograph taken with
@ 40-in. refractor at Yerkes Observ-

atory).
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Fig. 11-31. Earth-based, telescopic photograph of Mare Tranquillitatis and the highlands to the west. Prominent
northwest-trending ridges and valleys in the highlands are part of Imbrian sculpture (photograph taken through
the 36-in. refractor at Lick Observatory).
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Fig. 11-32. Earth-based, telescopic photograph of the central region of the moen. The white circle indicates the
location of Surveyor VI (photograph taken through the 100-in. telescope at Mt. Wilsen Observatery).

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 km
long that follows a zig-zag pattern and trends generally
east-west (Fig. I11-33). Individual elements of the ridge
trend northwest and northeast. The ridge is somewhat
smaller than ridges that have been studied through earth-
based telese~pes, but it is the first such feature to be
studied from a landed spacecraft.
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Surveyor VII, the only spacecraft sent to a highland
area, 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. 111-34). The crater is sur-
rounded by the most conspicuous and extensive system
of brighi rays on the sub-earth side of the moon. From
the crest, ex'ending outward a distance of 10 to 15 km,
the rim of Tycho is composed of irregular hills and inter-
vening 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, superimposed 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.
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Fig. N-33. Lynar Orbiter Il photograph M-113 of Sinus Medii. The Surveyeor 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
center of the picture.
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Fig. 111-34. Lunar Orbiter V photograph M-127 of the crater Tycho and its northern flank. The arrow points to the
Surveyor Vil landing site.
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The rim of Tycho is composed of debris, probably
ejected from the crater during its formation, and a se-
quence 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 dif-
ferences in for. i are attributed to differ ces in viscosity
of the flows at thc time they came to rc . Surveyor VII
landing site is on one of the flows whose surface is com-
posed of irregular, low hills and depressions ranging from
100 m to several hundred meters across with scattered
blocks, small craters, and swarms of north-trending fis-
sures that occur on the flow’s crest. The Surveyor VII
landing site 1s geologically more complex and contains a
greater variety of rock fragments than any of the Surveyor
landing sites on the maria.

2. Craters, E. C. Morris and 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 metcrs 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 prob-
ably 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 aligned
in crater chains (Fig. III-35) and they are inferred to have
been formed by drainage of surficial debris into sub-
surface 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. 111-36) are inter-
preted 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. 111-37) near Surveyor VII, about
3m 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.
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The size-frequency distribution of small craters, a fc.
centimeters to several meters in diameter, was deter-
mined 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 illumination. Craters smaller than a few
centimeters, however, are difficult to recognize at low
sun elevation angles because the shadows cast by frag-
ments 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 reso-
lution of the pictures change from the foreground to the
background making it difficult to recognize small craters
of a size that are easily seen in the near field.

The size-frequency distribution of craters 2 ¢cm to 4 m
in diameter is shown in Fig. I111-38 for each of the
Surveyor landing sites and is compared with a gener-
alized Ranger VII, VIII, and IX curve (Ref. 111-19) 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 VI,
VIII, and IX curve. The low frequency of small craters
observed at the Surveyor V site may be due to incom-
pletcness of the observational data. The Surveyor V
camera was inclined toward the floor and far wall of
the crater in which the spacecraft landed; consequently,
more than 80% of the field of view below the horizon
was occupied by parts of the lunar suriace that were
not more than 6 m from the camera. Tae 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.

If 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 prolonged repetitive bombardment by me-
teoroids and by fragments of the moon itself (Ref. I11-20).
The general distribution for small craters on the lunar
plains, determined by Trask from Ranger VII, VIII, and
IX pictures, is considered to be the steady-state distribu-
tion for level surfaces (Ref. I11-19). This distribution is
a simple function of the form F = &c*, where F is the
cumulative number of craters with a diameter equal to
and larger than c, and c is the diameter Jf the craters.
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Fig. 11-35. Wide-angle picture of the northwest wall of the Surveyor V crater. Chain of small, rimless craters 20 to
40 c¢m in diameter extends from the center to the bottom of the picture (September 23, 1967, 11:26:28 GMT).
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Fig. lI1-36. Secondary impact craters. (a) Irregularly shaped crater at the Surveyor | site,
foermed 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 com-
munication; photograph by courtesy of U. S. Army).
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Fig. I1-37. Secondary impact crater, about 3 m in diameter near Surveyor ViI, formed by a large block of fairly
strong rock ejected from a nearby large primary crater. The blocky material in the crater and strewn to the left of
the crater was probably formed by the breakup of the large block upon impact. Fragments in the crater range up to
60 ¢cm across (Catalog 7-SE-22),
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\ COUNTED
-\ —— SURVEYOR I (REVISED) 459 o
—— SURVEYOR I 79
—-— SURVEYOR 7 (REVISED) 145
A —— SURVEYOR &7 609
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A Fig. 111-38. Size-frequency distribution of small craters

on the lunar surface at Surveyor I, Ill, V, VI and VII
landing sites, compared with the size-frequency distri-
" bution of craters on the lunar plains determined from
Ranger Vil, Vill, and IX pictures and extrapolated to
small sizes.
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' The exponent u for craters from 1 m to several hundred

meters in diameter was found to be —2, a value pre-
dicted by the steady-state model (Ref. 111-21), and the
constant & was found by Trask to be 10'°*/m-* 10* km?,
The size distributions 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 m
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 ux have the steady-state values, but can be repre-
sented by other functions, F = xc*, where A < u. The
intersection of F = xc* with F = @c* is the upper limit-
ing crater diameter for the steady-state distribution, here
designated c,. 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 c,; 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 diam-
cters less than c,, the cumulative number of craters is
the same for all surfaces and is, therefore, independent of

- the age of the surface.

Functions F = xc* and the values of ¢, are shown in
Table I11-10 for the Surveyor I, V, VI, and VII landing
sites. The functions and values of c, listed for Surveyors I,
VI, and VII are based on crater distributions, shown in
Figs. I111-39, 111-40, and III-11, measured from Lunar
Orbiter photographs; the function listed for the Surveyor V
site is based on the crater distribution measured by
Trask from Ranger VIII pictures of Mare Tranquillitatis,
The crater distribution at the Surveyor III landing site,
although not listed, is similar to that at Surveyor I. 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, c, = 186 m;
(2) Surveyor VI, ¢, = 100 m; (3) Surveyor I, c, = 56 m;

- and (4) Surveyor VII, ¢, = 2.7 m. In terms of cratering
history, the surface on which Surveyor VII landed, on

the rim of Tycho, is much younger than the surfaces at

_ 4 any of the mare landing sites.
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Table 1i-10. Constants and exponents of functions of
the form F = x¢, ¢, < ¢ < 1 km, fitted to the size-
frequency distributions of craters observed from
Lunar Orbiter or Ranger photographs of the
Surveyer |, V, VI, and Vi landing sites

Landing site X, m/10° km? * A . m’
Svrveyor | 101392 -3.18 10078
Surveyor V* 1012.90 -2.58 10097
Surveyor VI 1012.08 -3.10 10300
Surveyor Vi 101138 -2.93 10044

(patterned flow)
. Fe¥er o, Se <) hm

where F is the cumulative number of craters with diemeter equel to or lorger
then ¢ per 10° km®, and ¢ Is the diometer of craters in meters

L] o \VA=pw
“e (?) L@ m 10w /mb 10 k!, 4 = —2.00

“Function fitted to size-frequency distribution of craters observed from Renger VIII
photographs by N. M. Trask (Ref. 111-19),

3. 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
(<0.5 mm). The number of resolvable particles per unit
area varies from site to site; 3 to 18% of the surface was
found to be occupied by fragments larger than 1 mm.
The greatest number of large fragments was observed
at the Surveyor VII site, where fragments larger than
1 mm in diameter occupy about 18% of the surface and
fragments coarser than 10 cm in diameter occupy about
10% of the surface. Coarse fragments are an order of
magnitude more abundant at the Surveyor VII site than
fragments of similar size at the Surveyor V and VI sites,
which have the least number of coarse fragments.

Many of the larger fragments observed at each land-
ing site are partly, or entirely, surrounded by a fillet or
embankment of fine-grained material (Fig. 11I-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 G at the Surveyor VII landing
site on a smooth patch of material north of the space-
craft. Block G is about 5 m in diameter and has nearly
vertical sides more than 2 m high. The fillet surrounding
the block is about 20 m in diameter at the base and
about 1 m high at the contact with the block (Fig. I11-43).
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Ll ' R ‘T Fig. 11-39. Cumulative size-frequency distribution of
craters on the lunar surface in the vicinity of Surveyeor |,
determined from Surveyor | pictures and Lunar Orbiter I

and V photographs.
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Fig. 11-42. Part of @ narrow-angle Surveyor Il picture,

showing an angular block close to the spacecraft and

fine-grained material banked against the side of the

block facing the camera. The block is 7 ¢cm across. Note

1 ) | small particles 1 to 5 mm in diameter that can be re-

-2 = ) I ) ) —a solved in the fine-grained debris (April 28, 1967,
LOG)o CRATER DIAMETER, m 14:30:51 GMT),

Fig. 11-43. Mosaic of narrow-angle Surveyor VIl pictures of an area 350 m northeast of the spacecraft, rhowing a
large block about 5 m across (block G) and about 2 m high. The fillet surrounding the block is about 20 m in diam-
eter and about 1 m high at the contact with the block (Janvary 10, 1968, 06:54:33 and 06:58:12 GMT; Janvary 11,
1968, 12:55:16 GMT).

JPL TECHNICAL REPORT 32-1265 n




Fig. 111-44. Angular blocks, up to 2 m in diameter, which form part of a strewn field of blocks that surround @
sharp-rim crater 13 m in diameter, near Surveyor Il (April 21, 1967, 05:59:43 GMT; computer-processed).

It is possible that this large fillet has a different origin
than most of the fillets observed.

Most fragments larger than 1 m in diameter are rela-
tively rounded, except in a few cases where they are part
of strewn fields of blocks associated with sharp-rim
craters (Fig. I11-44). For the most part, *he large, rounded
fragments seem to be fairly deeply embedded in the
surface on which they are found (Ref. IIl-14). Some
smaller fragments, however, are resting on the fine-grained
matrix of the surface without being significantly em-
bedded in this material (Fig. 111-45).

Because of the relatively large size and number of
blocks in strewn fields of blocks at the Surveyor III
landing site, it has been possible to conduct a preliminary
statistical investigation 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.

The coarsest blocks scattered about the surface of the
Surveyor 111 site occur primarily in two distinct strewn
fields. One field (area B, Fig. 111-46) is associated with
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Fig. 111-45. Part of a wide-angle Surveyor il picture,
showing rounded fragment 20 ¢cm across lying on top
of the lunar surface (April 75, 1967, 09:07:06 GMT).

a sharp, raised-rim crater, about 13 m across, on the
northeast rim of the main crater in which Surveyor III
landed; the other field (area A, Fig. I11-47) is associated
with two adjacent subdued craters high on the south-
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Fig. 1l-46. Mosaic of narrow-angle Surveyer lil pictures, showing the crater 13 m across and associated strewn
field of blocks on the northeast wall of the main crater which the spacecraft is located. Outline shows the boundary
of area B, in which roundness facter and burial facter of blocks were measured (Catalog 88 SI).

' west wall of the main crater. Most of the blocks in the
strewn field associated with the crater to the northeast
of the Surveyor III spacecraft (area B, Fig. 111-46) 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 m. 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 m across. Blocks associated with the two
subdued craters to the southwest (area A, Fig. I11-47)
show a similar range in size, but are more rounded. The
larger of these two craters is about 15 m 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, wus 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.
111-48). 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 round-
ness 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 field.
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The roundness factor was measured for 25 blocks
located within a confined area in each strewn field (Fig.
111-49). Blocks associated with the sharply formed crater
to the northeast (area B) exhibit a mean roundness of
0.17 with 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 deviation 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 dis-
tant 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. III-50). The sum of
these two angles for each block, divided by 2« radians,
is here defined as the burial factor; values of this param-
eter 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. 111-51) 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 0.00. The blocks associated

73




"US £8 SoPin)) voyoupuay uas ySiy jo ssandeq sainpd ssey
W WEISIP Of POYNP NG ‘Westud D PHODOSSD WD PO Y PIYPM YW SINDD WY PIAPS OMm] PAINSDIW
SSm NP §O J0P0) [DUAG PUD JOPD) SSIUPUNS! PIYM U] ‘Y DAID Jo AIDPUNS SMOYS JWMPNQD “SIPOIY JO PPEY
MBS PUD INDD WIDW O JJOM (Samynor jo und Buimoys ‘sasnpid jy s04aaing 3Bun-mouDu Jo JDsow “zp-lil By

~

.
-
® g

- 2

- . -

o ., -
N -

-

JPL TECHNICAL REPORT 32-1265



Fig. 11-48. Mesaic of two narrow-angle Surveyor il pictures, showing block about 0.5 m acress close to the space-
craft, and position and size of circles used in measuring the roundness factor. The largest circle encompasses the en-
tire 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 radivs of the large circle is defined
as the roundness factor (April 30, 1967, 14:54:23 and 14:52:22 GMT).

with the more subdued, rounded-rim crater to the south-
west (area A) have a mean burial factor of 0.60 with a
standard deviation of burial factor of 0.07. The difference
between these means is significant at the 0.995-probability
level, by Student’s ¢ test.

No significant correlation was found between round-
ness and burial of individual blocks within each strewn
field. The linear correlation coefficient between the round-
ness 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 south\vest crater,
it is —0.16. Bo*h these coefficients are well below the
95% confidence level. If the blocks in both the strewn
fields are examined as a single sample, the linear corre-
lation coefficient between roundness factor and burial
factor is +0.13, which is also below the level of signifi-
cance. Examination of the scatter diagram (Fig. II11-52)
of burial factor versus roundness factor shows that, al-
though there is no significant linear correlation, relatively
few blocks in the strewn fields tand to have both high
roundness and a low burial factor.

Although there is no significant linear correlation be-
tween roundness and burial for blocks in a given strewn
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field presuinably of one age, there should be a correla-
tion between the roundness and degree of burial for
fragments generally mixed together in the debris layer,
or regolith. Further studies will be required to confirm

this hypothesis.

In summary, the blocks associated with the more sub-
dued craters have twice as high a mean roundess factor
as the blocks associated with the crater with a sharp
raised rim, and the blocks around the subdued crater are
significantly 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 radia-
tion. Initially, the ejected blocks tend to be shallowly
embedded 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 move-
ment of the debris layer.

Fragments less than ten or a few tens of centimeters
across exhibit a wide range of shapes, and many are
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Fig. 111-49. Histograms showing frequency distribution
of roundness factors for 25 blocks in area A and 25
blocks in arsa B, Blocks in area A, associated with sub-
dued rim craters, are significantly more rounded than
Llocks in area B, associated with a sharp-rim crater.
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Fig. 1I1-50. Mesaic of two narrow-angle Surveyor il pictures, showing block about 0.5 m across close to space-
craft 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 scene

meets the surface. The sum of the two angles divided by 2» radiuans is defined as the burial factor (April 30, 1967,
14:54:23 and 14:52:22 GMT).
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Fig. I11-51. Histograms showing frequency distribution
] T of burial factors for 25 blocks in area A and 25 blocks
in area B. Blocks in area A, associated with subdued
rim craters, are significantly more deeply buried in the
surface than the blocks in area B, associated with o
sharp-rim crater.
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Fig. 11-52. Scatter diagram of roundness factor vs burial
factor for 50 blocks in areas A and B. The roundness
factor and burial factor have no significant linear cor-
relations; relatively few blocks, however, exhibit both
high roundness and low burial.

conspicuously angular, especially at the Surveyor I, IlI,
and VII sites, Some of the smaller fragments seem to
have been broker ulong joint planes and tend to have
planar surfaces with rectangular outlines, but others are
highly irregular in shape. Some fragments exhibit fresh-
appearing chonchoidal spall or fracture surfaces. Tabular
or platy fragments were observed at some of the mare
landing sites (Fig. III-53); they resemble rock slabs
derived from flow-banded lavas.

The fragments exhibit a wide variety of surface tex-
tures and structures, but those at the Surveyor VII land-
ing 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 probably correspond
to internal planar or linear structures. Most fragments
appear to be relatively dense, but some are clearly
vesicular. Most of the fragments probably are pieces of
coherent rock, and the variety of observable character-
istics suggests a variety of lithology.

Nearly all bright, rounded fragments on the lunar
surface have a knobby, pitted surface texture (Fig.
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Fig. l-53. Part of narrow-angle Surveyor [l 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 (April 30, 1967, 14:52:35 GMT),
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Fig. 111-54, Block 30 to 40 ¢cm across about 2% m
from Surveyor VIl camera. Knobby, pitted surface tex-
ture is common on most rounded blocks on the lunar
surface. Note the large cracks in the block. Separation
of the pieces of the block may be due to thermal ex-
pansion and contraction or to seismic events (Janvary
15, 1968, 11:51:36 GMT).

111-54). 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 are produced by impact of small particles.

Light spots, which occur on a large number of frag-
ments at the Surveyor VII site, are most easily observed
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Fig. 111-55, Spotted fragment about 1% m from
Surveyor Vil camera. Bright spots have indistinct bound-
aries and vary from less than 1 mm to about 8 mm
across (Janvary 15, 1968, 11:51:05 GMT).

on relatively smooth, clean fracture surfaces (Fig. 111-55).
In most cases, the spots on a given fragment have irreg-
ular, diffuse margins and vary widely in size. In many
cases, the light material forms slight bumps, or protru-
sions, from the surfaces of the fragments; the raised
relief of the light material suggests it is more resistant
to processes of erusion 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. I11-56). The block at the Surveyor I
site has a pronounced set of fractures that appear to
intersect. These fractures resemble cleavage planes pro-
duced 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 biock. It appears that the main piece has broken,
perhaps on impact with the surface, and that it has
relatively low shear strength. Spotted, or mottled, rocks
were also observed at the Surveyor V site.

A densely spotted fragment (Fig. III-57), which lies
about 2 m from the camera at the Surveyor VII site, has
spots ranging in size from less than 1 mm to about
30 mm. The spots occupy about 30% of the surface of
the fragment. The size-frequency distribution of these
spots (Fig. III-58) suggests they may be fragments, pos-
sibly 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

JPL TECHNICAL REPORT 32-1265

Fig. 111-56. Mottled rock about 50 c¢cm long near
Surveyor |. Lighter areas, which range from a few milli-
meters up to 3 cm across, appear to stand out as knobs,
perhaps as a result of differential erosion. Note inter-
secting fractures and swarm of smaller fragments to
the left of the block (June 3, 1966, 09:33:59 and
09:33:07 GMT).

for most fragmentation processes. A more likely explana-
tion 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 occur in partially crystallized volcanic rocks
and a variety of metamorphic rocks on earth.

Small, elongate spots, ranging from 1 to 10 mm in
length, were observed on a conchoidal fracture surface
on one fragment close to Surveyor VII (Fig. II1-59).
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Fig. II-57. Spotted rock 25 cm across about 2 m from Surveyor Vil camera. The spots range from less than 1 mm
to 3 ¢cm in size. Note the indistinct boundaries and irregular shapes of most spots (Janvary 11, 1968, 06:29:29
GMT; computer-processed).
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Fig. l-58. Cumulative size-frequency distribution of
bright spots on spotted rock shown in Fig. 111-57. The
dashed line represents the mean distribution of the
bright spots and is the plot of the function N =
2 X 10°D*¢, where N is the cumulative number of
spots, and D is the diameter of spots in millimeters.

They occupy a few percent of the surface of the frag-
ment, and the long axes of the spots tend to be oriented
parallel with one another. Their orientation suggests a
flow lineation or flow foliation fabric; their relatively
high albedo suggests they may be rich in feldspar. This
suggestion is consistent with chemical analyses of both
the fine-grained matrix of the regolith and an individual
rock at the Surveyor VII landing site. These analyses
indicate the rocks at the Surveyor VII landing site are
rich in the elemental constituents of plagioclase feldspar.
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Fig. 111-59. Angular block about 18 ¢cm across about 2% m
from Surveyor VIl camera. Block has a conchoidal
fracture surface and bright elongate spots that are
roughly parallel and range from 1 to 2 mm wide and
vp to 10 mm long (Janvary 13, 1968, 10:31:04 GMT).

Most angular fragments scattered over the lunar sur-
face are conspicuously brighter than the fine-grained
matrix of the regolith at nearly all angles of solar illumi-
nation. 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 rocks rich
in magnetite or other minerals of high magnetic suscepti-
bility, or that they are mineralogically 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.
111-60). The low ridges and grooves tend to be parallel
with the edges of some of the larger planar surfaces
(Fig. 111-60). 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, rythmic layering,
or other primary structures commonly found in igneous
rocks. On the surfaces of some fragments, intersecting
sets of linear structures are visible (Figs. III-61 and




Fig. W-60. Angular block, about 10 c¢cm across, about
9 m from Surveyor Vil, with twe sets of structures on
the surface facing the camera. One set consists of ridges
parallel with the top edge of the block; the other set
consists of ridges and grooves that intersect the first
set at an angle of about 70 deg (Janvary 11, 1968,
23:56:00 GMT).

111-62). The presence of intersecting sets of structures
suggests these fragments have been dynamically meta-
morphosed. One set of structures probably corresponds
to an original or primary structure; the other set may
correspond to a secondary structure produced by meta-
morphism such as slaty cleavage.

Many fragments in the vicinity of the Surveyor VII
spacecraft and some fragments near Surveyors I and 111
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 Figs.
II1-63 through III-66. The vesicles on these fragments
are from 2 to 10 mm long, with their long axes oriented
parallel or approximately parallei 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 illus-
trated in Fig. III-65. This fragment has fairly large,
nearly equidimensional vesicles about a centimeter across

Fig. 1-61. Angular block 10 ¢m across, about 3'2 m
from Surveyor Vil camera. Two sets of intersecting struc-
tures form a pattern on the surface of the block. One
set consists of ridges parallel with the ¢dge 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 45 deg (Januvary 11, 1968, 10:11:26 GMT),

Fig. I-62. Vesicular fragment about 35 cm across,
about 7 m from Surveyor VIl camera. Note the slight
banding due to subdued ridges and grooves that ex-
tend 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 deg to the banding (Janvary 15, 1968,
12:15:11 GMT).
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Fig. 11-63. Vesicular rock approximately 50 cm long near Surveyor I. Elongate vesicles (dark elliptical spots) range
vp to 8 mm long and have their major axes roughly parallel.
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Fig. 11-65. Rounded, vesicular fragment 16 cm across,
about 3 m from Surveyor Vil 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 (Janvary (1, 1968, 23:50:47 GM).

Fig. 111-64. Vesicular fragment about 10 e¢cm across,
about 2': m from Surveyor VIl camera. Vesicles are 3 to
5 mm across and up to 10 ecm long. Meost of the
vesicles are elongate with the long axes oriented
approximately parallel to one another (Janvary 18,
1968, 13:56:36 GMT).

Fig. 111-66. Vesicular block about 50 ¢cm long and 15
em thick,about 4% m from Surveyor VIl camera. Vesicles
are up fo 1 cm across and 2 cm long. Note smooth,
vndulating, slightly concave surface on the bottom side
of the block and the paralliel band of elongate vesicles
whose long axes intersect the edge of the smooth surface
at a large angle (Janvary 11, 1968, 14:04:59 GMT).
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and smaller vesicles as much as 1 cm long, but only 1
to 2 mm wide.

One of the most interesting fragments observed 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. 111-66). This fragment
has two kinds of surfuces: One side is a smooth, undulat-

ing, slightly concave surface; the rest of the surface is
relatively rough or porous in texture and is partly occu-
pied by vesicles. A row of vesicles pacallel with the
edges of the smooth surface occurs along the side of
the fragment facing the camera. Some of the other ves-
icles observed on this side of the fragment are elongate
and oriented parallel to one another; the orientation of
their long axes inters: .. the row of vesicles and the edge

Fig. I1-67. 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 frag-
ment. Slaty cleavage produced in the sandstone during plastic flow under high shock pressures intersects the relict
bedding at an angle of about 80 deg.
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of the smooth surface at a fairly large angle. Thus, in
this fragment, there is evidence both of melting and
of intersecting structures. Its structure is similar to that of
the shock-metamorphosed fragment from Meteor Crater,
Arizona, shown in Fig. 111-67. The smooth, undulatory
surface may be a chilled margin, as found on the sur-
faces of shock-melted ejecta from impact craters.

4. Size-Frequency Distribution of Fragmental Debris,
E. M. Shoemaker and E. C. Morris

The size-frequency distribution of the resolvable frag-
ments 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 which appeared to be repre-
sentative 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 III 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 mm or 2 mm to about 10 cm to 1 m, 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 smail craters and lumps or aggregates
of fine particles, are not generally observable; only fea-
tures of sharp, or abrupt, relief can be detected. Thus,
the particles counted were selected on the basis of sharp-
ness of relief. In addition, nearly all the particles counted
were significantly brighter thun the unresolved fine-
grained matrix. Sharpness of relief and brightness are the
criteria used to distinguish objects judged to be indi-
vidual rocky chips of fragments from weakly coherent
aggregates of fine-grained particles. The weakly coherent
aggregates generally exhibit low relief and are photo-
metrically 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.
111-10 and III-15), but these data are not discussed here.

Larger rocky fragments on the lunar surface, in gen-
eral, are easily distinguished and measured. The data

for these coarser fragments probably contain relatively
little error or investigator bias attributab'e to difficulties

of fragment recognition. Significant investigator bias
ptobablymtenmtotlwcoumdnmllptﬂklc‘.how

where the size of the particles counted
npproucheo the limit of resolution of the television
pictures. Althov.ih the effective ground resolution in
pictures taken near the spacecraft is about 0.5 mm, in
optimum cases, a practical cutoff in particle counts at
each landing site was about 1 mm particle diameter.
All counts were made by one investigator (Morris); thus,
the investigator bias for small particles probably is con-
sistent for the data from each landing site.

Variations exist in the accuracy of the counts at differ-
ent landing sites. These variations are due primarily to
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 IIl 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 approximately linear relation-
ship, between the log of the cumulative particle counts
and the log of the particle size (Fig. 111-68). The general
trend of the particle counts at each landing site, for all
sample areas combined, shows a similar linear relation-
ship. 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 statistical meth-
ods, inasmuch as the data are preliminary and do not
warrant more sophisticated analysis. Final studies of
particle sizes will be based upon a much more compre-
hensive count of the particles observed at each site.
Constants and the exponents of functions of the form
N = KD", 1 mm <€ D < K-'/7, 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, fitted by eye to the data at each
landing site are shown in Table III-11; the functions are
shown in Figs. 111-69 and III-70. "

As shown in Fig. 11169, 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 = 3 X 10* and y = —1.7,. These values,

published in Refs. III-9 and I11-22 were based on a count '}

of about 825 particles. A later fit gave K =50 X 10+ ||
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Fig. -68. Cumulative size-frequency distributions of surface particles at the Surveyor landing sites. Solid lines
are distributions observed in individval sample areas. Dashed lines are power functions fitted to the observed
size-frequency distribution: 2t each landing site. (a) Surveyor I. (b) Surveyor Ill. (c) Surveyor V. (d) Surveyer VI,
(e) Surveyor VII.
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CUMULATIVE NUMBER OF PARTICLES PER 100 m?

Table Hli-11. Constants and exponents of functions of
the form N = KD, 1 mm < D < K-/7, fitted to
observed size-frequency distributions of

surface particles at the Surveyor
landing sites

Londing sie | KX, mm™ /100 m** v* m' "".M""
Surveyor | 5.0 X 108 -0 2192
Surveyor Il 3.3 X 100 -2.5 1068
Surveyor V 1.25 X 100 —-2.6¢ 2003
Surveyor VI 1.9; X 100 -2.5, 1766
Surveyor VI 7.9 X 106 -1.8 2077

Totel 9906

N = KDY, | mm S DS K™Y, where N Is the cumulative number of particles
with diemeter equal to or larger then D per 100 m®, and D is the diameter of
particles in millimeters,

\
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Fig. 111-68 (contd)

and y = —2.1,, based on the particle count ot 2192. The
difference in the two fitted distributions illustrates the
possible crrors in estimation for the fitted functions. This
difference is due primarily to considerable variation of
particle distribution from one sample area to another.
Thus, there arc fairly large statistical errors in the values
of K and y 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 III-11) is approximately X 2 and the probable

J error for the values of y is about +0.2.
-
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If the estimates of precision are correct, it can be seen
from Table III-11 that, although the precision of esti-
mation is low, some real differences exist in the size-
frequency distribution of particles between some of the
landing sites. Fairly conspicuous differences in size dis-
tributions among the different landing sites are apparent
simply by visual inspection of the pictures. Particle size
distributions at the Surveyor III, 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 VII site. The
distributions observed at the Surveyor I and Surveyor 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. An order of magnitude more fragments
10 cm and larger in diameter occur at the Surveyor VII
landing site than at the Surveyor III, V, and VI landing
sites. Similarly, there are more coarse fragments at the
Surveyor I landing site than at the other mare landing
sites, although 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 on the surface may be used to estimate the par-
ticle size distribution in the regolith, if it is assumed

that the particles exposed at the surface are representa-
tive of the particles in the subsurface. In this case, the
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Fig. W1-69. Power functions fitted to observed size-
frequency distributions of surface particles at the
Surveyor landing sites.

Rosiwal principal (Ref. I1I-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.

In a rigorous application of Rosiwal analysis to esti-
mation of grain size distribution, account must be taken
of the fact that the full size of most particles is not revealed
along a given surface or cross section. The size of about
half of 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. III-24 and
I11-25) are large if the actual range of particle size
is small, but the correction 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 application 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 seiving methods.
These tests show that, if there is no vertical variation in
grain size distribution within the layer or vertical varia-
tion in porosity, the surface particle counts can be used
to estimate the volumetric particle size frequency dis-
tribution 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.
I11-26). We believe that there are minor vertical variations
in the grain-size distribution which will cause small errors
in the application of the Rosiwal principle, 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 distribu-
tion of the lunar regolith is vertical variation in porosity.
Results obtained from studies of the mechanical proper-
ties of the lunar surface (Refs. III-27 through III-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 qualita-
tive assessment of the importance of porosity will be |
made by calculating volumetric particle size distribution |

on the basis of different assumed porosities.

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

N = KDv (1)
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differentiation of Eq. (1) gives

25 = kD™ (2)

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

a=%D' (3)

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

dA dN

b = °dD @
Combining Eqgs. (2), (3), and (4),
36_ _ yK D )

Integration of Eq. (5), between the limits of the maxi-
mum size fragment, K-'/, and D yields

D
A= / -‘%’5— DvdD = aD"** —p (6)
K=Y

where a = y»K/4(y+2) and p = ywK-2/7/4(y+2).

A choice must now be made of the reference area with
which A is to be cumpared. This choice is a function of
porosity. For 0% porosity, the reference area is equal
to the unit area to which N is referred. In the case of the
distributions given in Table III-11 and shown in Figs.
I11-69 and 1II-70, the reference area is 100 m? or 10*
mm?, For values of porosity equal to P, only 100 (1 — P)%
of the surface can be occupied by particles. For 50%
porosity, for example, the reference area is 50 m® or
0.5 X 10* mm?.

The volumetric particle size-frequency distribution,
expressed as the percentage of cumulative volume as a
function of D, is given by

_ 100A _ 100(aD** —p)
e A, i A,- il (7)

|4

where V is the percentage of cumulative volume of
particles with diameter equal to or larger than D, and
A, is the reference area = 10* (1—P) mm?®. Solutions for

JPL TECHNICAL REPORT 32-1265

the constants in Eq. (7), using the surface particle size
distributions shown in Table III-11, are listed in Table
111-12; the volumetric particle size distributions are shown
in Figs. II1-70, III-71, and III-72. Two different values
of porosity, 0 and 50%, have been adopted for the dis-
tributions shown. Observations of the mechanical proper-
ties of the upper part of the lunar regolith suggest it
has about 50% porosity near the surface (Refs. II11-27
through 111-30). The regolith, in most places, probably
has a significantly lower porosity at depths greater than
5 to 10 cm.

It may be seen from Figs. 111-70, III-71, and III-72
that a relatively small fraction of the total volume of the
lunar regolith is composed of particles coarse enough to
be resolved by the Surveyor cameras. On the basis of
the 0% porosity model, between 3.7 and 18% of the
regolith is composed of particles coarser than 1 mm; on
the basis of the 50% porosity model, 7.3 to 36% of the
regolith is composed of particles coarser than 1 mm.
The largest proportion, by volume, of resolvable particles
was observed at the Surveyor VII landing site, and the
smallest at the Surveyor I landing site. A large and con-
spicuous 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 is shown in Figs. I11-70, III-71, and III.72.

It is of interest to inquire whether the observed dis-
tribution of resolvable particles can be used to infer or
predict the pa..cle size distribution of the unresolved
matrix. The functions given in Table III-12 have been
extrapolated to 1x or to 100% volume in Figs. II1-70,

Table lli-12. Constants and exponents of volumetric
particle size-frequency distribution functions of
the lunar regolith, based on observed
surface particle size distributions

Landing site a, mm™""* P, mm?* v+ 2*
Surveyor | 7.5: X 100 3.8 X 10¢ -0.11
Surveyor Il 1.0, X107 4.3 X 108 -0.56
Surveyor V 4., X 100 1.23 X 108 -0.65
Surveyor VI 7.3 X 100 3.8; X 10° -0.51
Surveyor ViI -, 28 X 100 —2.1¢ X 107 +0.18
100 Y48
v o e —tl. | am D E XY,

A
where V s 5y percentage of cuu:uloﬂn volume of particles with diameter equal
to or larger than D, D is the diameter of particies in millimeters, ond A Is the
reference area
- {IO' mm? for 0% poresity mode!
0.5 X 10° mm? for 50% porosity model
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Fig. 11l-70. Volumetric particle size-frequency distributions of the lunar regolith
for 0% 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 Wi-11.
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Fig. l1-71. Volumetric particle size-frequency distributions of the lunar regolith
for 50% 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 1II-12.
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Fig. I-72. Volumetric particle size-frequency distributions of the lunar regolith
for 0% porosity. Distributions are the same as shown in Fig. ll-71; howeve:,
V = percentage of cumulative volume is shown with arithmetic instead of
logarithmic scale in order to illustrate the forms of the distributions. Below
B =1 mm, the distributions are extrapolations of the functions listed in
Table I-12.
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111-71, and 111.72. As shown in these figures, these ex-
trapolations lead to two quite different results, depending
upon the values of y observed for the distributions of
resolvable surface particles. At the Surveyor III, V, and
VI landing sites, the cumulative volume goes to 100%
in the particle size range between 5 and 100u. At these
sites, y varies between —2.5, and — 2.6,. At the Surveyor |
site, however, where y = 2.1,, the cumulative volume does
not reach 100% unless the size distribution function is
extrapolated to particle sizes in the subatomic range. At
the Surveyor VII site, the maximum volume of particles,
based on the extrapolation of the observed size distribu-
tion to infinitesimally small particles, is only 24.1% of
the total volume on the 0% porosity model and 48.2%
on the 50% porosity model. Particles smaller than 1 mm,
therefore, must be represented by a different distribution
function from that fitted to the resolvable particles at
both the Surveyor I and VII sites.

From the three observed particle distributions that
give plausible results when extrapolated into the sub-
millimeter particle size range (Surveyors 111, V, and VI),
the bulk of the volume consists of particles less than a
few hundred microns in diameter (Table 111-13). The
median particle diameter ranges from 23 to 754 on the
- 0% porosity model and from 60 tn 255. on the 50%
porosity model. While these results are at least physically
- plausible, they are not consistent with other indirect
lines of evidence about the grain size distribution of the
unresolved matrix. Photometric and polarimetric observa-
~ tions of the lunar surface suggest that most of the par-

ticles are finer than 20u. Thus, the size distribution of
the unresolved matrix at these sites may also be some-
what different than 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
extrupolated, without corrections, to very small particle
sizes. As shown in Fig. I11-69, the large bulk of the lunar
regolith at all of the Surveyor landing sites consists of
submillimeter particles; only a very small part of the
distribution of particles, in terms of percent volume, is
in the size range of resolvable particles. Small errors
in the estimated values of y for the observed parts of
the particle size distributions have a strong offect on the
results obtained from extrapolation of the observed dis-
tributions to small particle sizes. By selecling revised
values of y, however, new power functions can be found
for the surface particle distributions which correspond
to volumetric particle distributions that go to 100%
volume for any arbitrarily defined lower limiting particle
size.

Several lines of evidence suggest that a significant
fraction of the particles in the lunar regolith is near 1,
in diameter, but that only a relatively small fraction of
the particles is much finer than 1u. The general polari-
metric and photometric properties of the lunar surface
can be simulated closely in the laboratory with certain
irradiated rock powders, if all of the powdered material
is ground so as to pass a 20u sieve (Ref. I111-3]). The low
degree of polarization of light scattered from the lunar
surface indicates that many particles have diameters not
much above the limits set by diffraction, i.e., about 1u
(Ref. 111-32). Size analyses of fragmental material pro-
duced by impact and explosive cratering show that
particlis as small as 1, are produced.’ Most rock-forming

‘E. M. Shoemaker; unpublished data.

Table 1i-13. Volumetric particle size-frequency distribution of lunar regolith by quartiles,
based on functions listed in Table Ill-12 extrapolated to 100% veolume

0% porosity model 50 perosity model
Landing site Particle diameter, u Particle diameter, 4
At 28% At 50% A 75% At 100% At 25% At 50% At 75% At 100%
volume® volume® volume® volume" volume® volume" volume" volume®
Surveyor | 51073 2X10°® 51077 4 X10°° 1. 5§X10°? 2 X107 2X 1078
Surveyer Il 255 75 37 22 870 258 125 75
Surveyor V 60 20 " 7 180 60 N 20
Surveyor VI 89 23 " é 340 89 40 23

SPercont volume is cumulative from largest particle to smallest.

model, and 48.2% for 50% poresity medel.

SMaximum cumulative volume of particles based on exirapolation of observed size distribution te infinitesimally small porticles is 24.1% of total volume for 0% poiosity.
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silicate minerals do not crush readily to particles much
smaller than 1., however.

The number of interplanetary particles that strike the
moon’s surface, and which are here assumed responsible
for most of the fragmentation, increases rapidly with
decreasing size; but there is a definite lower limit to their
size. Particles with densities like those of ordinary rock-
forming silicates are not stable in the solar system if their
diameters are much smaller than about 14, Particles much
smaller than 14 are ejected from the solar system by radia-
tion pressure (Ref. 111-33). Abundant particles in the size
range of 1 to 10 tend to be produced by impact of small
interplanetary particles, but submicron particles probably
are produced only in small quantity.

If 1, is adopted as a lower limit of size for the particle
size-frequency distributions of the lunar regolith, trun-
cated power functions can be found to represent the
particle size distribution between 14 and 1 mm that will
permit the cumulative volume to go to 100% at 1u
particle diameter at each Surveyor landing site. The
total size-frequency distribution of particles at each site
can then be represented by two power functiens: (1) the
function N = KD, fitted to the observed distribution in
the particle size range 1 mm < D < K-/, and (2) a
secund function N = D7, in the particle size range
lIp € D € 1 mm. The value of ¥ will be uniquely de-
termined under the conditions:

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

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

By analogy with Eq. (6), the cumulative area, Ap., of
particles of diameter equal to or larger than D, but less
than 1 mm, can be expressed by

D
A.‘,=/ LKD" ap = wpri - 1) (8)

where o = y’»K/4(y’ + 2). The solution for y’ is facili-
tated by reorganizing Eq. (8) in the form
logso (A"“ + 1)

y= Tog D (9)

Introducing the boundary conditions
Ap =A,— AatD = 10" mm

Eq. (9) becomes

e i)

(10)

which is solvable for y' < —2. The area, A,, at each
Surveyor landing site is found by solving for D = 1 mm
in Eq. (8). If specific values of the reference area, A,, are
adopted, corresponding to specific values of porosity,
P, then Eq. (10) can be solved explicitly for ¥’ by suc-
cessive approximation. Solutions for y’ at each landing
site, for 0 and 50% porosity, are listed in Table III-14.

The derived total size-frequency distribution of surface
particles at each Surveyor landing site is shown in Fig.
11173 for the 0% porosity model of the lunar regolith,
and in Fig. 111-74 for the 50% porosity model. At each
site and for each model of porosity, the derived frequency
distributior comprises the two functions: (1) N = KD,
1 mm < ['< K/, listed in Table I1I-11,and (2) N = KD,
1 4 < D <1 mm, listed in Table 111-14.

It may be seen from Figs. I11-73 and II1-74 that the
general trend of the derived particle size distributions
below 1 mm is similar to the general trend of the ob-
served distributions above 1 mm in both the 0 and 50%

Table Hi-14. Constants and exponents of truncated
power functions (N = KDY, 1, <D <1 mm)
derived from observed size-frequency dis-

tributions of surface particles at the
Surveyor landing sites; cumu-
lative velume of particles
=100% atD =1,
0% poresity medel 50% poresity model
Landing site
K, mm~ /100 m®* | +'* | K, mm~"'/100m?"* | o'*
Surveyor | 5.0 X 108 -2.58| 50X 108 -245
Surveyor Il 3.3 X 10° -221| 33 X100 -2.017
Surveyor V 125 X100 | —242| 1.25 X100 -2.27
Surveyor VI 191 X100 |—=233] 191 X100 -2.17
Surveyor VII| 7.9 X 108 -247| 7.9 X 10% -2.29

N = KDY, 14 <D< 1 mm, where N is the cumulative number of particies
with diemeter equal to or larger than D, and D Is the diemeter of particies in
millimeters.
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Fig. 11-73. Power functions derived from observed size-
frequency distributions of surface particles at the
Surveyor landing sites for the 0% porosity medel of
the lunar regolith. The derived particle distribution at
each site is represented by two functions, N = KDY
where | mm < D <K'/, and N = KDY where 1u <
D < 1 mm, which are listed in Tables lil-11 and Ili-14.
Cumulative volume of particles in the regolith ~t each
landing site goes to 100% at 1. particle diameter for
the surface particle distributions illustrated.
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Fig. 1l-74. Power functions derived from observed size-
frequency distributions of surface particles at the
Surveyor landing sites for the 50% porosity model of
the lunar regolith. The derived particle dirtribution at
each site is represented by two functions, N = KD
where 1 mm <D < K7, and N = KDY where 1p <
D < 1 mm, which are listed in Tables lll-11 and lii-14,
Cumulative volume of particles in the regolith at each
landing site goes to 100% at 1. particle diameter for
the surface particle distributions illustrated.
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porosity models. If only mare sites are considered, the
mean value of y’ for the 0% porosity model is - 2.3,, as
compared with a mean value for y of —2.4,; for the 50%
porosity model, the mean value of y’ 1s -2.2,. The mean
of all the values of y and y’ for the mare sites is —2.4,
for the 0% porosity model and — 2.3, for che 50% porosity
model. Functions N = KD7, fitted by eye to represent
the average total particle distributions from 1 to K-'/7
at the mare sites, have K = 1.1 X 10%, y = —2.4,, for the
0% porosity model, and K = 7 X 10%,y = —2.8,, for the
50% porosity model. Both of these fitted functions lie gen-
erally within the envelope of individual functions N =
KD",1mm < D <K-*/",andN = KD", 1 < 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 mm, for both the 0 and 50% porosity
models, is nearly an extension to small sizes of the mean
observed distribution of particles larger than 1 mm. The
fit is closest for the 0% porosity model.

In the case of the Surveyor VII landing site, on the rim
of Tycho, the derived distributions of particles smaller
than 1 mm, for both the 0 and 50% porosity models, are
within the envelope of derived distributions for the mare
sites. There is a marked difference, however, between
the derived distribution of particles smaller than 1 mm
at the Surveyor VII site and the distribution of the
observed larger particles. The value of v’ is —2.4; on
the 0% p-icsity model and —2.2, for 50% porosity,
whereas y 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
conspicuously different distribution.

Total volumetric particle size-frequency distributions
that correspond to the surface particle distributions shown
in Figs. 111.73 and I11.74 can be derived for the lunar
regolith. For particle sizes equal to or greater than 1 mm,
the volumetric distributions are the same as those given in
Table 111-12 and shown in Figs. 111-70 and I11-71. For
particle sizes smaller than 1 mm, the volumetric particle
size-frequency distribution, expressed as the percentage
of cumulative volume, is given by

o 100@,,3,' + Ay) an

on the basis of the Rosiwal principle. Combining Eqs. (8)
and (11),

Vi 1oo[¢'(m:-1) tA) 1, <D<1mm (19)

r

Solutions for the constants of Eq. (12), based on the
constants and exponents of the truncated power functions
given in Table 111-14, are listed in Table I1I-15. The volu-
metric particle size-frequency distributions corresponding
to the combined functions listed in Tables III-12 and
111-15 are shown in Fig. III-75 for the 0% porosity
model, and in Fig. 111-76 for the 50% porosity model.
Solutions for these functions at the quartiles are listed
in Table I1I-16.

On the basis of the derived volumetric particle size-
frequency distributions shown in Figs. II11-75 and I11-76,
the estimated median particle diameter of the lunar
regolith ranges from 3.3 to 154 and averages 7.5u for the
0% porosity model. For the 50% porosity model, the

Table li-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 velume of particles = 100% ot D = 1,

0% porosity model 50% peresity medel
Landing site Ay, mm?*
.."-1:. 7r+’l .0'..-15 70+.l
Svrveyor | 175 X 100 -0.58 2.1, X 10° -0.45 3.67 X 10
Svrveyor Il 27 X 107 -0.21 3.0 X 10° -0.017 1.4 X107
Surveyor V 5.69 X 10° -0.42 8.2; X 100 -0.27 3.09 X 10¢
Surveyor VI 1.0; X 107 -0.33 1.9 X 107 -0.17 7.00 X 10
Surveyor Vii 3.2¢ X 10° -0.47 4.8, X 10° -0.29 178 X 107
V43 o Y43
- 100(a(D 1 mm .)+A,l."sos‘.-

A,

mmwm«mwmozlu.ma,um.m.om-{

where V Is the percantage of cumviotive velume of particles with diameter equal io or larger than D, D is the diemeter of particies in millimeters, A, is the cumuliotive eree of
10° mm? for 0% crosity
0.5 X 10° mm® for 50% porosity
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Fig. III-75. Volumetric particle size-frequency distributions of the lunar regolith
for 0% porosity, constrained so that cumulative volume goes te 100% ot 1,
particle diameter. Solid lines, based on power functions fitted to observed size-
frequency distribution of surfuce porticles 1 mm and larger in diameter are
listed in Table Ili-12, Dashed lines, based on power functions for particles
smaller than 1 mm in diamater, are listed in Table III-15.
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Fig. Il-76. Volumetric particle size-frequency distributions of the lunar regelith
for 50% porosity, constrained so that cumulative volume goes to 100% at 1,
particla diameter. Solid lines, based on power functions fitted to observed size-
frequency distribution of surface particies Tmm and larger in diameter, are
listed in Table ll-12. Dashed lines, based *n power functions for particles
smaller than 1 mm in diameter, are listed !in Table Ill-15.
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Table llI-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. to | mm; cumulative volume of particles = 100% at D = 1,

0% porosity model S50% porosity model
Particle diameter Particle diameter
olte " M " 4
Al 25% At 50% At 78% At 100% Ar 25% A 50% A 75% At 100%
volume" volume" volume" volume" volume" velume" volume® velume"
Surveyor | 12 3.3 1.6 1.0 26 4.9 1.8 1.0
Surveyor Il 126 15 39 1.0 850 88 6.3 1.0
Surveyor V 25 5.2 1.9 1.0 75 LA 2.5 1.0
Surveyor VI 48 7.6 2.3 1.0 226 21 3.6 1.0
Surveyor VI 83 6.2 2.0 1.0 3.0 em 45 4. 1.0

SPercent volume Is cumulative from largest particle to smaollest,

estimated median particle diameter ranges from 4.9 to
88y and averages 33u. These estimates for median

particle diameter may be compared with the conclusion
' of Christensen, et al. (Ref. IT1-27) that “a significant num-
' ber of particles are in the silt-sized range (i.e., smaller than

0.06 mm),” based on comparison of the Surveyor I1I foot-
pad imprints with simulated footprints in granular mate-
rials of various size distributions. At the Surveyor III
site, our estimate of the median particle diameter is 15u
for the 0% porosity model, and 88y for the 50% porosity
model. Jaffe, et al. (Ref. I11-34), found that, on the assump-
tion that a bright band of light observed along the horizon
after sunset at the Surveyor VI site was due to diffraction
by small particles, the ofiservations indicate a mean
particle size less than 100.. We estimate the median
particle diameter at the Surveyor VI site is 7.6u for the
0% porosity model, and 21 for the 50% porosity model.

On the basis of a gaseous diffusion-caused eruption
crater that was produced by firing the vernier engines of
the Surveyor V spacecraft after landing, Christensen, et al.
(Ref. III-28), state that “the estimated lunar permeability
indicates most of the particles are in the 2 to 60u size
range.” We find that, in tl.e average case, the central 50%
of the regolith, by volume (the distribution by volume
between the first and third quartile, Table III-16), lies
between 2.2 and 594 for the 0% porosity model, and be-
tween 3.7 and 835 for the 50% porosity model. At the
Surveyor V site, the central 50% of the particles, by
volume, lies between 1.9 and 25u for the 0% porosity
model, and between 2.5 and 75x for the 50% porosity
model. This agreement between two completely inde-
pendent estimates of grain size distribution is better than

 should be expected, considering the uncertainties and
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approximations used in both methods of estimation. We
conclude that our extrapolations of the observed surface
particle size distribution into the 1x to 1 mm size range,
as illustrated in Figs. I11-73 and II1-74, 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 rep-
resentative of the subsurface material in the lunar regolith.
The general smoothness of the walls of trenches dug by
the surface sampler .t the Surveyor II7 and VII landing
sites and the smooth forms of the imprints made by
Surveyor footpads, 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 sub-
surface. Scott and Roberson (Ref. I11-26), from their
observations at the Surveyor VII landing site, state, “A
distinct impression is gained from the surface-sampler
work that the surface rocks lir 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. II11-35), 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 200x 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 »f
the trench described by Gault, et al., and shown in Fig,
IX-28 of Ref. I11-35 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 imprints are
relatively smooth because the bulk of the subsurface
material is, in fact, very fine-grained, as indicated in
Table 111-16, and it is also somewhat compressible (Ref.
111-30). Coarse particles, therefore, tend to be pressed
into the fine-grained matrix by the action of the surface
sampler and spacecraft footpads and are obscured by the
fine-grained material. Simulation of thc action of the sur-
face sampler and footpads in a soil modci with grain-size
distributions like those shown in Figs. II11-75 and III-76
would be desirable for further investigation of this prob-
lem, 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.

5. Thickness of the Regolith, E. M. Shoemaker and
E. C. Morris

The lunar regolith has been defined (Ref. 111-36) as a
layer of fragmental debris of relatively low cohesion which
overlies a more coherent substratum. It covers nearly all
parts of the lunar surface observed on the maria by
Surveyors I, 111, V, and VI; it is inferred to have been
derived primarily by a process of repetitive bombardment,
which also produced the majority of small craters ob-
served nearly everywhere on the lunar surface. In most
places on the maria, the regolith is very fin:-grained;
90% or more of the regolith consists of fragments finer
than 1 mm.

The thickness of the regolith may be estimated 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 co-
herent or coarser-grained material that underlies the
regolith; their original depths, therefore, exceed the local
thickne ;s of the regolith. The estimated thickness of the
regolith at a given Surveyor landing site is bracketcd by
the original depths of the smallest craters witl: hlocky
rims and the original depths of the largest, shaip, reised-
rim craters without blocks.

The actual thickness of the regolith probably varies
gonsiderably at a given site, and generally only a limited
number of craters is observable in the size range of
interest. Thus, the estimates of regolith thickness are
necessarily approximate. At the Surveyor I landing site,

for example, the smallest blocky-rim crater was found to
be 9 m in diameter,* whereas the largest crater with a
smooth, raised rim was 3.3 m in diameter. The depth-to-
diameter ratio of newly formed craters of this size and
type is close to 1:3. The estimated depth of the regolith
at the Surveyor I site, therefore, is between 1 and 3 m.

At the Surveyor III site, the smallest blocky-rim crater
observed along the walls of the main crater in which
Surveyor III landed is 13 m in diameter; the largest ob-
served crater with a smooth, raised rim is about 3 m in
diameter. The thickness of the regolith along the main
crater walls is thus estimated to be between 1 and 4 m,
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 m in diameter,
were observed, however. Thus, we concluded that, on
the plain, the thickness of the regolith locally exceeds
10 m (Ref. I11-37). On the mare ridge at the Surveyor VI
site, the smallest blocky-rim crater observed is 30 m in
diameter, and the largest smooth-rim crater is 22 m in
diameter; there the regolith is estimated to be between
8 and 10 m thick.

Another estimate of the thickness of the regolith may
be obtained from the inferred original depth of c.aters
believed to have been formed by drainage of the regolith
material into sub-regolith 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 a member of this class. The original depths of the
largest craters formed by drainage represent the minimrm
local thicknesses of the regolith. As the angle of repose
on the walls of these craters is about 35 deg, the original
depths of the drainage craters were probably about one-
third the widths or minor axes of the craters. The minor
axis of the Surveyor V crater is 9 m; the minimum esti-
mated thickness of the regolith is, therefore, 3 m. 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 m.

A dinple crater with a minor axis of 20 m was observed
in the floor of the main crater at the Surveyor III 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 m or more thick.

‘Revised estimate based on distance from Surveyor I to this crater
observed on Lunar Orbiter 111 high-resolution photographs.
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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 fragmental 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
structure 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 numbcr of individual events, and possibly
as the result of interaction of a number of different pro-
cesses. 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 ot an extensive ejecta blanket around
a new crater has no regolith; the process of its develop-
ment, however, begins almost immediately, and the
regolith gradua'ly 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 fragmental geo-
logic unit such as a regional ejecta blanket or a debris
flow, the practical distinction between the regolith and
the underlying fragmental material must be based on
differences in grain size, and aspects of physical and
chemical 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 frag-
ments; 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.
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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 m 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. Further-
more, as on the maria, an abrupt change in albedo was
‘ound at shallow depth. We conclude that this material
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 cm; elsewhere,
fine-grained material of low cohesion was found to extend
to a depth of at least 15 cm (Ref. 111-26). These depths
may represent the approximate range of thickness of the
regolith at the Surveyor VII site.

The smallest crater with a conspicuously blocky rim
observed at the Surveyor VII landing site is about 3 m
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 rego! h; blocky
crater rims would be expected only where such coarse
blocks were encountered (Ref. 111-36).

The estimates of thickness of the regolith at the five
Surveyor landing sites are summarized in Table I1I-17.
The thickest regolith was observed at the Surveyor VI
site, and the thinnest regolith at the Surveyor VII site.

6. Disturbances of the Surface, E. M. Shoemaker and
E. C. Morris

At each of the Surveyor landing sites, wherever the
lunar surface was disturbed, dark, fine-grained material
was exposed beneath a light surface layer (Refs. I11-10,
I11-14, III-15, 1II-36, and III-37). Material ejected by
footpad impacts consisted primarily of dark clods or
aggregates of fine-grained particles (Fig. I11-77). 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. III-14)
that the subsurface material, exposed by landing of the
Surveyor spacecraft and by manipulation of the surface,
is dark because the subsurface particles are coated with
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Table li-17. Apparent thickness of the lunar regolith at the Surveyor landing sites

Diemeter of largest |  Diemeter of smaliost :.“: .::'""' ,."'m"" Ssimated
Landing site crater with smooth, crater with blocky boon produced by thicknass
relsed rim, m rim, m drolnege, m of regolith, m
Surveyor | 3.3 13
Surveyor I
Wall of main crater 3 13 104
Floor of main crater 20 27
Surveyor V 5 9 Jes
Surveyor VI
Mare ridge 22 30 8110
Mare plain 30 None observed >10
Surveyor VI 60 3 21015 em®

sEstimated from the depth of trenches excaveted by the surface sempler (Ref, 111-26).

i

Fig. Il-77. Wide-angle picture of footpad 2 of Surveyor |, showing ray-like
deposits of dark subsurface material extending to almost 1 m from the
edge of the footpad. The dark subsurface material was ejected onto a light
surface layer by the footpad during landing of the spacecraft (June 5, 1966,

11:29:49 GMT).

a dark substance called lunar varnish. Under this hy-
pothesis, 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 been deposited on these
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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 undis-
turbed parts of the lunar surface is lighter than the sub-
surface material because thes- particles also tend to be
scrubbed, but the surface layer of fine particles is darker
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than the exposed surfaces of the rocks because the scrub-
bing 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 millinieters, 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 vamnish.

A test ci the hypothesis v'as provided at the
Surveyor VII site by the overturning of a number of
coarse fragments by the surface sampler. Two of the
overturned fragments are shown in Figs. III.78 and
II11-79; in both cases, the unde:sides of these objects
proved to be dark. On the object shown in Fig. III-78,
most of the dark material may simply be dark, fine-
grained particles adhering to the rock. The coating was
par.y scraped away by the surface sampler, which ex-
posed material of much higher albedo beneath the
coating. On the rounded, rock-like object shown in
Fig. I11-79, the coating evilently is very thin; howevvor,
it proved to be resistent to abrasion and scraping by the
surface sampler. This coating may be the postulated
layer of varnish,

Fig. 11l-78. Small fragment, about 6 ¢m across, turned

over by surface sampler on Surveyor Vi, exposing the

dark underside. Part of the dark coating has been

scraped away by the surface sampler (Januvary 18, 1968,
06:03:17 GMT).
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Fig. 11-79. Small, rounded fragment, about 5 cm across,
picked uvp and turned over by Surveyor VIl 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 su.tace of the fragment in shadow, which is
partly illuminated by sunlight scattered from the space-
craft. The contact between the bright and dark surfaces
can also be seen along the sides of the fragment
(January 19, 1968, 06:47:40 GMT).

7. Origin of the Lunar Regolith, E. M. Shoemaker and
E. C. Morris

A simple ballistic model for the origin of the lunar
regolith is presented here to account for: (1) the size-
frequency distribution and varietion 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 distribution
of the fragmental debris of which the regolith is com-
posed. We recognize that high-energy radiation, mass
wasting, and probably other processes have played a role
in producing the observed features of the regolith, but
we believe the effects of these other processes are sub-
ordinate to the effects of solid-particle bombardment of
the lunar surface. For simplicity of statement, the
subordinate processes will not be considered in this
discussion.
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The large majority of craters observed on the lunar
surface in all size classes is here interpreted to L. of
impact origin. At present, it is not possible to determine
the ratio of primary to secondary impact craters. Some
very-low-velocity, secondary impact craters appear to be
recognizable in Surveyor pictures from the presence of
projectile fragments lining the craters. Higher-velocity,
secondary impact craters probably cannot be distin-
guished from primary impact craters. On the basis of
the probable rate of production of secondary impact
craters during primary cratering events (Ref. II1-20),
we believe that most craters, in the size range observed
in the Surveyor pictu ‘es, probably are secondary craters.

Regardless of whether the observed craters are pr:-
dominantly primary or secondary in origin, the size
distribution of small craters appears to be a time invar-
iant or steady-state distribution. Below a certain size
limit, the size-frequency distribution of craters is the
same at all Surveyor landing sites despite differences 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 m in diameter is closely similar to the
distribution observed on the maria, even though the
abundance of craters larger than 100 m 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 m at the Surveyor VII
landing site to about 50 to 200 m at the mare landing
sites.

The range in thickness of the regolith for a surfacc
of a given age can be predicted from the observed size-
frequency distribution of the craters on the basis of the
following simpiified model. Functions F = xc*, fitted to
the observed size distribution of craters larger than c,,
(the steady-state limit), are assumed to represent the
size distribution of all the small craters that have actu-
ally been formed. At any crater diameter below c,, 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 de-
struction. The diameter of the largest crater that has
been lost or has become unrecognizable is ¢,. 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
c., which has just disappeared, is given by the original
depth of the crater minus the original 1im height. This
thickness is about % c, and represents the inaximum thick-
ness of the regolith in a sample area of 10* 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 regolith. The approximate
size of this ~rater 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 distribution of all

the craters smaller than ¢, that have been formed on a
given surface, and

g, = i- c* (14)
represents the area of craters of diameter ¢, then

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

A, = ’[c%ic;udcgﬂﬁ;'_:!y(c‘\d_o:ﬂ)
‘ (16)

If, in addition, the craters were uniformly spread over

the surface so that, at A, = 10* km?, the surface were .
completely occupied by craters equal in diameter to

or larger than the corresponding value of ¢, and, at
A, = 2 X 10° 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 X 10 km?,
then a critical value of c,,;» would exist such that the floors
of craters smaller than c,;, could not be part of the base
of the regolith, but must lie above the base of the rego-
lith. The depth of the craters with diameter equal to this
critical value of ¢ is taken as the minimum thickness of
the regolith. For the spatial -istribution of craters that
would give the least variance in the thickness of the
regolith, the critical value of ¢ is reached at A, ~2 X 10°
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km?, or about twice the reference area for the distribu-
tion F = xc*. In other words, after the surface has been
covered about twice over with crateis, the floors of
smaller craters that may be considered in the integration
indicated in Eq. (16) do not contribute significantly to
the base of the regolith. On the basis of Eq. (16), we
may write

(a7

cum = et + SAE DA77
Awx

where

Cmin = critical value of ¢, or the diameter of the
smallest crater whose floor is part of the
regolith

A,, = total area of craters whose connected floors
constitute the base of the regolith

~ 2 X 10° km?

The floors of actual craters are concave upward, and
those parts of the floors of intersecting craters that form
the base of the regolith are each a part of a concave
surface. For simplicity, however, let each concave ele-
ment composing the base of the regolith be approx-
imately represented by a flat surface of a characteristic
depth h, where

h = qc (18)
and q is a constant of proportiorality between the diam-
eter of a crater and the thickness of the regolith that sub-
sequently develops where this crater was once formed.
The constant q is somewhat smaller than the depth-to-
diameter ratio of the original craters and is close to %.
On the basis of Eqs. (16) and (18), an approximate fre-
quency distribution for the depth of the regolith may be
written in the form

100 A, _ 100awx(1/q)***

H~=Z"="2 DA

(hh: — h:u), h'“ S h S h.
(19)

where

H = cumulative percentage of the surface under-
lain by a regolith of thickness equal to or
greater than h

Bmin = q Cmin = minimum thickness of the regolith
h, = g ¢, = maximum thickness of the regolith
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The median thickness of the regolith, h,.., is obtained
from the solution for Eq. (19) at H = 50%.

Solutions for h.., h., and h,..., for the Surveyor I, V,
VI, and VII landing sites are listed in Table III-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 111-10. No data are listed
for the Surveyor Il landing site because all the obser-
vations made from Surveyor Il pertain to the inside of
a 200-m crater; the observed thicknesses of the regolith
there should be compared with a more complex model
than the one we have described.

It inay be seen from Table III-18 that our best esti-
mates of the thickness of the regolith, in general, lie
within the range of h.;, to h, and are close to h,.. At
the Surveyor VI landing site, our best estimate of the
thickness of the regolith is twice to more than twice as
great as h,.. Although a difference this large in one
out of four cases is consistent with our model of thick-
ness distribution, it is also possible that the thickness of
the regolith at the Surveyor VI site is truly anomalous.
An anomaly of this type could be due to the presence
on the mare surface of an initial layer of fiagmental
material, such as a fragmental flow top or a layer of
volcanic ash, or to a layei of pyroclastic material de-
posited 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

Table l1i-18. Predicted thicknesses of the lunar regolith,
based on Eqgs. (17) to (19) and the functions
F = xc’ listed in Table I11-10, compared
with besi estimates of the thick-
nesses of the lunar regolith

! J Best estimate ®

Londing site | Ayi m® | Ay m® | Apgm of thickness of
the M' m
Surveyor | 1.6 14 3 1103
Surveyor V 1.2 47 3.2 3105
Surveyor VI 27 25 4.6 8 to 10 (mare ridge)
>10 (mare plain)

Surveyor VII 0.05 07 0.09 0.02 10 0.15

%h s Predicted minimum thickness of regolith
h, predicted maximum thickness of regolith
Ppoq Prodicied median thickness of regolith
bBest estimates based on observational data listed in Table 111-17.
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strengthens our confidence in the approximate vahdity
or predictive value of the proposed model.

It remains now to sec whether the size-frequency dis-
tribution of the fragments composing 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 cumulative num-
ber of particles per unit volume of the regolith as a
function of the mass of the particles. 1If the cumulative
number of particles per unit area is given by N = KD,
as defined above, then

N, = K-/ Dy (20)

where

N, = cumulative number of particles equal to or
larger thau D per 10°/2 K-/Y mm®

D = diameter of particles in millinioters

The mass of a particle, m, can be estimated by
m = 1'6'- D* (21)

where v is the density of the particle. Combining Egs.
(20) and (21)

f=N,=km, (22)

where

f = cumulative number of particles equal to or
greater in mass than m per 10°/2 K-'/Y mm*

k = K-0m (i)w-wn
v

€= (y—1)/38

Taking the functions N = KD, fitted by eye to repre-
sent the average total particle distributions from 1u to
K-'/r at the mare sites, y = —2.4, for the 0% porosity
model, and y = —2.3; for the 50% porosity model. The
corresponding values of € are —1.1, for the 0% norosity
model, and —1.1, for the 50% porosity model. V... wish
to see whether these values could have been predicted.
For a given vu..2 of ¢ the constant k of Eq. (22) and
K of Eq. (1) are determined from the assumed condition
that the cumulative volume of the regolith goes to 100%
at D = lu

108

The regolith will b assumed to be composed pri-
marily of the cumulative ejecta from craters with a size-
frequency distribution F = x¢*, ¢ < ¢,. 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 =0E" = o(—‘;—)' m’ (23)

where
E = kinetic cnergy of the projectile
v = velocity of the projectile
m, = mass of the projectile
# = a scaling constant
r = an exponent close to %

Assuming v to be constant, Eqs. (13) and (23) may be
combined to give

f, = F = km} (24)

where

f, = cumulative number of projectiles equal to or
greater {n mass than m, per 10° km?*

k, = x¢ (%—)“

7= Ar

The mean for the four estimates of A listed in Table III-10
is —2.94. For r = %, a good empirical value for small
craters formed in coherent rock (Ref. III-38), the mean
value of 5 is —0.98. Most of these projectiles are believed
to be secondary fragments of the moon. For primary
projectiles striking the moon, est‘mates of v, based on
meteor photographs and on masses of meteorites recov-
ered on earth, range from —0.8 to —1.34 (Ref. II1-38).

CGault, Shoemaker, and Moore (Ref. 111-38) have shown
that the cumulative frequency of particles ejected from
craters formed in coherent targets by projectiles with the
mass frequency distribution f, = k, m} can be expressed
in the form

fo=kik, my (25)
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where

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

m, = mass of ejected particle
and

o=l (26)

where
8 = exponent of the function my = k, M}
my = 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
» = =098, derived fiora the F = xc* distributions of
craters, » = —0.98; for —1.34 < 5 < —0.8, estimated for

primary projectiles, —1.44 < o’ < —0.75.

In reality, the ejecta are repeatedly reworked by small
craters, and the ejecta from craters of diameter less than
Cmin do not add to the volume of the regolith. Thus, the
volume of the regolith is only a small fraction of the
. cumulative volume of craters ¢; < ¢ < ¢,, where ¢, is of
the order of 10u or less. To a first approximation, how-
ever, the exponent » should be close to ¢. The principal
effect of repeated cratering is to grind the regolith finer
and to increase the proportion of fines to coarse fragments.
It may be seen that  is slightly greater than ¢ (» = —0.98,
€ = —1.1, —11,) but that —1.45 < o’ < —0.75 brackets
¢. Considering the uncertainties introduced by the approx-
mations used, the agreement is perhaps as good as cruld
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 numerous. 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, u strong inverse correlation exists between the
abundance of coarse blocks and the thickness of the
regolith. This correlation may be explained in terms of
the probability that the Surveyor touchdown points, or the
sample areas studied, are close to blocky-rim craters.
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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 arcas studied for perticle 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 cratcss. At the Surveyor I site, for example,
a prominent 27-m-diameter, blocky-rim crater lies about
60 m 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 thickness of the regolith) are probably part of
the fragmental, patterned flow material that directly
underlies the regolith at the Surveyor VII site.

H. Photometry of the Lunar Regolith, as
Observed by Surveyor Cameras
M. E. Holt and J. J. Rennilson

Photometric data provided by the Surveyor pictures
have been used to: (1) determine the photometric function
of the surface in the vicinity 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 photometric properties of the lunar surface.
The photometric characteristics of lunar materials ob-
served around each of the Surveyor spacecraft, and their
variation or pattern of variation from place to place, can
be used to distinguish different lunar materials.

Pre-flight calibrations of each Surveyor television
camera system response, combined with frequent cali-
brations 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 date acquired from each landed
Surveyor.

1. Undisturbed Material

At each landing site, the photometric properties 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
cast-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
spacecraft, relatively complete goniophotometric mea-
surements were obtained. Surveyor III landed within,
and on the east side of, a subdued, 200-m-diamcter crater,
which restricted 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 lunar highlands, where the sun did not
rise more than 48 deg above the northern horizon; this
restricted the photometric geometry.

Terrain areas were selected for photometric measure-
ments 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 deg to test the symmetry of
the local photometric function. The photometric sample
areas ranged from 2 m to approximately 100 m from the
camera. Uniform-appearing areas near the camera did
not contain fragments larger than a few millimeters,
while uniform-appearing areas 75 to 100 m away could
contain unresolved fragments up to several centimeters
in diameter. Surface flatness was judged by studying pic-
tures taken at low sun elevations; areas that exhibited
little relief under grazing illumination were selected for
pl otometric study.

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 between pictures was maintained by an eight-step
gray scale recorded with each picture. The film densities
of the selected areas were first compared to the gray scale
of that frame, and the luminances were calculated from
the transfer characteristic determined from the picture
closest in time of the photometric target on the spacecraft.
The luninances from the gray steps of the photometric
target were computed from the pre-flight goniophoto-
metric calibration, the lunar photometric angles existing
at that time, and an assumed solar illuminance of 13,000
lumens. Corrections for iris and filter differences were
applied to the luminance values computed for the selected
areas.

Surveyor photometric data reveal that the luminance
of the fine-grained surface increases gradually with de-

creasing phase angle, and a rapid increase occurs between
10- and 1.deg phase angles. Among the various sample
areas of fine-grained material at any given phase angle,
only a small variation in luminance, due to the change
in angle between the surface normal projected into the
phase plane and the reflected or emergent light rays, was
observed. The surface luminance gradually increases as
this angle increases when the projected surface normal
occurs on the sun side of the reflected light vector (nega-
tive a). 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 Fig. 111-80.

The general photometric properties of the uniform-
appearing fine-grained material viewed by all Surveyor
cameras did not reveal any va'.ations dependent upon
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

Fig. 111-80. Lunar photometric geometry, as viewed from
Surveyor camera on the lunar surface. Symbels: O,
sun; Y, samera line of sight; g, phase angle; i, angle
of incidence; N, surface normal; o, luminance longitude
(negative toward sun side of camera line of sight);
¢, angle of emittance.
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indicate that the lunar function is essentially scale-
independent down to resolutions of 1 ¢m; topographic
irregularities larger than thiz appear to have little effect
on the telescopically measured function. The lunar photo-
metric function of N. N. Sytinskay . and V. V. Sharonov
(Ref. 111-39), compiled and improved by D. Willingham
(Ref. 111-40), can be used in photometric data analysis

' of images from Ranger, Lunar Orbiter, and Surveyor with
' resolutions as small as a few millimeters (Fig. 111-81), as

well as for telescopic resolutions of % km or more. Local
concentrations of rock fragments larger than a few centi-
meters, however, can cause local variations of the photo-

metric function because the rocks have a different
photometric function.

Lun.inance measurements made at phase angles of less
than 5 deg were extrapolated to the peak luminance of

0-deg phase angle. Homogeneous lunar surface areas
exhibit their maximum luminance at 0-deg phase angle,

regardless of the emittance angle and orientation of the
surface element. The peak luminance divided by the solar
0088

080 NS . 00

iflluminance 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% at the
mare sites; the estimated normal albedo was 13.4% at
the Tycho site in the lunar highlands (Table 111-19).

Table H1-19. Albedo of Surveyor landing sites

Nermaol albedo
Landing site ¢ Lu/is
1 Y L) ‘. ]
Surveyer | 73 3.5 .33
Surveyor I 8.5 7.6 1.09
Svrveyor V 7911004 7.5 1.06
Svrveyor VI 8.2 é.) .38
Surveyor Vi 13.4 9.6 .39

*Nermeol olbede of undisturbed materiel,
"Normeol albede of feotped electa.
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Fig. '-81. Nermalized lunar reflectance vs luminance (brightness) longitude based on terrestrial obser-
vations by Sytinskaye ond Sharonov (Ref. 111-39). Surveyor photometric measurements from +20- to
-89-deg phase angles were similar to the earth-based telescope measurements, which indicates that
the lunar photometric function is nearly scale-independent down to resolutions of @ centimeter.
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Variations in the albedo of the undisturbed, fine-grained
surface were not evident from small phase angle lumi-
nance measurements except 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%, but the more level surface
outside the crater exhibited a normal albedo of 8.4%.
Slight variations in the luminance of fine-grained material
were observed at larger phase angles (60 to 90 deg) in
the middle to distant areas (50 to 200 m) at the Surveyor I,
V, and VII landing sites. Some of these areas occurred
near blocky-rim craters from which many small fragments
could have been ejected. The variations could be produced
by swarms, or strewn fields, of small fragments (1- to 5-cm
diameter) that cannot be resolved by the camera.

2. Disturbed Material

Photometric properties of the fine-grained material
were different where the fine-grained material was dis-
located or overturned by the spacecraft footpads, surface
sampler, or by rolling fragments. The disturbed material
is 5 to 28% darker than adjacent undisturbed material
(Table I11-19). Before the Surveyor 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 exposed darker mate-
rial along their tracks, which were at most a few milli-
meters 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 surface sampler. It is concluded that the
light surface layer is no more than 1 mm in thickness
and may be less than % mm thick.

The measured part of the photometric function of the
disturbed material extends from 20 to 90 deg in phase
angle and does not differ appreciably in form from the
function of the undisturbed material. Ratios of the lumi-
nances of the disturbed and undisturbed material more
accurately show the differences in the photometric func-
tion of the disturbed material with reference to the more
precisely measured function of the undisturbed, fine-
grained material (Fig. I11-82). The derived photometric
function appears to be very similar to that of the un-
disturbed material. Lack of available photometric data
at phase angles from 0 to 20 deg does not allow deter-
mination of the complete nature of this function for
undisturbed material, however.
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Fig. 11-82. Ratios of luminunces observed from adjacent
vndisturbed and disturbed fine-grained lunar surface
materials are shown in the upper diagram; the dashed
line delineates the average ratio. In the lower diagram,
the photometric 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-to 20-deg phase angle does not permit determination
of the complete function for the disturbed material.

The occurrence of a very thin, easily destroyed, light
surface layer was one of the most surprising observations
made with the Surveyor television cameras. The ratio
of the nornal albedo of undisturbed surface material to
the normal albedo of disturbed subsurface material at the
various Surveyor sites (Table 111-19) may provide a clue
to processes affecting the light surface layer. At the
Surveyor I, VI, and VII landing sites, about the same
ratio was found for nearly flat areas. At the Surveyor III
and V landing sites, the ratio of albedos was much smaller;
there the measured surfaces slope 14 deg or more. Pictures
from Surveyor Il provide evidence that mass wasting
or surface creep is actively occurring on lunar slones
(Ref. III-14). The creep movement may be caused by
seismic shocks from meteoroid impacts or internal re-
adjustments or by thermal expansion and contraction.
This movement would tend to mix the lighter surface
material with darker subsurface material, and there the
ratio would be low as a consequence of the high rate
of mixing.
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The lowest ratio, or contrast between surface and sub-
surface materials, was observed at the Surveyor V crater
where tiie steepest slopes were observed. This crater
probably wos formed by drainage of the fragmental
material of the i~golith iito 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% ; inside the crater, the albedo
is 7.9%.

3. 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% . 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-graired 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 due to specular reflections from crystals or

- glassy material.

Most rock surfaces are essentially dust-free; a coating
of dust, even as little as 0.1 mm thick, would significantly
alter their photometric function. The fact that some rocks
exhibit spots and other forms of albedo differences,
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 material. Also,
the polarimetric funct' )n 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 vari-
ations than measurements for the fine-grained material,
partly because of less accurate photometric control, but
chiefly because of the effects of diverse orientation of
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the surfaces. Ratios of the luminances of the rucks *o the
luminances of the adjacent fine-grained material more
accurately illustrate differences between tiie photometric
function of the rocks and that of the fine-grained material
(Fig. 111-83). The derived function for the rocks appears
nearly Lambertian: a small distinct peak i»a: occur on
the photometric function around zero phase angie.
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Fig. 111-83. Raties 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 photometric
function of rocks is plotted with respect to the function
of the undisturbed fine-grained surface material. The
photometric curve for rocks appears nearly Lambertian
with a small backscatter peak superimposed near the
zero phase angle.
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I. Colorimetric Observations of the
Lunar Surface
J. J. Rennilson

Color filters were incorporated in the Surveyor I, III,
and V television cameras, in anticipation that color might
be an aid in discrimination between lunar surface mate-
rials. 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 observed with the camera (Ref. I1I-41).




The color filters .., the camera-filter wheel for Surveyor |
were selected so that the overall camera-filter spectral
response (Fig. 111-84) would duplicate the standard color-
matching functions of colorimetry as well as possible
using single filters. Figure I11.85 is a graph of the overall
camera-filter spectral response showing the fit to the
standard Commission Internationale d’Eclairage 1981
(CIE) color-matching functions.

A technique suggested by Davies and Wyszecki (Ref.
I11-41) was used for selecting color filters to fit the
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Fig. 111-84. Spectral response curve of the Surveyor |
television camera at the cleer position of the filter wheel.
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Fig. 111-85. Overall camera-filter spectral response of
the Surveyor | 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 x’ curve is obtained from a
reduced value of the 2’ function added to the original
camera-filter response.
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response of the Surveyor I1l and V television cameras
approximately to the color-matching functions. Two filters
were nsed in series in the optical train of the camera.
The filter glass components had to be 1 mm or more in
thickness to withstand the rigors of space flight. Because
of weight constraints, the filter pairs were limited to a
total thickness of 3.0 mm. A special computer program
was used for determining the ideal thicknesses and com-
binations 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. 111-86 and 111-87). The filters were coated with a
neutral density deposit of Inconel so that, without vary-
ing the aperture, approximately equal video signals
would be produced by exposurc to a daylight source.

In order to meesure color from the television pictures,
it is necessary to detennine the camera tristimulus values,

WAVELENGTH, nm

Fig. 111-86. Camera-filter spectral response functions of
the Surveyor il camera, compared with CIE (Commission
Internationale d'Eclairage 1931) color-matching func-
tions. Camera-filter spectral response functions are
shown with solid lines, and the CIE color-matching
functions are shown with dashed lines.
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Fig. 11-87. Camera-filter speciral response functions of
the Surveyor V camera, compared with CIE (Commission
Internationale d'Eclairage 1931) color-matching func-
tions. Camera-filter spectral response functions are
shown with solid lines, and the CIE color-matching
functions are shown with dashed lines.

which are proportional to tho video voltage. The pro-
portionality 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 determined by observ-
ing a 3 X 3 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 tele-
vision 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 calculations of
color. The color targets were provided as parts of the two
photometric targets mounted on the spacecraft. Three
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colors were present on each target, and they were cali-
brated before launch with a spectroradiometer while
irradiated by a known spectral source at various angles
of incidence.

Sets of pictures for colorimctric measurement were
taken of various parts of the lunar surface at the Surveyor
I, 111, and V landing sites. Some of the larger blocks
and the material disturbed by the surface sampler on
Surveyor III 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 pre-flight calibration for control. The prelimi-
nary results show the disturbed and undisturbed surface
material at the Surveyor I and III sites to be relatively
uniform dark gray. However, the preliminary colorimetric
reduction of the Surveyor V data indicates the lunar sur-
face 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.

J. Polarimetric Observations of the
Lunar Regolith
H. E. Holt

Polarizing filters were installed in the Surveyor 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 orienta-
tion relative to the camera and sun. Sample areas were
selected along the east-west sun line to compare low-
resolution telescopic measurements of polarized moon-
light, 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 polar-
ization functions. Additional areas containing large rock
fragments, disturbed material, and footpad imprints were
selected for special examination. After lunar sunset, pic-
tures were taken of the lunar surface illuminated by
earthlight to measure the depolarization of earthlight
reflected from the lunar surface.

1. Method of Polarimetric Measurements

Pictures of the lunar terrain were taken with three
polarizing filters rotated sequentially in front of the
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camera lens, while the aperture and other camera con-
ditions were held constant. Variation in the apparent
radiance of the same image element contained in the
three pictures is due to a polarized component in the light
incident on the filters. The greater the degree of polariza-
tion, or percentage of linewrly polarized light in the light
scattered from the lunar surface, the greater the variation
in apparent radiance of image elements in pictures taken
through the three filters. Laboratory tests with a slow-
scan television camera and three polarizing filters have
shown that as little as 5% linearly polarized light can be
measured with moderate precision and as little as 3%
can be detected.

The orientation of the polarizing filters remains fixed
with respect to the camera mirror and rotates with re-
spect to the picture format. The Surveyor VI camera
was tilted about 16 deg from the lunar vertical toward
the lunar azimuth 60 deg before the hop, and 13 deg
toward 56-deg azimuth after the hop; the Surveyor VII
camera was tilted about 16 deg from the lunar vertical,
toward the lunar azimuth 290 deg. Pictures taken in the
direction of the camera tilt plane will have the polariza-
tion axis of filter 2 parailel to the horizon and the axis
of filter 4 normal to the horizon. At other camera view-
ing positions, the axes of filters 2 and 4 are inclined to
the left or right of these positions, reaching the maximum
inclination of 16 deg at viewing positions at right angles
to the camera tilt plane.

For a first approximate analysis, the degree of polar-
ization was computed by dividing the difference between
the luminances observed through filters 2 and 4 by the
sums of the luminances. The percentage of polarized
light determined 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 further tests of mirrors of
the type used in the Surveyor camera. Preliminary polar-
imetric calibrations of Surveyor camera mirrors show
that a linearly polarized component of light will be par-
tially changed to an elliptically polarized component.
Both the aluminum oxide mirror surface and the silicon
monoxide overcoat are involved in introducing polari-
metric errors; the errors do not appear to exceed a few
percent.

2. 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
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of the lunar surface was found tu depend principally on
the phase angle. The orientation of the scattering surface
has a negligible effect on the degree of polarization, al-
though the plane of polarization of the linearly polarized
light, in most cases, tends to be parallel 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 deg, the polar-
ization was low to undetectable; an increasing degree
of polariz .tion was observed from 35- to 90-deg phase
angles, and as much as 19% polarization between 90-
to 110-deg phase angles. The degree of polarization
decreases at larger phase angles, declining to 8 to 11%
at 155-deg phase angle. Differences in the degree of
polarization at a given phase angle in light scattered
from surfaces 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 highlands was also par-
tially plane polarized, but the maximum degree of polar-
ization was less than half that observed on the mare
site. A smooth curve through the data points shows less
than 4% polariz. .ion below 60-deg phase angle, 4%
polarization at 60-deg phase angle, and a maximum of
7% at 100-deg phase angle, followed by gradually
decreasing polarization at larger phase angles. The de-
degree of polarization did not vary significantly as a
function of the Innar azimuth of observation.

The preliminary polarization measurements of light
scattered from the undisturbed, fine-grained lunar sur-
face material at the Surveyor VI und VII sites indicate
that the polarimetric functions at resolutions of about
1 cm are similar to the telescopically observed polari-
metric functions (Fig. II1-88) determined for areas of
more than 100 km? of lunar surface. The polarimetric
function obtained from Surveyor observations and at thc
telescope is also similar to that obtained in the laboratory
for powders of basic and basaltic rocks (Fig. 111-89;
Refs. 111-42 and I11-43). Thus, the polarimetric results
are consistent with elemental analyses from the Alpha-
Scattering Experiment conducted on Surveyors V, VI,
and VII (Ref. 111-44).

3. Polarimetry of Rock Fragments

Rock surfaces ob:erved on the maria and highlands
exhibited a greater variation of polarizing properties
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Fig. 111-88. Preliminary polarization measurements for undisturbed fine-graiied
material on the lunar surface near Surveyor VI (maria) at left, and Surveyor ViI
(highlands) at right, compared with polarimetric functions derived from tele-
scopic measurements. The two curves from telescopic data represent the limits
of the range of polarimetric measurements (Refs. 111-42 and iil-43).
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Fig. 11-89. Polarization curves for fresh fracture sur-
faces of olivine batalt and pewdered olivine basalt
samples (Refs. 111-42 and 111-43). For comparison, the
average telescopically measured polarization function
for fine-grained mare and highland materials are super-
imposed on the polarization curves for basalt.

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 maximum po-

~ larization of the scattered light that is two or more times

%
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greater than that produced 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. The orientation of the plane of
polarization of the linearly polarized light component
contained 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 limitcd ‘o a small range of
phase angles (20 to 95 deg). The polarization effects of
rock surfaces at phase angles less than 60 deg were
undistinguishable from the effects of the fine-grained
materials. Between 70- and 95-deg 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 fne-grained materials (Fig. I111-80).
Light scattered from two rocks exhibited 25 and 26%
polarization at 95-deg 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 mate:‘al. Other rock frag-
ments with lower albedos produce lower degrees of
polarization. The brighter rock fragments caused as much
as 50% more polarization 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 deg). The rock surfaces again exhibited a more
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Fig. 1-90. Preliminary polarization measurements of light scattered from sur-
faces of rock fragments near Surveyor VI (maria) at left, and Surveyer ViI (high-

lands) at right.

irregular polavization function than the fine-grained ma-
terial of “he 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. III-80).
The light scattered from some rocks exhibits a rapid
increase in degree of polarization, starting at 6 to 9%
and going to 25 to 34%, over the interval from 70-
to 125-deg phase angles. Maximum degree of polarization
caused by individual rocks occurred between phase angles
of 114 to 128 deg. The measurements were obtained only
at 8- to 13-deg phase angle intervals, however, and the
peak degree of polarization from rocks causing strong
polarization of light scattered occurs between 120- to 122-
deg phase angles. The rocks producing high peak polariza-
tion 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 aiso have a lower al-
bedo, and peak polarization occurs at a phase angle nearer
that observed for the fine-grained material. The combina-
tion 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.

4. Depolarization of Earthlight Reflected From the
Lunar Surface

During the .unar day, polarimetric measurements were
made of an area on the fine-grained material of the
highland surface about 3.1 m northeast (44 deg seleno-
graphic azimuth) of the Surveyor VII spacecraft. The
highland area exhibited an average polarimetric function
with about 6%% polarization at a phase angle of 95 deg.

a1 a8 W

Pictures were also taken through the polarizing filters

of this fine-grained material about 12 hr after sunset,

when the lunar surface was illuminated by earthlight.

The phase angle of the polarimetric observations under
earthlight was about 92 deg. The degree of polarization
of the incident integrated earthlight was estimated to be
15 +2% from a series of pictures of the earth taken
through polarizing filters within a few minutes of the
pictures taken of the lunar surface.

Preliminary reduction of the polarimetric data indi-
cates that the polarization of earthlight scattered from
the lunar surface is about 10 +=2% at a phase angle of
92 deg. The observed depolarization of the scattered earth-
light is probably caused by multiple scattering from the
surface of grains composing the very porous lunar surface.
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5. Summary of Polarimetric Measurements

Preliminary reduction of the polarization measure-
ments from Surveyor VI and VII pictures indicates that
the polarimetric function of the fine-grained part of the
regolith reaches a maximum of 7 to 8% in the highlands

. and 16 to 19% on the mari* These polarimetric functions,

measured for areas of 1 cm® to ! m®, aic similar to those
measured at the telescope for areas of more than 100 km?;
thus, the polarimetric functions are nearly independent of
scale. The polarization function of fine-grained lunar
material closely matches the polarization function of
basalt and gabbro powders (Fig. 111-89). The polariza-
tion function for the mare sites more closely matches
that of basalt powders about 754 in mean size; the
polarization function for the highland site is similar to
basalt powders ground to about 30u in diameter (Fig.
111-89).

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 similer to the fine-grained materinl 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. I11-80 and 111-90). As most observed
lunar rock fragments have been disturbed by cratering
events, the fragments have undergone varying degrees
of shock alteration and comminution of crystals. The
polarization function of these rock fragments might be
expected, therefore, to be intermediate between the
function of essentially uncrushed crystalline material
and the function of finely fractured material.

K. Sunset Observations
J. J. Rennilson

During observations of the western horizon shortly

~ after sunset, an unexpected phenomenon was noticed in
_ aﬁ the Surveyor missions. A bright line with several bright
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beads was observed along the western horizon as late as
1 hr after the upper limb of the sun had set. The beads
disappeared by groups as the sun dropped lower beiiind
the local horizon. Although first recorded by Surveyor I,
the phenomenon was first recognized during th-
Surveyor VI mission. It was again observed during the
Susveyor VII mission, but polarimetric 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 min in time.
Frames numbered 1, 2, 4, 5, and 6 were reduced using
the mission analog nwgnetic tapes and the data proc-
essed for absolute .uminances (Ref. 111-37); frames 3
end 7 were omittcd from final reduction because of incon-
sistencies in their exposure data. Figure 11191 shows the
location of the photometric 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 Fig. 111-8]1 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 reseau marks on
the vidicon. The angular separation of these dots is
1.383 deg. Note that the distribution of picture elements
in this figure is for the first frame only.

Pre-flight calibration was used to establish the correct
luminance value for each picture element. Television
frames obtained during this calibration consisted of pic-
tures of 4 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 resulted in a transfer
characteristic for each picture element. Thus, effects such
as camera shading and nonlinearity of camera response
were considered.

Figure 111-92 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 deg. 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. I.




LINES

Fig. II-91. Location of photometric data used to determine the luminance of the bright line on the western horizon
after sunset at the Surveyor VI site on November 24, 1967, 14:15:26 GMT. All significant picture elements (pixels)
are plotted according to position on the television scan lines. The heavy line is the apparent path of the sun; the
numbered positions | to 7 are the center of the sun's disk in the pictures.
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Fig. 11-92. Luminance variation of the bright line along the western herizon after sunset at the Surveyer VI site.

video signals were saturated, the data points wer: not
includeri in these frames. It may be seen in Fig. 111-92 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.

Figures 111-83 and 111-04 show the luminance profiles
of two beads. The centers of these ber © are marked by
the line and element coordinates shown in Fig. 11I-01.

| Angular distance is measured right or left of the intersection of the sun's path with the herizen. The solid line repre-
 sents the data from the picture only; maximum values of the other pictures are shown with identifying symbels.

The anguiar 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 cach frame. The lumi-
nance of the beads rapidly decreases with time, reaching
a minimum value about 20 min after their appearance.
The exact time at which the beads completely dis-
appeared is not known.
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Fig. 11-94. Luminance of a bead (line 310, element 375)
in the bright line on the horizon after sunset at the
Surveyor VI site. Luminance is plotied as a function of
angular distunce from the center of the sun's disk for
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six pictures.

L. Photometric and Polarimetric Observations
of the Earth
H. E. Halt

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 earthlight (Fig. I11-85). These pictu.es
are being used to study the integral photometric and
polarimetric functions of the earth, as viewed from the
moon during the January 1968 lunation.

A sequence of earth pictures was taken every 2 or 3
hr (Fig. I11-96) starting at 17:11 GMT on January 27
1968, and terminating at 19:37 GMT on January 23,
1968. The pictures taken during the 26-hr period provide
the information for studying the variation in reflectan:~
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

122

to 20% higher than expected,and variation in reflectance
of 11 +=3% occurred between 10:11 and 12:13 GMT on

January 18,

Preliminary polarization measurements indicate that

the polarized component of the earthlight varies as a
function of cloud cover and the changing patterns of

oceans and continents during rotation. Specular polar-
ization appears to occur over an area of about 2 X 10°

km? in the approximate geometric center of the earth’s

illuminated crescent. The degree of polarization of earth-

light from the specular reflection area varied from 26 °

to 30% over clear parts of the oceans, 12 to 16% over
clear parts of the continents, and 4 to 8% 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.
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'wres of the earth taken by Surveyor VIl camera during the first lunar day after landing. The first four pictures show
later pictures show a waxing earth. The phase angle is shown below each picture.
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NIGHT

Fig. 111-99. Stereographic 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 Arctic, snow
fields; dark areas are clear. Note position of African continent, which may be seen in the clear areas on right-hand
side of (a). Trace of limb of earth, as seen from the moon, and positions of beads and the bright region in the
refraction halo of the earth observed in the second series of eclipse pictures taken by Surveyor Ill 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 Fig. 111-98 (mosaic provided by Dr.
D. S. Johnson, National Environmental Satellite Center, ESSA).
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Fig. 1-96. Twelve pictures, covering a 26-hr period on January 22 and 23
Surveyor VIl camera. The earth rotatsd about 390 deg from left to right during th
sive pictures. Sunrise occurs over ecstern Australia at about 20:00 GMT. At 03:00
of the Indian Ocean is covered by cleuds.
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Jonvary 22 and 23, 1968, of the partially illuminated earth taken by the
left to right during this 26-hr viewing peried, or about 30 deg between succes-
vt 20:00 GMT. At 03:00 GMT, sunrise occurs along the east coast of Africa; most

19:00 GMT

JPL TECHNICAL REPORT 32-1265

Boldout #2

R

1 ERRERA AL




M. Eclipse of Sun by Borth, as Seen

From Surveyor Il
E. M. Shoemaker, J. ). Rennilson, and
E. A. Whitaker

In late morning of the first lunar day of the
Surveyor 111 mission, an unusual opportunity occurred
to observe an eclipse of the sun by the earth; this

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 beca
of the limited range of elevation angles through
the mirror can be stepped. To observe the earth,
mirror was pointed upward and positioned at its
permissible elevation step, and wide-angle
of the eclipse were obtained. The image
was reflected from very near the upper
mirror. During the eclipse, two series of
pictures total) were obtained through the
' The first series of pictures was obtained at approximately
11:24 CMT; the second set was obtained approxi-
mately 37 min later, The pictures were taken at two

%
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188

* SUBLUNAR
POINT

11:24 GMT

iris positions, and multiple pictures were taken through
each filter.

During the eclipse, the sun passed behind the earth
along a path that brough the position of the center of
the sun, as seen from the moon, to within 15 min of the
sublunar point on the earth (Fig. 111-97). 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 ahout 172°W longitude
and 12.5°S latitude at the time the first series of pictures
were taken, and at about 179°E lougitude and 12.5°S
latitude at the time the second series of pictures was
taken. These positions are in the southwest Pacific. The
limb of the carth lay along western North America, the
eastern Pacific, eastern Antarctica, the central Indian
Ocean, southeast Asia, central China, eastern Siberia, and
a short arc across the western Arctic Ocean.

In the first series of eclipse pictures, V' ecarth is partly
surrounded by a halo of refracted light tnat varies greatly
in brightness from one position to another along the
limb (Fig. 111-88). A very bright region, approximately
80 deg in ar: length, lies along the northern part of the

12:01 GMT

ORIENTATION OF BOTTOM EDGE OF TELEVISION PICTURE OF ECLIPSE

Fig. 1l-97. Diagrams showing orientation of earth and position of the sun, as seen from the moon on April 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 lii television camera at approximately each of the times illustrated.
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Fig. l-98. Superimposed Surveyor Il pictures showing distribution
of light in the refraction halo of the earth at the time the first series
of eclipse pictures was taken and at the time the second series was
taken. An eclipse image taken from the first series of pictures has
been reduced in size and is shown nested within an eclipse image
taken from the second series of eciipse pictures. The angular orienia-
tion of both images is the same. Line marked N-S shows projection
of earth’'s axis on plane of pictures. Eighteen 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.

limb, nearest the position of the sun. In the majority  areas by sectors of the halo that are relatively faint. Most
of pictures taken, parts of the image of the halo in this  of these bright areas or beads are only a few degrees
region arc aturated. On either side of this bright region,  in length, but one relatively bright sector, about 20 deg
the halo has a beaded appearance; small bright areas  long, is present that cannot be resolved into separate
of short arc length are separated from other bright beads. At least 12 beads can he distinguished in the halo.
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A gap ranging from about 50 deg to more than 90 deg
. is present in the images of the halo along 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. 111-98). 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 deg. 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 controlling the

' distribution of the beads, each bead’s position in the sec-
ond series of pictures was measured relative to the pro-
jection of the earth’s axis. These positions were plotted
| on the trace of the limb on stereographic projections of
the northern and southern hemispheres of the earth. The
plotted positions of the beads were thrn compared di-
rectly with stereographic mosaics of ESSA 8 pictures of
the earth taken on the day before the eclipse (Fig. 111-99a
and b). Even though there was some shift in cloud pat-
terns between the time the ESSA 8 pictures were taken
and the time of the eclipse, it can be seen that the beads
occur predominantly over clear or largely clear regions
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 information
contained in the pictures has begun. Six pictures, one
taken through each of the three color filters during each
of the two periods of ohservation (Fig. III-100), were
digitized using equipment at the Jet Propulsion Lab-
oratory. The video voltage recorded on magnetic tape
was divided into 64 equally spaced levels. For calibra-
tion, the pre-flight recording of the 8 X 3 filter matrix
was also digitized. Equations for computing tristimulus
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values were derived from the digital printout of the pr
flight calibration tape.

The digitization procedure adopted for the television
pictures generates a larger number of digital picture ele-
ments along a scan line than there are scan lines in the
picture; the digital picture is a rectangular matrix of
600 X 684 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 ele-
ments yielding colorimetric data in each of the digitized
pictures from this series was 644. Chromaticity coordi-
nates for selected picture elements were calculated, by
means of the tristimulus value equations, from the dig-
ital 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 chro-
maticity coordinates may have an error of as much as 0.03
in x and .

Chromaticity coordinates were calculated for 18 points
on the images in the first series of eclipse pictures and
were plotted on a chromaticity diagram (Fig. III-101).
The location of these colorimetric measurements with
respect to the eclipse iniages is shown in Fig. I11-102
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 *emperatures
for natural daylight as far as 4800°K. Loc! of correlated
color temperature (Ref. I111-45) are shown crossing the
Planckian locus in Fig, II1I-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 cor-
related 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 Anarctic~, 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
absorption. Most of the colors present in the images had
purities less than 50%.
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Fig. 111-99 (contd)

DAY

129

ot e e o




Fig. 111-100. Wide-angle Surveyor Il pictures showing eclipse of sun by earth,
as observed on April 24, 1967, through the filters indicated. (a) x’ (red),
11:31:40 GMT. (b) y’ (green), 11:23:06 GMT. (¢c) 2’ (blue), 11:24:01 GMT. (d) x’,
12:02:10 GMT. (e) y’, 12:03:10 GMT. (f) z’, 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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Fig. 11-101. Chromaticity coordinates of selected points from the first series of
Surveyor eclipse pictures. For purposes 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. 11l-41),
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Fig. 1l-102. Diagrom of the solar eclipse showing positions of points on the
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IV. Lunar Surface Mechanical Properties

R. Choate, S. A. Batterson, E. M. Christensen (Chairman),
R. E. Hutton, L. D. Jaffe, R. H. Jones, H. Y. Ko,
R. F. Scott, R. L. Spencer, F. B. Sperling,
and G. H. Sutton

Significant new knowledge on the mechanical prop-

| erties of the lunar soil has been provided by the Surveyor
‘series of spacecraft (Fig. IV-1). This Report summarizes
‘the Mechanical Properties Sections of the Surveyor

Mission Reports (Refs. IV-1 to IV-5), which contain
information on soil cohesion, adhesion, permeability,
compressibility, particle size distribution, bearing
strength, elasticity, frictional and light reflectance char-
acteristics. Mechanical property estimates presented are
results of interpretations of landing telemetry data and
television pictures or footpad and crushable block land-
ing imprints, alpha-scattering-inst.ument imprints, tracks
made by rolling stones, and rock fragments lying on
the surface. The surface sampler, flown on Surveyors 111
and VII (see Section V 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 operateu 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
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higher thrust, resulting in a hop of 2.4 m '(Ref. IV-4), and
(3) Surveyor VI attitude control gas jets were operated.

Soil at the five landing sites was found to be remark-
ably 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 Surveyor. At each site, the soil is granular and
slightly cohesive. Although predominantly fine-grained,
the soil contains a small percentage of rock fragments
in a wide range of sizes.

A. Spacecraft Landings
1. 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

"Walues are given in centimeter-gram-second units. To convert to
foot-pound-second units, the following factors apply: 1 m = 8.28 ft;
1 cm=0.894 in.; 1 N (newton) = 10* dynes = 0.225 1b;
1 N/em' = 1.45 Ib/in'; 1 dyne/em® = 10 N/em® = 1.45 X 10
Ib/in.’%; 1 poise = 1 dyne sec/cm® = 2.080 X 10°* Ib sec/ft".
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Fig. IV-1. Ground level view of a Surveyor spacecraft. Each spacecraft has three symmetrically located footpads,
shock absorbers, crushable blocks, and vernier engines, and three attitude control jets.
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slope of about 20 deg. For these spacecraft, vernier
engine shutdown occurred at 4.3 +1.4-m altitude, when

' the spacecraft were essentially horizontal, with vertical

velocities of 1.5 0.5 m/sec and horizontal velocities
less than 1 m/sec. Surveyor 111 :nade an unplanned triple
landing because the vernier engines continued to fire
during the first two touchdowns. The second touch-
down occurred 24 sec after the first touchdown; 12 sec
later (% sec after termination of engine thrust by earth
command), the third and final touchdown occurred.
During this landing sequence, the spacecraft moved
down the 10-deg (average) inner slope of the large crater
in which it landed (Ref. 1V-2). Landing conditions for
each Surveyor mission are summarized in Table IV-1.

The spacecraft landing system (Fig. IV-2) consisted
of three legs with crushable footpads (Fig. I1V-3), and
three cylindrical crushable blocks mounted under the

~ frame near the leg attachments. During landing, the legs
- rotated upward around their hinge axes, and energy was

absorbed by compressing the skock absorbers. When
leg rotation was sufficiently great, the blocks contacted

the surface and provided additional energy absorption
capability. After landing, the shock absorbers re-extended

to their original undeflected lengths.

A temperature-compensated strain-gage bridge was
mounted on each shock absorber to monitor its axial
load history, which was telemetered to #«th in the form
of a continuous analog signal. Initia. : ¢ ain-gage his-
tories for each landing are showh in Fig. IV-4. Except
for the first two landings of Surveyor III, all recordings
indicate zero force level before touchdown because the
spacecraft were in a free-fall state after vernier engine
cutoff, which occurred about 1.3 sec before touchdown.
However, even for the first two Surveyor III lardings,
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 sec. As shown in Fig. IV-4, about
0.3 sec after first contact with the lunar surface, the
forces returned to zero level, indicating elastic rebound
of the spacecraft. Rebound occurred in all landings; it
was most pronounced in the landings of Surveyors V,

Table IV-1. Summary of landing conditions

Mission
Parameter Surveyor I Surveyer VI Tolerance
ml' PN PR — 'mv Surveyor Vil
' 2 3 Initial Hop

Vertical landing 3.6 1.8 1.4 1.5 4.2 34 3.8 3.8 +0.4
velocity, m/sec

Horizontal landing 0.3 0.2 0.8 0.9 0.3 0.3 0.5 0.1 +0.2
velocity, m/sec

Angle of surface slope, deg 1.0 1.5 14,0 9.2 19.5 J.9 - 31 +0.5

Maximum axiol shock- 6190 2970 1420 3860 5620 7000 14900 7330 +5%
absorber load (leg 1), N

Maximum axial shock- rARL 3060 2800 2440 7280 8000 7800 7800 +5%
absorber load (leg 2), N

Maximum axial shock- 6220 3680 2350 4120 7300 7000 8600 6540 +5%
absorber load (leg 3), N

Mass of spacecraft 294.5 305.7 - 299.0 3037 300.5 299.8 306.0 +0.5
at landing, kg

Depth of footpad 2* 3 - 2 2 4 2 6 6 4 +1
penetration, cm

Depth of footpad 3* 2 - 2 4 4 £2 3 3 4 1
peneiration, cm

Maximum travel 50 - - 70 80 50 90 +C +8
distance of ejecta, cm

SThe footpad depths listed are the estimated depths of the footpads below the undisturbed surface in their final pesition; depths of penetration correlating to times at peok
shock-absorber loads were generally different than the final depths; see Table IV-2,

g
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Fig. IV-2. Dimensions of landing gear assembly.

VI, and VII because of a higher shock-absorber spring
rate. Reimpact, in some cases followed by a second slight
rebound, was followed by a ring-out oscillation, after
which (beyond the range of the display in Fig. IV-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 m from the first landing. Complete strain-gage
records for the Surveyor VI initial landing, presented in
Fig. IV-5, contain the most clearly defined ring-out
oscillations of any Surveyor landing.

140

2. Spacecraft/Soil Interactions

Visible imprints made by the footpads (Figs. IV-6 and
IV-7%) during the landings indicate that 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

*Unless otherwise noted, all individual pictures and mosaics are
from narrow-angle television frames.
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Fig. IV-3. Surveyor footpad. (a) Side view. (b) Bottom
view, showing waffle pattern in aluminum foil covering
formed by internal honeycomb structure. The footpad
diameter is 30.5 ¢cm at the top and 20.3 cm at the
bottom.

footpads. The footpads 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, cousist of fine and coarse soil thrown out
over the surface during impact and subsequent sliding
of the footpads.

Figures IV-6 and IV-7 show footpads 2 and 3 in their
final positions and the adjacent areas of Surveyors I, III,
V, VI (pre- and post-hop), and VII. (Footpad 1 and the
adjacent area were not visible to the television camera.)
Figure IV-8 shows the imprints made during the second
landing event of Surveyor II1, as viewed from the space-
craft after the final landing. Figure IV-9 shows the im-
prints made by footpads 2 and 3 during the initial landing
of Surveyor VI, as viewed from the spacecraft after the

hop.
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Footpad imprint details vary, primarily because of
the different landing conditions encountered by each
spacecraft. After Surveyor I bounced, the footpads came
to rest in the initial imprints (Figs. IV-6a and IV-7a).
The imprints made during the first landing event of
Surveyor III were not located; however, imprints made
during the second landing event and rebound are shown
in Fig. IV-8. Multiple imprints were made by each foot-
pad during the third landing event (Figs. IV-6b and
IV-7b). The Surveyor V footpads plowed trenches (see
Figs. IV-6¢c and IV-7c) in the soil as the spacecraft slid
down the inner slope of a small crater (9 by 12 m). The
footpads rotated about their hinge axes during the slide,
with their outboard edges tipped downward, and lunar
soil was deposited on the footpad tops (Fig. IV-6¢c).
Footpad imprints in Figs. IV-6d and IV-7d were made
at first impact during the initial landing of Surveyor VI;
Other pictures of these same imprints were obtained
after the hop (Fig. 1V-9). Figures IV-6e and IV-7e show
the footpad imprints made visible because of the space-
craft bounce after the hop. Because of the substantial
horizontal velocity acquired during the hop, a greater
amount of soi! was ejected and was thrown further by
the footpads than during any other landing except for the
downhill slide of Surveyor V (Fig. 1V-6d). Footpad 3 of
Surveyor VII came to rest in its initial imprint on top
of a small rock (Fig. IV-7f). A rock, about 18 cm long
and at least 10 cm high, near the final position of foot-
pad 2, appears to have been moved during landing (Fig.
1V-6f).

Pictures of the areas disturbed by the footpads show
clearly that the lunar surface material is granular, Many
fragments are visible in the television pictures. However,
as shown in the sn.oothed 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 milli-
meters 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. I111-23 of Ref. IV-6). Thus, many of the larger
fragments in the disturbed material must be aggregates
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 undis-
turbed surface. Lighter fragments are visible on the
undisturbed surface and occasionally on the disturbed
surface; they probably are rock fragments and are much
more abundant at the Surveyor VII highland site than
at the mare sites.
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Fig. IV-4. Telemetry data showing initial shock-absorber axial load histories during Surveyor landings. In most
cases, oscillations continue beyond the 2.5 sec shown. (a) Surveyor I: landing. (b) Surveyor lil: first touchdown.
(¢) Surveyor lil: second touchdown. (d) Surveyor lli: final landing. (e) Surveyor V landing. (A Surveyor VI: initial
landing. (g) Surveyor VI: hop landing. (h) Surveyor VIi: landing.
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(h) SURVEYOR RII: LANDING
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Fig. IV-4 (contd)
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Fig. IV-5. Surveyor VI shock-absorber axial loaci histories, which show the complete ring-out oscillations during
the initial landing. These late oscillations are the most highly developed of any Surveyor landing.
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jﬂ'. IV-6. Lunar surface areas disturbed during footpad 2 landing impacts. (a) Surveyor I: wide-angle picture
showing rayed ejecta pattern (June 5, 1966, 11:29:49 GMT). (b) Surveyor lli: mosaic showing high reflectivity of
bottom of first two overlapping imprints outboard of footpnd. Edge of a third imprint, formed in ejecta from first
two impacts, is visible over top of footpad (April 26, 1967; Catalog 3-MP-3). (¢) Surveyor V: wide-angle pictures
showing trench formed as spacecraft slid down the inner slope of the small crater in which it landed. The deepest
penetration was on the uphill end of the trench where initial impact occurrvd (September 14, 1967; Catalog
5-MP-19). (d) Surveyor VI: after initial landing. Wide-angle frames showing part of the imprint made during first
impact and the symmetrically distributed ejecta formed when the spacecraft made a near vertical final descent
onto an almost herizental lunar surface (November 15, 1967; Catalog 6-SE-25). (e) Surveyor VI: after hop. Part
of mosaic of wide-angle pictures showing portion of imprint at right of footpad made during first impact; space-
craft bounded back toward pre-hop position after making this imprint. Most soil was ejected in the direction th.
spacecraft was moving during the hop (November 17, 1967; Catalog 6-SE-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 (Janvary 14,
1968; Catalog 7-SE-18),
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Fig. IV-6 (contd)
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Fig. IV-6 (contd)
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Fig. IV-7. Lunar surface areas disturbed during footpad 3 landing impacts. (a) Surveyor | (June 12, 1966; Cata-
log 1-SE-5). (hi Surveyor lli: wide-angle pictures showing imprint below antenna boom made during first impact of
final ianding (April 30 and May 1, 1967). (¢) Surveyor V: wide-angle pictures showing far wall of trench (below
shock absorber) formed as spacecraft slid downslope (September 20, 1967; Catalog 5-MP-33). (d) Surveyor VI: after
initial landing (November 17, 1967; Catalog 6-SE-19). (e) Surveyor VI: after hop (November 18, 1967; Catalog 6-SE-24).

() Surveyor VII: one of the numerous rocks in the landing area made a hole in the crushable footpad behind the
magnet bracket (Janvary 17, 1968; Catalog 7-SE-20E).
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Fig. IV-8. Mosaic showing soil disturbance, about 11 m from the television camera, caused by second landing
event of Surveyor lll. 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 symbeol 2’ (April 26, 1967; Catalog
3-MP-1),
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Fig. IV-9. Surveyor VI footpad imprints made during initial landing, as seen from post-hop position.

(a) Footpad 2 imprint (November 17, 1967, Catalog 6-SE-39). (b) Footpad 3 imprint (November 22, 1967;
Catalog 6-SE-38).
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Imprints formed by the crushable blocks mounted
under the spaceframe were observed in Surveyor I, VI,
and VII pictures (Fig. 1V-10). On all spacecraft except
Surveyor I, flat or curved auxiliary mirrors were attached
below the spaceframe to improve the view of the crush-
able 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 clearly that
the soil is inelastically compressible. For example, the
second impact of footpads 2 and 3 on the Surveyor VI
initial landing, overlapping the flat bottoms of the first
imprints, produced sharp indentations without raised
rims (Fig. 1V-9). This indicates that, even after the com-
paction 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 crush-
able blocks (Fig. IV-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; they 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. IV-11). A soil clump,
thrown 30 cm by a Surveyor V footpad, had sufficient

Fig. IV-10. Imprints on lunar surface made by crushable blocks. (a) Surveyor I: crushable block 3 imprint. Imprint
walls are alm: .t vertical; depth of penetration is about 2 cm (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 rup-
tured during landing (November 12, 1967, 07:08:08 GMT). (c) Surveyor VI: crushable block 3 imprint made during
first landing, as seen from post-hop position. This imprint is the same imprint seen in Fig. IV-10b (November 1718,
1967; Catalog 6-SE-23). (d) Surveyor VIi: crushable block 2 imprint, as ceen through auxiliary mirror (January 10,

1968, 05:45:23 GMT; computer-processed).
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Fig. IV-10 (contd)

' strength to resist crumbling when it landed. Another

soil clump fractured on impact without disintegrating
after being ejected by a Surveyor VII footpad (Fig.
IV-11i). Footpad imprints have steep walls with open
fractures; soil clumps overhang a Surveyor VI imprint in
cantilever fashion (Fig. IV-11f). Cracks in surface mate-
rial that had been moderately disturbed were clso visible
near the Surveyor VII crushable block 3 imprint (Ref.
IV.-5). The surface samplers on Surveyors III and VII
dug trenches, which retained vertical walls 10 to 15 cm
high. These examples show that the lunar surface mate-
rial is cohesive.

The sides and bottoms of footpad imprints in many
cases are smooth. These smooth surfaces sometimes
clearly reproduced, through the covering of thin alumi-
num foil, the aluminum honeycomb pattern of the flat
bottoms and conical sides of the footpads. Laboratory

. tests of a Surveyor footpad (Fig. IV-3) indicated that the

ridges on the footpad bottom were probably 40 to 80u

- high. Thus, it is hypothesized that a large percentage of

| JPL TECHNICAL REPORT 32-1265

the surface material is composed of particles smaller
than 60u in diameter (Ref. 1V-2).

Disturbed soil outside the imprints is darker than
nearby undisturbed soil. The contrast in brightness be-
tween the disturbed and undisturbed soil was quite
pronounced at all landing sites, although it was some-
what less at the Surveyor V site. Also, the smooth bot-
toms of footpad imprints are brighter than undisturbed
soil (Figs. IV-8, IV-7, and IV-9), except at small phase
angles, i.e., when the angle is small between the camora
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, reflec-
tivity 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. 1V-12), there was no evidence of crushing of the
footpad aluminum honeycomb or crushable blocks on
landing. Crushing strengths were 7 N/em? for footpad
bottoms, 14 N/cm? for the footpad tops, and 28 N/cm? 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 Fig. 1V-13.

No settling of the Surveyor spacecraft after Janding
was detected, e cept in response to spacecraft conmands
and to compres:ion of shock absorbers during the lunar
night. No changes or movements, except those caused by
spacecraft operations, were noticed in disturbed or undis-
turbed lunar surface material over periods of observa-
tion of up to 6 wk.

3. 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 comparison: 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 III landings and of the Surveyor VI
hop were performed to obtain estimates of vernier engine
thrust histories and heights of engine nozzles above th=
lunar surface. These estimates have been used for surface
erosion analysis.
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Fig. IV-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 the soil is cohesive
(June 4, 1966, 06:55:26 GMT; computer-processed). (b) Surveyor lil: footpad 2 imprint made during final landing has
o waffle pattern impressed by the bottom of the footpad; low sun-angle illumination (April 20, 1967, 09:05:17
GMT). (c) Surveyor lli: footpad 2 imprint,as seen with high sun-anglic illumination. Walls and bottom of imprint have
higher reflectivity than natural undisturbed lunar surface. Flat surfaces and shapes of many fragments on near
s'ta of imprint indicate that the fragments have been only slightly displaced (April 26, 1967, 06:05:55 GMT),
4 (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 (September 14, 1967, 04:42:06 GMT). (e) Surveyor VI: footpad 2 imprint made
: during initial landing, showing compressed soil in imprint wall and floor (November 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 television camera can resolve (approximately 1 mm at
footpad disiance). Note the soil clumps that overhang the imprint rim and the lineations in the imprint wall
impressed by the conical side of the footpad (November 20, 1967; Catalog 6-SE-42). (g) Surveyor Vil: footpad 2
imprint; smoothness of wall surfaces shows that the soil is fine-grained (Janvary 11, 1968, 12:28:52 GMT).
(h) Surveyor Vii: footpad 2 imprint; the 45-deg wall of the imprint shows that the soil is cohesive. Note impression
of the footpad honeycomb structure left in the imprint wall (Janvary 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 (Janvary 13, 1968, 10:21:44 GMT).
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Fig. IV-11 (conid)
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Fig. IV-11 (contd)
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Fig. IV-11 (contd)
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Fig. IV-12. Surveyor Vii: hole in crushable honeycomb
behind magnet bracket on footpad 3. The hole was
caused by impact on a rock during landing (Janvary 20,

1968, 20:25:20 GMT).

Fig. IV-13. Unidentified bright object on lunar surface
to right of Surveyor VIl footpad 2, which probably is a
piece of aluminum torn from footpad or crushable block
honeycomb during landing (Janvary 19, 1968, 19:42:37
GIAT; computer-processed).

A Surveyor footpad will not begin to crush until the
pressure on it exceeds 7 N/cm?, Therefore, the leg force
histories (for up to 5 cm of crushing of the footpiui
bottoms) are the same for landings on surfaces with any
bearing strength above 7 N/cm?, The honevcomb blacks
crush at 28 N/cm?. Thus, any surface with a bearing
strength greater than 28 N/cm? is essentially rigid, as far
as the response of the entire spacecraft landing gear is
concerned. Rigid surface landing simulations have pro-
duced shock-absorber force histories that agree rea-
sonably well (peak forces generally higher, but deviations
less than 20%) with corresponding flight data. These

164

results indicated that force histories are relatively insen-
sitive to surface hardness—a fact that has been confirmed
by soft surface simulations with surface hardnesses as
low as 2 to 3 N/cm?. Thecefore, consideration of force
histories alone is not sufficient; penetration data also must
be considered to determine surface mechanical proper-
ties by use of soft surface mathematical models such as
described in Refs. IV-7 and 1V-3. ]

The soil model of Ref. IV-7 considers a bearing strength
vs penetration depth given by ¢ = a + gx, whereaand 8

are coefficients and x is the vertical penetration, A third

term (y%), shown by analysis to have a negligible effect

for Surveyor landings, was not included in the calcula-

a

E

tions. The surface horizontal force was assumed to be
the product of a friction coefficient and the vertical |
resistance to penetration. After a preiiminary investiga- |
tion, a friction coefficient of 0.7 was adopted for the

remaining analyses. The results indicated that, at the
Surveyor I landing site and on the scale of a Surveyor

footpad: (1) the uppermost portion of the lunar soil has |

= bearing strength of less than 1.4 N/cm?, and (2) bearing
shiongth increases with depth with an increasing rate
rnnd reaches a value in the range of 4.2 to 5.6 N/cm? at a
depth of 5 cm. The results indicated that simulated
penetrations of Surveyor I into such a surface would be
approximately 4.1 and 3.8 cm for footpads 2 and 3, re-
spectively. An extension of the investigation of Ref. IV-7,
using revised penetration estimates (Table IV-1) indi-
cates that the lunar surface bearing strength reaches the
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irange of 4.2 to 5.6 N/cm? at a depth o approximately
4cm,

' The compressible soil model defined in the Surveyor V
‘Mission Report (Ref. 1V-3) and used in preparing all
‘Surveyor Mission Reports, considers a bearing strength
ivariation expressed by

- —LiPs
p=p(l+cs)+ p.-p,"

‘where

p = pressure exerted on the penetrating object
p, = static bearing pressure
¢ = depth proportionality constant
p: = initial density of the soil
p: = vompressed density of the soil
s = penetration

A smul. depth-proportionality factor (¢ = 0.0328/cm)
was used; i.e., the static bearing pressure, p,, was as-

| sumed to increase by approximately 16% for each 5-cm

surface penetration. Consequently, this study provided
values of effective average bearing strength for a depth
corresponding to the maximum penetration for each
landing. On this basis, a p, of 3.4 N/cm? gave consistently
good correlation between analyses and flight data for the
landings of Surveyors I, III, VI, and VII (Refs. 1V-1,
IV-2, 1V-4, 1V-5, IV-8, and IV-9). (The correlation for
Surveyor VI is shown in Fig, IV-14.) However, for the
Surveyor V landing, it was necessary to use a p, of
2.8 N/cm? for acceptable correlation (Ref. IV-3). This
appeared to indicate a softer surface at the Surveyor V
landing site. It should pe 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. Conse-
quently, the lower p, indicated for Surveyor V is at least
partially a result of the 20-deg slope on which the space-
craft landed, rather than an indication of a difference in
soil properties. For the post-hop 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. IV-4g). It is thought that
footpad 1 struck a rock, which restricted its lateral move-

' ment during the landing, thus causing the unusual force

history.

Footpad 2 penetrations resulting from landing simula-

' tions using the compressible soil model are compared in
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Table IV-2. Footpad 2 penetrations calcvlated from
computer compressible surface landing simulations.
These values are compared with penetration
measured from television observations

Footpad 2 initiel
Bearing sirength vsed in peneirations, ¢m
]
Spacecraft m.._. N/em P— —
M landing television
simulations | observations”
Surveyor | 3.4 47 3 £
4.9 37
Surveyor Il 34 5.0 25 £
(final land- 4.9 2.5
ing event)
Surveyor V 2.8° 12 12 +2
Surveyor VI 3.4 6.9 §t2
(initial
landing)
Surveyor VIi 3.4 8.4 4 £
2.0 (penetration <2.5 em) 3.5
4.9 (penetration > 2.5 cm)
sWork Is being performed on improving these values and will be published as soon
os avellable.
blow bearing strength value of Surveyer V site Is ot least partially coused by the
20-deg surfoce slope.

Table IV-2 with the penetration values calculated fium
television data. From these results, it appears that pene-
trations obtained from landing simulstions on surfaces
with p, from 4 to 6 N/cm would bracket the actual pene-
trations 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. IV-10c). A small mound
of soil in the bottom of the imprint is attributed to rup-
ture of the thin aluminum foil that covers the bottom of
the cored crushable block. Tests, described in Ref. IV-4,
were performed to establish the pressure levels
(2.4 N/cm?) required to rupture the aluminum foil. With
the compressible soil model described above, it was cal-
culated that the static bearing strength of the lunar soil
at a depth of 1 to 2 cm is about 1.8 N/cm?,

The first two Surveyor I1I touchdo »ns and the hop of
Surveyor VI were simulated using a landing dynamics
computer program that incorporated a mathematical
model of the Surveyor fight control system. The
Surveyor III landing analysis (Refs. IV-10 and IV-11)
produced the estimated touchdown velocities shown in
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Fig. IV-14, Surveyor VI initial landing data and analytical shock-absorber force/time histories.

Table IV-1. Variations of engine thrust levels and engine
height above the surface for the second landing are
shown in Ref. IV-2, Simulations of the Surveyor VI hop
were also made (Ref. IV-4) to provide data on engine
thrust levels and engine height above the surface. Engine
thrust data are shown in Fig. IV-15,

4. Depth of Footpad Soil Penetrations

Estimating footpad penetration during first impact for
each Surveyor landing is difficult since the television pic-
tures obtained after landing show only the final position
of the footpads, not their position at maximum penetra-
tion during frst impact. During all the landings, the
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footpads experienced two or more impacts caused by
spacecraft rebound; imprints caused by the first impact
generally were disturbed, or completely obscured, by
subsequent impacts.

Two methods were used to determine the depths of
footpad penetrations. The first method consisted of recon-
structing footpad landing in.prints in the laboratory by
using a Surveyor footpad and a soil of crushed basalt.
Lighting angles of a collimated light were adjusted 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 'esults.

JPL TECHNICAL REPORT 32-1265




L

8

ENGINE THRUST, N~

I I Ll | )

O ENGINE |
O ENGINE 2
© ENGINE 3

4 | 2 1 1

0.4 0.6 0.8

|| The second method was an analysis of spacecraft shad-
ows as described in Ref. IV-12, In this approach, esti-
mates relative to footpad dimensions were made of the
distance and height of lunar soil features around a foot-
pad using lengths of shadows of Surveyor television pic-
tures taken at differen® sun angles.

By combining the results of both methods, the general
features of foodpad imprints and ejecta rims were recon-
structed and vertical dimensions of the imprints were
determined.

The average footpad penetration values listed in Table
IV-1 are the estimated final depths helow 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 signifi-
cant variations in the depths of soil around each footpad.
Estimates of initiai footpad 2 penetrations, made during
mission operations, are given in Table IV-2. Improve-
ments in these estimates are being made, resuits will be
published as soon as available.

1 B. Elastic Properties of the Lunar Soil

. Damped oscillations were observed on the strain-gage
-
~ | JPL TECHNICAL REPORT 32-1265
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Fig. IV-15. Variation of Surveyor VI vernier engine thrust with time during the hop.

records following the final landing impacts of Surveyors
I, 111, 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 oscilla-
tions were not observed for Surveyors 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
spacecraft are known. In addition, the rate of decay of
the oscillations provides data for an estimate of the dissi-
pative (anelastic) properties of the soil. Laboratory tests
have been conducted to determine the elastic and dis-
sipative 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(t) =
deflection]

f(t) = C e sin [ul(1 — y*)]%¢

where y is the fraction of critical damping and «, is the
undamped, angular resonant frequency. The quulity fac-
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tor, Q, of a resonant system is Q = 1/(2y). For large Q,
i.e.,small y, the damped frequency is approximately equa.
to w, For a spacecraft on the lunar surface, w, and y
depend upon 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
1-mm displacement of the spacecraft center of gravity.
For such a small motion, linear approxim: .ions for the
spacecraft motion appecar justified. However, there is
some dispersiu.. in the oscillations, with the frequency
increasing slightly with decreasing amplitude. The reason
for this dispersion, which is neglected in the present
analylsis, is not known. It may be caused by nonlinear-
ities in the system,

For the initial landing of Surveyor VI, the average fre-
quency of the observed oscillations is 6.3 Hz and Q is
about 9; for the post-hop landing, the frequency is 6.9 Hz
and Q about 12. An approximate analysis indicates that a
spacecraft sitting on a rigid surface would have an oscil-
lation frequency of 8.0 Hz +-10%. Provided that the
constants of the spacecraft were essentially the same in
both cases, this observation indicates that the lunar sur-
face material, as loaded by the Surveyor VI footpads,
had greater stiffness and contributed less damping at the
second landing location than at the first landing location.
For Surveyors I and III, the observed frequen.y was
about 6.5 Hz; an estimate of Q has not yet been obtained.

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

_aeMpf,
Ke=F=p

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, G, for the lunar material can be
estimated using the relation (Ref. IV-13)

C = 2Ka(l — )

w’r

where r is the radius of the loaded area, and v is Poisson’s
ratio. Since v lies between 0 and 0.5 for all common mate-
rials, this relationship provides an estimate of G. Then,
the shear wave velocity of the lunar soil, V,, can be esti-
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mated for a given value of G and various assumed values
of bulk density, p, since V, = (G/p)*. In addition, the
compressional wave velocity, V,, can be obtained from

- 2Vi(l =)
.

For Surveyors I and I11, the oscillation frequency was
6.5 Hz, which results in K,, = 4.9 X 10* dynes/cm. This
implies a rigidity modulus range from 39 X 10° to
7.8 X 10° dynes/cm? for v varying from 0.5 to 0, respec-
tively, 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 com-
pressional wave velocity of 33 to 70 m/sec is obtained
(Ref. 1V-2).

v

By using the frequencies from the Surveyor VI landing,
the value of K,, correlating with the oscillation frequency
of 6.3 Hz would be reduced by about 10% from that
given above and increased by about 60% for the oscilla-
tion frequency of 6.9 Hz. Corresponding changes in the
velocities would be —5% and +30%, respectively.

The estimated seismic velocities are considerably lower
than those expected for terrestrial soils witi: other me-
chanical properties as described in this Report. Until tests
on the model spacecraft have been evaluated, tliese re-
sults should be considered as preliminary estimates only.

C. Lunar Soil Erosion

During a nominal Surveyor lunar landing (engine cut-
off at about 4-m altitude), the vernier engine exhaust gas
forces acting on the lunar surface are so small that little,
if any, surface erosion occurs. During the Surveyor III
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 inves-
tigate the effects of the gas plume on the lunar surface,
the Surveyor V vernier engines were fired for 0.55 sec,
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.
Its engines were fired for 2.5 sec at thrust levels sufficient
to cause the spacecraft to rise about 3.5 m and land
2.4 m from the initial landing point, thereby providing
good views of the effects of the firing on the lunar sur-
face. On Surveycrs I and VI, the attitude control jets,
which exert much lower forces than the vernier engines,
were operated to investigate their effects on the lunar
surface.
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1. Types of Lunar Soil Erosion

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

(1) Viscous erosion. Entrainment of soil particles as
the exhaust gases flow over the surface (Refs.
IV-14 and 1V-15, theoretical studies; Ref. 1V-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. IV-17). An eruption of the
soil could occur if an er.gine is rapidly shut down.

(3) Bearing load cratering (also called explosive crater-
ing). Rapid cratering caused when the exhaust gas
pressure on a surface exceeds the bearing capac-
ity of the surface (Ref. IV-18). With full expansion
of Surveyor exhaust plumes in the lunar environ-
ment, this type of erosion was not likely to occur.

2. Vernier Engine Firings

Surveyor 111 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 erup-
‘\i’tion 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.

a. Observations,

Surveyor III. The vernier engines continued to fire
during the first two touchdowns of Surveyor III. The
site of the second touchdown was visible to the camera
from the final landed position, approximately 11 m away.
As seen in Fig. IV-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 seil
are attributed to the firing of vernier engine 3. Howev.r,
other than the indication that the vernier engines prob-

‘ably caused soil erosion, little additional information
-could be obtained.

Surveyor V. On September 13, 1967, 53 hr after land-
 ing, the Surveyor V vernier engines were fired at low
thrust for 0.55 sec. 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 space-

| craft was resting on the inner slope of a small crater at

e
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an angle of about 20 deg (Fig. IV-16), the firing caused
no downslope motion of the spaceframe. The firing, how-
ever, 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 deg, and
its center of gravity moved 10 cm in a direction 45 deg
from the direction of maximum slope. The lunar weight
of the sensor head was 44 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
(Fig. IV-17). Erosion of soil during the firing ex-
tended to distances at least up to 1.9 m from the
engines. As shown in the controlled® mosaics
(Fig. 1V-18), the soil layer near vernier engine 8
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
knowr to have been moved is 4.4 cni in Jivmoer.
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 Fig. IV-18,
soil at E, beside rock a, was eroded to a depth of
about 1 cm. The trail (Fig. I1V-18a) left by rock H
as it rolled downslope is no longer visible (Fig.
IV-18b). Figure 1V-19 shows the relative Aistance
that fragments of different sizes can be moved by
gases striking the lunar surface with surface pres-
sures equivalent to those of vernier engine 3 (Ref.
IV-3). This figure shows that fragments up to
4 or 5 cm in diameter were moved at distances
up to upproximately 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 engir~ shutdown and form a shal-
low, crescent-shaped crater (Fig. IV-17b). 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 cm, and the maximum static pressure of the
exhaust gases on the surface directly below the
engine was 0.20 N/cm?®. Pre- and post-firing pic-
tures of the lunar surface below engine 3 are
shown in Fig. IV-17.

*The controlled mosaics are composed of narrow-angle television
frames mounted on a spherical surface; the center and orientation
of each frame are corrcct relstive to all other frames.
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Fig. IV-17. Lunar surface beneath Surveyor VI vernier engine 3, as seen through b
an auxiliary mirror. (a) Pre-firing picture. (b) Post-firing picture, showing the
é shallow crater caused by diffused gas eruption at engine shutdown.
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Fig. IV-18. (a) Pre-firing, annoteted mosaic of alpha-scatteri ng-instrument area. Rock and soil fragments not moved
by the firing are outlined; fragments shown by post firing pictures to have been moved by the firing are marked
with an “x" (September 10, 1967). (b) Post-firing, annotated mosaic of alpha-scattering-instrument arec. Fragments
not moved by the firing are outlined; fragments that moved are marked with an *x" (September 12, 1967).
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Fig. IV-18 (contd)
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Fig. IV-19. Graph of diameter vs distance for fragments moved by the static firing of Surveyor V vernier engine 3.
The dashed line represents the probable maximum sizes for fragments that could be moved by the firing at distances

ranging from 10 to 200 cm.

Surveyor VI. On November 17, 1967, 177 hr after
landing, the Surveyor VI vernier engines were fired for
2.5 sec in order to lift the spacecraft from the lunar sur-
face and to move it a short distance from the original
landing site. This maneuver subjected the lunar surface
to greater erosional force: from the vernier engine exhaust
gases than that exerted during the Surveyor V static firing.
To achieve horizontal motion during the hop, the space-
craft’s flight control system had been preset by earth
command such that the spacecraft acquired a tilt of 7 deg
immediately following liftoff (Fig. IV-20). This 7-deg 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. IV-21).

Figure IV-22 is a mosaic of computer-enhanced pic-
tures of the first landing site identifying the double
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imprints formed by the footpads and the single imprints
formed by the crushable blocks during the original land-
ing; the locations of the vernier engines before liftoff for
the hop are also shown, On Fig. IV-22, major areas of
erosion caused by vernier engine exhaust gases are identi-
fied with capital letters. Areas A through E represent
erosion principally attributed to engine 2, areas G through
I to engine 3. and areas K through N to engine 1 (Ref.
IV-4). Enlargemnents of the main erosion areas for each
engine are shown in Figs. IV-23 through IV-25,

Some of the more pronounced erosion features, formed |
by the firing and visible in Fig. IV-22, include: (1) fine, |
dark soil deposited 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 |
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Fig. IV-20. Time sequence of vernier engine positions during liftoff for the hop during the Surveyor VI mission. View

is perpendicular to direction of hop.

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 photometric target on one of the omnidirec-
tional antennas and left a thick coating of soil adhering
to the target (Fig. 1V-26).

b. Simulations and analyses. The vernier engine firing
data and surface pressure data for Surveyors III, V, and
VI are summarized in Table 1V-3. The thrust levels listed
were obtained from analytical simulations ( Surveyors 111
and VI) and from strain gages 2 the vernier engine sup-
port structure (Surveyor V). The minimum nozzle height
listed for Surveyor Il was estimated from the analytical
simulations; those for Surveyors V and VI were obtained
from comparisons of Surveyor pictures and photographs
of laboratory simulations using a full-scale spacecraft
(Refs. IV-3 and 1V-4). Lunar surface areas in the vicinity

JPL TECHNICAL REPORT 32-1265

of Surveyor III engines 1 and 2 could not he viewed
directly; their minimum nozzle heights are not included.

The maximum static and dynamic surface pressures
listed in Table IV-3 are values obtained from Roberts’
theory (Refs. 1V-14 and 1V-15). Figure IV-27 shows the
relationship between these pressures and gas velocity vs
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 IV-3. The pressures given for
Surveyors III and VI are the maximum values encoun-
tered during the second Surveyor III landing event and
Surveyor VI hop, respectively. During these maneuvers,
maximum engine thrusts and minimum nozzle heights did
not occur simultaneously; therefore, the listed maximum
surface pressure did not correspond to both maximum
thrusts and minimum nozzle heights.
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Svrveyer Svrveyer V Svrveyer VI
i Parameter
‘ Engine 1 Engine 2 ngine 3 Engine | Engine 2 Engine 3 Engine ) Engine 2 Engine 3
" Maximum thrust, N 490 130 250 120 76 120 390 310 420
} Nozzle exit-plane 25 39 39 39 32 32 32
f heoight, em*
! Maximum stofic 0.50 0.29 0.18 0.29 0.69 0.92 1.38
l pressure, N/em?
i Maximum dynamic 0.22 0.12 0.076 0.12 0.30 0.39 0.56
‘f pressure, N/cm?
' “Tosviated velves correspond to the minimum nezzie helghts veed in the surfece leading computations. Although some of these velves were swbsequently revised, the teby-
l loted surfoce pressures otill provide representative estimates.
i

Table IV-3. Vernier enjine parameters used in computations

ENGINE
(SHORTLY AFTER LIFTOFF)

SHOCK FRONT

\

COARSE FRAGMENTS EJECTED
INTO BALLISTIC TRAJECTORIES

\\

c\

\

’\

~ ,‘*”; R R
A T S Lo ¥ i PV

v—
AREA OF DEPOSITION

TURBIDITY--LIKE CURRENT OF EXHAUST GASES AND
ENTRAPPED FINE SOIL PARTICLES TRAVELING

HORIZONTALLY ALONG THE

Fig. IV-21. Probable history of erosion in Surveyor VI engine 2 area during hop.
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Fig. IV-24. Mosaic of computer-processed pictures, showing imprints of footpad 3 and crushable block 3 made dur-
ing the initial landing and seil disturbance caused by Surveyor VI vernier engine 3 du‘ing the hop (November 15
and 16, 1967; Catalog 6-SE-438).
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caused by Surveyor VI vemnier engine 1 during the hop (INovember 15 and 16, 1967; Catalog 6-SE-43A).
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Pig. IV-26. Surveyor VI photometric target on omnidirectional antenna boom. (a) Pre-firing picture (November 15,
1967, 09:37:11 GMT). (b) Post-firing picture. Before the firing, the target was clean; after the firing, the target
was cocted with a layer of soil up te 0.9 mm thick. The coating probably was cavsed by impact of a soil clump on
the target during the firing (Nevember 15, 1967, 12:30:00 GMT),

The viscous erosion theory given in Refs. 1V-14 and
1V-15 was used to compare the theoretical and observed
crater dimensions. Theoretically, soils composed of par-
ticle sizes smaller than 500 would not erode as fast as
observed during the Surveyor V firing. Also, for a hypo-
thetical soil composed of 6004 particles and with a cohe-
sion of 0.01 N/cm? (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 cal-
culations indicate that viscous erosion was not the major
erosion mechanism for the formation of the crater. How-
ever, viscous erosion probably caused the larger soil
fragments to move across the surface from positions out-

- side the crater.

Since viscous erosion does not appear to have been the
principal eroding mechanism, it is thougiit 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.
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IV-17). But it can be concluded, by comparing the calcu-
lated crater diameter with the observed value, that the
lunar soil must be relatively impermeable; a firing time
of 0.5 sec (Surveyor V) is only one-tenth of the time re-
quired to reach steady-state conditions. This is based on
an assumed soil porosity between 0.3 and 0.5 and a viscos-
ity of the exhaust gases in the soil between 1 X 10~ and
3 X 10 poise, as explained in Ref, IV-17. From this, the
permeability of the soil was calculated to be between
1X10*and 7 X 10-* cm®.

For comparison, the permeabilities of soils of different
uniform grain sizes are shown in Fig IV.-28. This figure
shows that the permeability range for the lunar surface
material, probably down to a depth of about 25 cin, fits
into the permeability range of silts (grain-size range from
2 to 60u). Lunar soil contains particles larger, and prob-
ably smaller, than this range. However, the estimated
lunar permeability indicates that most of the particles
are in the 2 to 60u size range. This estimate is in agree-
ment with conclusions reached from light reflectance
simulations of Surveyor 11l footpad imprints (Ref. IV-M,

REHSRIP
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was not large enough to prevent viscous erosion, but was
large enough for the soil to withstand the vertical pres-
sure

According to the theory advanced in Refs. 1V-14 and
1V-15, the maximum erosive shear stress occurs at the
point of maximum dynamic pressure and is dependent
on the effective value of the friction coefficient. Soil ero-
sion data obtained by the Langley Research Center from
soils having an initial flat surface indicated the effective
friction coefficient, C,, to be about 0.2, which is the value
recommended in Ref. IV-15. For the irregular, undulat-
ing 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 1V-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 coefficient of 0.4,
-5 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. !

bt

T
1
g

SURFACE PRESSURE AND DYNAMIC PRESSURE  N/cm?

DYNAMIC
PRESSURE J

L 1 A
0 20 30

RADIAL STATION, ¢m

Fig. IV-27. Theeretical static pressure, dynamic pressure,
and exhaust gas radial velocity at the surface of o Also, according to the theory in Refs. IV-14 and IV-15,

plane, parallel to the engine nozzle exit plane; engine the viscous shear stresses are resisted by the frictional
thrust = 120 N, nozzle exit-plane h.‘.“' = 39.4 ¢cm. and cohesional forces of the soil. The resistance of the

soil surface, provided by the frictional forces between soil
grains, is negligible for the small-diameter particles at the
c. Estimates of soil cohesion. Results of the Surveyor VI  Surveyor VI landing site. As a result, erosion is essentially
erosion test were used to estimate bounds for the cohe-  resisted by cohesion; therefore, upper-bound estimates of
sion of the lunar soil. Pictures of the Surveyor VI landing  soil cohesion are equal to the maximum values of applied
site (Fig. IV-22) indicate some surface erosion, apparently  shearing stresses. Because each vernier engine caused
of the viscous type, occurred beneath and adjacent to  some soil erosion, the minimum value for an upper-
each engine during liftoff. There is no indicatio: that  bound soil cohesion estimate is the shear stress caused |
bearing load cratering occurred. During takeoff for the by vernier engine 1. This value is 0.12 N/cm?.
Surveyor VI hop, the exhaust gas pressure on the lunar
surface decreased gradually enough to prevent diffused The maximum surface loading (1.35 N/cm®) occurred
gas eruption of the soil. Therefore, the estimates for soil under vernier engine 8. Under the assumption that
cohesion are based on the conclusion that the cohesion  Terzaghi’s bearing capacity theory (Ref. IV-19) is appli-
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cable for this type of surface loading, estimates can be
made for the minimum value of soil cohesion needed to
prevent a becring-capacity failure for various values of
soil density and internal friction 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 2.4 X 10-* N/em® (1.5-g/cm’
mass density) and a soil cohecion greater than 0.0073
N/cem® would be swificient Lo prevent a bearing-capacity
faflure for a soil with a 35-deg int.mal friction angle.
For a friction angle of 30 deg, the required value of
cohesion is 0.020 N/cm®. Since a bearing capacity type
of failure was not observed during the hop, this proce-
dure indicates that the soil cohesion lovier bound is
0.0073 N/cm’,

3. Attitude Control Jet Operations

a. Observations. Attitude control gas jets, mounted on
all Surveyor legs, provided attitude stabilization during
the flights. After landing, Surieyor I attitude control jets
wure operated to produce short pulses of 20-msec dura-
tions with a 30-msec pause between pulses (Ref. 1V.1).
Pictures taken after operation of the jets revealed the
presence of a small dimple crater near the attitude con-
trol jet 2 impingement area. However, test results are
inconclusive because no suitable prewring pictures of the
impingement area are available.

The attitude control jets on Surveyor VI were com-
manded to operate for a continuous burst of 4 sec, and
for another burst of 60 sec (Ref. 1V-4). Good television
coverage of the jet impingement area on the lunar sur-
face 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 deg from the

spacecraft vertical axis.

Comparisons of pictures taken before and after each
burst (Fig. 1V-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 consisted 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. 1V-29),

b. Simulations and analyses. Laboratory 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 tyy.e; nc eruption caused by diffused
gas was
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It was found that erosion occurred if the sofl 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 approximately 50 X 10°* mm Hg and full
expansion of the jet plume probably did not occur. There-
fore, static pressure on the soil surface in the vacuum
chamber probably was greater than on the lunar surface
heneath the fjet.

D. Spacecraft Contamination

During all missions, some spucecraft contamination,
caused primarily by the landing impact or by vernier
engine firings, was observed (Figs. 1V-30 through 1V-32),
Some fine material was observed on the thermal com-
partments of Swrveyor I (Fig. 1V-30); however, these
particles could have been deposited before the landing.

Glarc on Surveyor Il pictures probally was caused
by a thin layer of lunar soil deposited on the television
mirror when the vernier engines were fired during the
first two touchdowns.

Although Surveyor V landed on a 20-deg slope, no
obvious contamination of the spacecraft was produced,

except that the footpads plowed into the lunar surface,
causing soil to be deposited on the footpad tops. Follow-
ing the vernier engine firing, a splatter of soil was ob-
served on top of one of the electronic compartments
(Fig. IV-31). This contamination was caused by impact
of a soil clump, probably ejected by diffused gas eruption
from beneath vernie: engine 1. The soil clump must have
followed a near-vertical trajectory to reach the compart-
ment top. The firing also coated the vertical face of the
sensor head of the alpha-scattering instrument with soil,
destroying the reflectivity of its mirror finish.

During the hop made by Surveyor VI, some lunar soil
impacted and adhered to the photometric target on one
of the omnidirectional antenna booms (Fig. 1V-26). It is
estimated that the lunar soil adhesion in this case was
between 250 and 1000 dynes/cm?’, 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 Ref. IV-4.

A layer of fine lunar soil and small soil clumps were
deposited on one of the Surveyor VII auxiliary mirrors.
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Fig. IV-29. (a) Mesaic of narrow-ongle pictures taken shortly before the 4-sec operation of the attitude contrel jets.
Representative fragments, shown by post-operation pictures to have moved or to have been partially eroded by the
firing, are circled. The dark area cutting diagonally across each picture 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 (November 9, 1967; Cotalog 6-MP-1). (b) Mesaic of pictures taken immediately
after the 4-sec operation of the attitude control jets. Representative fragments that arrived at their present sites
because of the jet operation are circled (November 9, 1967; Catalog 6-MP-2). (c) Mesaic of the same pictures used
in Fig. IV-29b; however, the fragments circled are those fragments shown by later pictures to have been moved by
the 60-sec attitude control jet operation (November 9, 1967; Catalog 6-MP-2). (d) Mosaic of pictures taken after
the 60-sec attitude control jet operation. Fragments circled arrived at their present sites after the 60-sec operation
(November 9, 1967; Catalog 6-MP-3).
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(b)

Fig. 1V-29 (contd)
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(e)

Fig. IV-29 (contd)
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Fig. IV-29 (contd)
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Fig. IV-30. Surveyor | electronic compartment top after landing. The relative
lack of soil contamination is shown by the small number of soil particles.
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Fig. IV-31. Top of Surveyor V compartment B. A clump of soil ejected onto the compariment top during the firing
splattered in a direction away from vernier engine 1. (a) Pre-firing picture (September 10, 1967; 02:29:29 GMT).
(b) Post-firing picture (September 20, 1967; 05:48:58 GMT).
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jon Surveyor VI spacecraft after the vernier

1| 04:51:01 GMT. (b) Top of footpad 3 (November

Fig. IV-32. Relative lack of soil contaminction

engine firing. (a) Footpad 2: a few soil particles
lie along the top edge (November 17, 1967,

15, 1967, 12:23:13 GMT). (¢c) Top of electronic
compartment A (November 18, 1967, 06:04:56
GMT),
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E. Summary and Conclusions

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

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

(2) At all sites, soil ejected during spacecraft 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 deptli. Bearing strengths, calculated for var-
fous sized penetrators, are:

(a) In aoproximately the upper millimeter: less
than 0.1 N/cm? (from imprints of small rolling
fragments).

(b) At a depth of 1 to 2 mm: 0.2 N/cm* (from
imprints of the sensor head of the alpha-

scattering instrument on Surveyor VII; see
Ref. IV.5).

(c) At a depth of 1 to 2 em: 1.8 N/em? (from
Surveyor VI and VII crushable block imprints).

(d) Ata depth of 4 cm: between 4.2 and 5.6 N/cm?*
(from an extension of the Surveyor I footpad
penetration analysis of Ref, IV-7).

(e) To a depth of 6 cm: between 4 and 6 N/cm?
(average bearing strength from analyses of

Surveyor footpad 2 penetrations using the com-
pressible soil model defined in Ref. IV-3),

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

(6) Estimates of the soil shear wave velocity are be-
tween 15 and 35 m/sec, and of the compressional
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 proper-
ties as reported in this section.

(7) Viscous soil erosion, i.e., erosion by the entrain-
ment of soil particles as gas flows over the surface,

192

occurred during the vernier engine firings and atti-
tude control jet operations. Fine soil eroded during
the Surveyor VI vernier engine firing was picked
up by exhaust gases moving .n a horizontal sheet
alor: g the lunar surface and was redeposited at dis-
tances up to several meters. Some soil clumps and
fragments ejected from the exhaust gas impinge-
ment areas rose at least 1 m above the lunar sur-
face and traveled at least 4 m,

(8) During the Surveyor V vernier engine static Gring,
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 X 10* to
7 X 10-* em?. This corresponds to the pesmeability
of earth silts and indicates that most of the lunar
soil is in the 2 to 60. particle size range.

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

(11) Lunar soil, eroded by impingement of vernier en-
gine exhaust gases, adhered to the spacecraft. The
most conspicuous examples are:

(a) Surveyor IlI: Dust on the mirrors.

(b) Surveyor V: Soil on the polished vertical sur-

face of the alpha-scattering-instrument sensor
head.

(c) Surveyor VI: A thick layer of soil on the photo-
metric target. Adhesive strength of the soil
impacting, and adhering to, the Surveyor VI
photometric target is estimated to be between
250 and 1000 dynes/cm®.

(d) Surveyor VII: A layer of fine soil and small soil
clumps on cue of the auxiliary mirrors.

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

(13) Within an 18-m radius of Surveyor VII, 0.6% of

the area is covered by rocks larger than 20 cm in

diameter, 1.2% by rocks larger than 10 cm, and |

2.8% by rocks larger than 5 cm (Ref. IV-5).
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V. Soil Mechanics Surface Sampler
R. F. Scott (Principal Investigator) and F. |. Roberson

The Soil Mechanics Surface-Sampler Experiment was
| conducted on Surveyors I11 and VII; tests were performed
| successfully on both missions. The flawless perforniance
of Surveyor VII allowed more discrimination in the
performance of lunar tests, and the more quantitative
data obtained also provided a means for further inter-
pretation of Surveyor 111 data. A discussion of the physi-
cal differences between the missions is presented here,
- and some conclusions are drawn regarding the difference
in the characteristics of the two landing sites.

A. The Subsystem

Development of the surface sampler as a soil mechanics
instrument (Fig. V-1) involved the study and incorpora-
tion of sensors for direct measurements of position, force,
and deceleration (Ref. V-1). The evolution of the Surveyor
Project and schedule led to a change in subsystem
design (Ref. V-2); a modified surface sampler was flown
on Surveyor III and, following further changes in the
surface sampler/spacecraft interface, on Surveyor VII.

- 1. Mechanism

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

2. Electronics

The electronics auxiliary for the Surveyor VII surface
sampler incorporated a 7.5-W heater, larger than the 5-W
unit for the Surveyor 11l electronics. The design of the
electronics was the same for both missions. Because
Surveyor VII was a later-generation spacecraft, more
telemetry channels were available to the surface sampler.
The dditiod of two temperature sensors, attached directly
to ‘he vziraction and elevation motors, was one reflec-
tion of this capability. The motor-current readout on
Surveyor 111 was assigned to a single commutator frame,
which yielded a maximum of eight motor-current samples
for a 2-sec 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/
sec, a potential (depending on the random start and stop
time of a pulse) maximum of 40 motor-current samples
for a 2-sec motion. This 50-msec sampling rate provided
an excellent envelope of the motor-current pulse (Fig. V-2)
and led to a more accurate indication of forces applied
to the lunar surface.




D, Tt a1,

Fig. V-1. Partially extended surface sampler on test stand.
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Fig. V-2. Typical plot of post-flight, processed motor current.
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B. The Missions

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

1. Surveyor 111

During the Surveyor 11l operations for the first lunar
day, the surface sampler performed seven bearing tests,
four trench tests, and thirteen impact tests (Fig. V-3).
During the performance and analysis of these tests, addi-
tional ideas for improved 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 e number of commands issued
during the mission are listed in Table V-1.

Table V-1. Summary of surface-sampler operations

Operation Surveyor NI Svrveyor VII
Total power on time 18 hr, 22 min | 36 hr, 21 min
Total spacecraft commands 5,879 12,639
Total functions 1,898 6,956
Total bearing tests 7 16
Total trenching tests 4 7
Total impact tests 13 2

2. Surveycr VII

At the time of Surveyor VII touchdown, the operations
plans called for the deployment of the alpha-scattering
instrument before any surface-sampler operations to pre-
vent any possible disturbance of the lunar surface before
a chemical 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 deployme. t (Ref. V-9). Initial sampler contact with the
lunar surface occurred at bearing point 1 (Fig. V-4) and, as
shown in Fig. V-5, was remarkably similar to the initial
bearing test on Surveyor III (bearing test 1, Fig. V-3).
Using command tapes especially designed to operate the
surface sampler in a bearing test mode, as well as tapes
to provide pictures between each command during a
trenching test in order to construct a motion picture,
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successful soil tests were continued throughout the first
lunar day. The total operating times and number of
commands issued during the mission are shown in
Table V-1; sixteen bearing tests, seven trenching tests,
and two impact tests were performed. After initial de-
ployment to the wndisturbed surface, the alpha-scattering
instrument was 1edeployed to a second sample position
(a rock) and then to a third sample position (disturbed
surface). Figure V-6 shows the surface sampler in the
process of moving the alpha-scattering instrument from
the second to the third lunar sample. The locations of
the soil tests and of these sample positions are shown in
Figs. V-4 and V-7. Figure V-8 shows the results of data
analysis from bearing test 2 on the Surveyor VII mission.
This diagram is a revised version of Fig. V-5 from
Ref. V-9, following post-mission studies.

Temperature data and motion-increment measurements
for the surface-sampler motors on Surveyor VII showed
that the motors did not change their operating charac-
teristics significantly (particularly as far as distance per
command is concerned), even though they operated
under a wide range of temperatures. The similarity of
the elevation motors on the surface samplers on both
missions can be seen from the curves of force vs motor
current shown in Fig. V-9, From these curves, it is clearly
evident that the bearing forces applied by the surface
samplers were nearly equal under stall conditions. Thus,
direct comparisons could be made of the soil at both
landing sites. o

The surface-sampler subsystem was operated during
the second lunar day, thus demonstrating that the unit
and auxiliary had survived the lunar night.

C. The Operations: Comparison of Tests

1. Surveyor III

The landing of Surveyor I (Ref. V-3) demonstrated
that the lunar surface was composed of a granular, soil-
like material and gave some indication of the properties
of the soil. The Surveyor III surface sampler had been !
arranged and calibrated so that measurements of the
current supplied to its motors would give an indication
of the force applied to the lunar surface in testing oper-
ations. The state of the cpacecraft telemetry following
landing on the lunar surface, however, precluded any
measurements of the motor currents, and therefore, the
forces, during subsequent operations. The maximum
forces exerted by the elevation and retraction motors
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under stall conditions had been measured in terrestrial
tests and related to temperatures. Since the motor tem-
peratures could be estimated during Surveyor III oper-
ations, the surface tests were conducted until deliberate
stalling of the motor was achieved. In this manner, it was
possible to estimate the forces applied to the surface.
From this information and from various tests conducted

with Surveyor 111, the properties of the lunar surface soil
were estimated.
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The lunar surface material appears to have the prop-
erties and behavior of a fine-grained, terrestrial soil pos-
sessing a small amount of cohesion and an angle of
internal friction corresponding to a medium dense soil.
The density is apparently within the range of ordinary
terrestrial soil (Ref. V-2). Most of the lunar tests, with
the exception of the bearing tests, indicated a relatively
homogeneous soil material in lateral extent, but one that
increased somewhat in strength as a function of depth.
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Fig. V-4. Plan view of surface-sampler operations showing locations of bearing and impact tests performed on

Surveyor VI,
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Fig. V-5. Similarity of initial bearing tests performed. (a) Surveyor Il (April 22, 1967, 05:17:27 GMT). (b) Surveyor VIl

Uanvary 11, 1968, 03:55:42 GMT).
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Fig. V-6. Surface sampler holding the alpha-scattering instrument during deployment to third lunar sample on the |
Surveyor VIl mission (Janvary 22, 1968, 11:21:12 GMT).
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This was obseived 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 I11, and only one of these rocks was
picked up for a closer examination, Its dimensions, how-
ever, were too small to permit the weight of the rock to
be determined.

FORCE, dynes X 10®

.
X
X
X
| "
4 | 1 |

Fig. V-8. Force vs penetration curve for bearing test 2 on
Surveyor VI,

Impact tests were performed on Surveyor III; how-
ever, the relatively small spring constant of the torque
spring precluded the determination of density from these
tests.

2. Surveyor VII

Surveyor VII landed on an ejecta blanket north of the
rim of Tycho. Telemetry was used extensively for the mea-
surement of motor currents during subsequent surface
operations. As a consequence, it was possible to deter-
mine the force vs depth of penetrations during bearing
tests (Ref. V-9) and trenching operations. The soil be-
haved qualitatively and quantitatively in a fashion sim-
ilar to that observed at the Surveyor III site; relatively
minor differences were observed. Results from bearing
tests show that the mechanical properties cited for the
mare material can be applied to the Tycho material.

During Surveyor VII operations, obstructions were
encountered in the trenches. A large fragment 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 that the soil cover
at the Surveyor VII site was generally thinner than that
encountered by Surveyor III. This soil cover probably
constitutes only the upper few centimeters of the frag-
mental debris layer that comprises the Tycho ejecta
blanket.
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Fig. V-9. Force vs motor current for surface-sampler bearing modes on Surveyors Il and VI,
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In one of the trenches formed hy Surveyor VII, a depth
of 20 to 24 cm was attained in successive passes; subse-
quent analysis of the motor-current data indicated rela-
tively little increase of strength with depth in this
excavation. In fact, from the trenching information, the
s0il seems to be relatively uniform to the maximum depth,
This difference in behavior from Surveyor III may be
due to the different chemical nature of the soil at the two
sites, a different age of the material since its deposition,
or to other factors (Ref. V-10).

3. Comparison of Mare and Highland Sites

Qualitatively, the soil at the two sites exhibited ceitain
differences in deformational behavior. In the mare area, a
penetration test of the lunar surface caused cracking and
splitting of the surface material as it was pushed up by
the soil displaced by the surface sampler. Although this
cracking was manifested to some small extent at the
Surveyor VII site, the process of deformation was much
more one of plastic working of the soil. It can be con-
cluded, therefore, that the soil at the Surveyor III site
exhibits a brittleness lacking in the soil in the vicinity of
Tycho. That is to say, the soil at the Surveyor III site
possesses some cohesion among the individual surface
grains, which can be broken and may not be re-established
to the same degree. This can be confirmed by observa-
tions of the behavior of the material during trenching
operations at both landing sites. At the Surveyor III
site, a trenching operation produced relatively large

' chunks of lunar surface material which could be easily

crushed by the surface sampler. At the Surveyor VII site,
the trenching operation produced relatively small clods

- of soil, and the material appeared to deform without

cracking or forming large lumps. Since both soils are
cohesive, it indicates a somewhat different nature of the
cohesiveness of the two sites.

It must be emphasized that the soil at the Surveyor 111
site also indicated a tendency to be cohesive even after
it was disturbed, so that some adhesion among the indi-
vidual fragments must be of a reversible nature. To some
extent, it can be concluded that, at the Surveyor III site,
a crust of somewhat brittle materizal existed to a depth
of 2% to 5 cm below the surface. Below this depth, the
soil at both sites exhibited no substantial difference, with
the exception of the increase in strength with depth
observed at the Surveyor III site. With possible modi-
depth of the underlying rock
fragments, the soil at the Surveyor VII site also appeared
to be quite uniform laterally over the region tested by
the surface sampler.
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One rock fragment was squeezed in the jaws of the
Surveyor 111 surface sampler; rock fragments were picked
up by the Surveyor VII surface sampler, and one rock
fragment was broken by an impact. Since the rock
picked up by the surface sampler on Surveyor Il re-
mained intact when subjected to a force of several
hundred Newtons per square centimeter by the surface-
sampler jaws, it was concluded to be a rock fragment
rather than an aggregate of soil partic’2s. The range of
densities obtained by picking up and weighing a frag-
ment adjacent to the Surveyor VII spacecraft confirms
this conclusion. The density was in the range 2.4 to
3.1 g/cm®, with the most probable value about 2.8
to 2.9 g/cm®. Another rock fragment of apparently sim-
ilar appearance was fractured by a moderately strong
blow by the Surveyor VII surface sampler. The magni-
tude of the impact indicates that cither the sample was
weakened by fracture planes or discontinuities within it,
or 0;Int it was not a particularly strong rock initially
(Ref, V-9),

On both missions, some lunar soil adhered to the sur-
face sampler; this adhesion seemed to occur more fre-
quently toward the end of the lunar day. On Surveyor VII,
soil fragments were observed to adhere to the outside of
the surface-sampler scoop by the end of lunar opera-
tions. The adhesion was not strong apparently, as it was
observed that soil deposited on the mirror surface of the
alpha-scattering sensor head slid fairly readily across
the surface after 24-hr contact with the sensor head.

On Surveyor VII, the surface sampler carried two
magnets embedded in the scoop door; some of the oper-
ations conducted were performed for the purpose of
studying the interaction of the magnets with the lunar
material. Magnetic materials in granular form and one
apparently magnetic fragment were picked up during
these tests.

No alpha-scattering instrument was carried on
Surveyor III; therefore, all of the surface-sampler time
was devoted to lunar surface tests. On the Surveyor VII
mission, a large amount of time was devoted to inter-
action with the alpha-scattering instrument to ensure
that it successfully sampled the lunar surface.

D. Summary and Conclusions

The surface sampler, a versatile and extremely useful
apparatus for performing a variety of mechanical func-
tions, also proved its value as a remote manipulation tool.




Although relatively complex operations plans had been
established before the lausch and touchdown of
Surceyors 111 and V11, it was found that successful surface-
sampler operations were conducted by evaluating in real
time the obstacles and tasks to be performed, and by
operating the surface sampler in conjunction with the
television camera to accomplish the required tasks. The
use of motor current proved a useful addition to the pro-
cess of manipulating the surface sampler, which responded
correctly to all commands transmitted during operations.
The design of the mechanism and its electronic auxiliary
was more than adequate for all lunar surface operations.

Data acquired from the Soil Mechanics Surface-
Sampler Experiment on the Surveyor 111 and VII missions
provided significant information on the mechanical prop-
crties of the lunar soil. The range of properties has been
reduced greatly from the ranges postulated before
Surveyor. A summary of soil parameters, which are pre-
sented and discussed in Ref. V-9, is gi' en below:

(1) The lunar surface at the Surveyor VII landing site
is covered with a fine-grained soil whose depth
over rock, or rock fragments, varies from 1 or 2 cm
to at least 15 em. Many rock fragments ranging in
size to 10 cm lie on the surface within the surface-
sampler operations area. This differs from the
Surveyor 111 site principally in the rock distribu-
tion, as only small, partially buried, fragments were
found there.

(2) The surface soil at the two sites exhibits similar
properties. The behavior of the soil at a depth of
several centimeters is, therefore, consistent with a

material possessing a cohesion un the order of
0.35 to 0.7 X 10* dynes/cm®, an angle of friction
of 35 to 37 deg, and a density of about 1.5 g/cm’.

(3) The re.istance of the soil to penetration, and there-
fore its strength, increases with depth in the top
1 or2cem.

(4) To a depth of several millimeters at the lunar sur-
face, the soil appears less dense, softer, and more
compressible than the underlying material.

(3) The bearing capacity of the lunar soil to the
2.54-cm-wide area of the closed scoop of the sur-
face sampler was about 2.1 X 10° dynes/cm?® at a
penetration of about 3 cm.

(6) Qualitatively, the soil at the Surveyor VII site was
less brittle than at the Surveyor 111 site; there was
less general cracking, and tests and trenching oper-
ations provided smaller lumps or aggregates of
lunar soil.

(7) The density of a single rock, which was picked up
and weighed during the Surveyor VII mission, was
in the range 2.4 to 3.1 g/cm’.

(8) The excavation of one partially buried rock during
Surveyor VII operations revealed that the subsur-
face part was angular in contrast to the rounded
visible part.

(9) One apparently intact rock was fractured by a
blow from the Surveyor VII surface sampler.

(10) The adhesion of lunar soil to the surface-sampler
scoop appeared to increase with time.
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VI. Lunar Surface Temperatures and Thermal Characteristics

J. W. Lucas (Chairman), W. A. Hagemeyer, J. M. Suari,
L. D. Stimpson, and J. M. F. Vickers'

Each of the five landed Surveyor spacecraft trans-
mitted data back to earth for at least 2 wk. The Surveyor
landing sites are shown in Fig. VI-1; Table VI-1 lists the
- selenographic location, time of landing, local slope, and

~ sun elevation above the eastern horizon at landing.

In addition to the selenographic location differences,
the local terrain upon which each of the spacecraft
landed was different. Surveyor I landed on a relatively
smooth, nearly level surface, encircled by hills and low
mountains. Surveyor III landed about halfway down
the slope of a crater about 200 m in diameter and 15 m
deep. The local slope was about 12% deg from the lunar
horizontal. Surveyor V landed with one leg on the rim-
less edge of a 9- by 12-m crater, which was 1.5 m deep,
and the other two legs within the crater. The local
slope was about 20 deg from the lunar horizontal,

- Surveyor VI landed cn a relatively smooth, nearly level,
- flat surface. The local slope was less than 1 deg from

the lunar horizontal; after the hop made by the

1With the exception of J. M. Saari of the Boeing Scientific Research
Laboratorier, the authors are affiliated with the Jet Propulsion
Laboratory.
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spacecraft, the local slope on the new site was about
4 deg. Surveyor VII landed in extremely rough terrain,
but with a local slope of only about 3 deg.

The behavior of the various spacecraft on the lunar
surface varied. Surveyor I gave excellent data for two
successive lunar days, and partial data was obtained
as late as the fith and sixth lunar days. The spacecraft
operated for 48 hr into the first lunar night.

Surveyor Il landed with the vernier propulsion sys-
tem still at a thrust level almost equal to the lunar
weight. It lifted off after initial touchdown and remained
aloft for about 24 sec. Liftoff also occurred after the
second touchdown, the spacecraft remaining aloft for
12 sec before third touchdown. At the time of second
touchdown, all analog telemetry signals (which included
all but two of the temperature telemetry channels, both
associated with the television camera) became erro-
neous. The anomaly was localized in the signal pro-
cessing analog-digital converters, and it was found that
most of the analog data obtained in the lowest rate
mode (17.2 bit/sec) was fairly reliable and could be
corrected with simple calibration factors. However, the

e




MARK IMeRIUN ; ‘” s’ﬂ. “'“"
‘ﬁl. LERE B '

- l — e ey
I e (waun san -rruu

e 0 nru ™

Fig. Vi-1. Surveyor landing sites.
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Table Vi-1. Pesitional characteristics of Surveyor spacecraft

Touchdown time Sun elevation
Selenographic coordinates above eastern | Approximate
Spacecraft Atles /ACIC system Selenographic oMY OMT horizon ot | local slope,
location date houriminuteisecond | tovchdown, dog
Lotitude Longitude deg

Surveyor | 2.46°5 43.23°W Sovthwest part of June 2, 1966 06:17:36 20.5 <)
Oceanvs Procellarum
(Ocean of Storms)

Surveyor NI 2.99°8 23.34°W Southeast part of April 20, 1967 00:04:17" 1.8 12.4
Oceanus Procellarum
(Ocean of Storms)

Surveyor V 1.4°N° 23.2°¢° Mare Tranquillitatis September 11, 1967 00:46:42 16.4 20
(Sea of Tranquillity)

Surveyer VI 0.51°N 1.39°W Sinus Medii November 10, 1967 01:01:04 2.8 <1®
(Central Bay)

Surveyor VII 40.88°S 11.45°W Ejecta blanket Janvary 10, 1968 01:05:36 12,5 3
of crater Tycho

*Initiel touchdown; second touchdown was ot 00:04:4) OMT; finel touchdown was ot 00:04:53 OMT,

bApproximate; net precisely located,

eBofore the hep. After the hop, the slope was about 4 deg.

overall accuracy of telemetered temperatures from
Surveyor 111 was estimated at +6°K compared with that
of +=4°K for the other spacecraft. Surveyor III experi-
enced a solar eclipse (by the earth) during its first lunar
day on April 24, offering the first opportunity to observe
such an event from the moon. Surveyor III did shut

| down almost immediately after sunset (2 hr) on the first

u
I
i
f
!

lunar day.

Surveyor V, which operated for about 115 hr into the

. first lunar night, also experienced a solar eclipse (by

|

the earth) on the second lunar day on October 18 and
operated for about 215 hr into the second lunar night.
It operated for a short period of time during the fourth
lunar day, transmitting 200-line television pictures.

The vernier rocket engines on Surveyor VI were fired
on the lunar surface during the first lunar day, causing
the spacecraft to lift off from the lunar surface and to
hop 2.4 m. Surveyor VI operated for about 40 hr into
the lunar night; it was revived on the second lunar day,
but gave thermal data for only a short time.

Surveyor VII, which operated for about 80 hr into the
first lunar night, was successfully revived on the second
lunar day, giving good thermal data during the day;
however, contact with the spacecraft was lost before
sunset on the second lunar day.
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Surveyor I presented the first opportunity to obtain
in situ estimates of the lunar surface temperatures and
thermophysical characteristics, in addition to engineer-
ing data on the thermal behavior of the spacecraft
during operation on the lunar surface. It should be
emphasized that none of the Surveyor spacecraft carried
any instruments, as such, to measure lunar surface
temperatures or surface thermal characteristics. For
operational reasons, the spacecraft were thermally iso-
lated from the lunar surface to the greatest extent
possible. There were temperature sensors on the outer
surfaces of two electronic compartmerits, on the solar
panel, and on the planar array, which were highly depen-
dent on the local thermal radiation environment and
only partially dependent on other spacecraft equipment.
These spacecraft temperatures have been used to esti-
mate the average brightness temperature of those por-
tions of the surface viewed by each sensor. In this Report,
brightness temperature is used in the usual sense; that is,
the experimentally observed temperature a surface with
unit emissivity must have to produce the measured
response.

The earth-based (telescopic) eclipse measurements
used for comparison were performed to a resolution of
either 8 or 10 sec of arc (14 or 18 km at the disk center).
The error of matching earth-based infrared maps with
lunar photographs is 4 to 8 km, based upon a least-
squares approximation using 30 to 50 identifiable hot




spots. The location of the Surveyor spacecraft, relative
to nearby features on Lunar Orbiter photographs, is
known to 1 m. The Surveyor spacecraft provided esti-
mates of surface temperature out to about 18 m from
the corapartments. Thus, compared with the best pre-
vious infrared telescopic observations, this is an improve-
ment in ground resolution by a factor of 1000. The
derived temperatures after sunset, and during the two
eclipses, were used to estiinate the thermal characteristics
of the lunar surface at each site.

A. Earth-Based Thermophysical Observations

The surface temperatures calculated from the space-
craft thermal data were compared with earth-based
measurements and theoretical thermophysical models.
In the following paragraphs, a summary is given of the
pertinent earth-based measurements of the various land-
ing site regions.

1. Albedo

With regard to the theoretical models, it is necessary
to know the bolometric albedo so the: during illumi-
nation the amount of solar radiation absorbed by the
surface can be calculated. If the small amount of energy
conducted in or out of the surface during illumination
is ignored, then the Lambertian temperature, T,, (with
unit surface emissivity assumed) is defined by the

expression
oT{ =(1 — A)Ssiny (1)
where

o = Stefan-Boltzmann constant, W/m* °K*

A = bolometric or total solar albedo, dimensionless
S = solar irradiation, W/m?*

¢ = elevation angle of the sun to the surface, deg

By this definition, the Lambertian temperature is that
which a perfectly diffuse blackbody surface would have
to radiate the same energy as is absorbed. Actually, as
discussed later in this section of this Report, the lunar
surface exhibits directional effects in its emission; how-
ever, it has been found that the Lambertian temperature
provides a useful comparison to the spacecraft data.

In order to calculate T,, the bolometric albedo of
each site must be known. For this purpose, the simul-
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taneous infrared and photometric scan data of Ref, VI-1
were used. Of particular interest was the scan at full
moon (—2-deg phase angle) just prior to the December
19, 1964, eclipse. The data show the brightness® tempera-
ture changes with the photometric brightness on adja-
cent regions. This allows the calculation of the relation-
ship between the photometric brightness on this scan
and the bolometric albedo.

Now, because of the directional emission of the lunar
surface, the observed brightness temperature, T,, differs
from the Lambertian temperature because of the angle
of view, so that

Tw(y) = D(y)T.. (2)

which defines the diiectional factor D(y). For the full-
moon scan, if the bolometric albedo, A, is assumed
proportional to the measured photometric brightness,
B, then

A =KB (3)
where K is a constant, which if known allows the deter-
mination of A for any point. To determine K, measure-

ments were made on two areas, 1 and 2, of differing
brightness at the same y, so, from Eqgs. (1) and (2),

. [7‘;7.3'7]; (1— KB,) S sin y
and (4)

¢ [-E%;}]Q (1 — KB,) S sin y

Eliminating D(y) between these two equations and solv-
ing for K, we find

4 = 4
K= T:. 2 Tl. l‘ (5)
3‘! b2 BJ b1

It was thought that K could possibly be a function of y,
so many pairs of points of diffevent brightness were mea-
sured over the disk. The results showed that K was
essentially independent of .

For each landing site region, B was measured from
the scan data and the bolometric albedo calculated with
the value of K determined above (see Table VI-2.)

*With unit surface emissivity assumed.
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Table VI-2. Mission characteristics

Characteristic Svrveyer | Svrveyor Svrveyor V Surveyer VI Svrveyor VI
Londing site Oceanus Oceanvs Mare Sinus Medii Ejecta blonket
Procellarum Procellarum Tranquillitatis of Tycho
Soler constant, W /m? 1352 1386 1375 1423 1442
Bolometric albedo (A) = 0.052 0.076 0.077 0.084 0.17
lunar reflectivity (ps)

Because the measurements were made with a resolution
of 10 sec of arc (18 km at the center of the disk) and
with a location accuracy of 4 to 8 km, the albedo of
the region in the immediate vicinity of a spacecraft
could depart considerably from the quoted values.

2. Thermophysical Properties of the Surveyor
Landing Sites

The thermophysical properties can be determined only
from post-sunset eclipse or lunation cooling curves. The
most extensive eclipse measurements are those of Refs.
VI-2 and V!-3 made during the Decenser 19, 1964,
eclipse. Data on isotherms during totality for the equa-

 torial region have been published (Ref. VI-4); the meas-

urements revealed anomalous cooling of features of a
wide range of sizes, varying from kilometer-sized craters
to the entire maria. It would not, therefore, be surprising

| if thermal heterogeneity were found to dimensions much

smaller than possible to measure by the earth-based
eclipse measurements; for example, any local areas
strewn with sizable boulders should cool more slowly
than unst ‘cwn areas.

Isotherms in the region of the Surveyor I landing site
have been transferred to the Lunar Aeronautical Chart
(Fig. VI-2). In that region, the craters Flamsteed and
Flamsteed B are prominent hot spots. It can be seen
that the area in which Surveyor I landed is one with
small horizontal thermal gradients; thus, it contains the
highly insulating properties that typify the general
lunar surface.

Isothermal contours in the region of the Surveyor III
site during totality of the December 19, 1964, eclipse
(Ref. VI-2) are shown in Fig. VI-3. The region is relatively
bland. Isothermal contours for the Surveyor V and VI

landing site regions from the same eclipse data, are

| shown in Figs. VI-4 and VI-5, respectively. Again both

-

'*?8

| JPL TECHNICAL REPORT 32-1265

regions appear to be relatively bland at the limit of
resolution of the earth-based measurements.

The crater Tycho is an outstanding thermal anomaly
on the lunar surface from the standpoint of the tem-
perature difference over its environs and the size of the
area affected. Isotherms of the region from Ref. VI-3
are shown in Fig. VI-6 and indicate that there are three
maxima in the temperature distribution within the crater
and that the anomaly extends about one crater diameter
beyond the rim. The Surveyor VII landing site is within
the anomalous area surrouncding the crater. During
eclipse totality, the central peak is about 62°K warmer
than the environs, whereas the Surveyor VII landing
site area is only 14°K warmer.

3. Earth-Based Predictions of Lunar Surface
Temperatures of the Surveyor Landing Sites

The spacecraft data were compared with earth-based
measurements of the illuminated lunar surface made
during the December 19, 1964, eclipse. The latter mea-
surements, it is to be noted, are influenced by the direc-
tional effects of infrared emission determined by the
direction from which the site regions were observed
on earth. Lunation calculations (Ref. VI-5) of the homo-
geneous model were used assuming constant thermo-
physical properties. These properties are characterized
by the thermal parameter y = (kpc)-*, where k is ther-
mal conductivity, p is density, and ¢ is specific heat.
This constant y model, however, can not adequately
represent the earth-based measurements during both
eclipse and post-sunset, since the former requires a
much larger constant y than the latter. During illumi-
nation, the model predicts temperatures essentially in
agreement with Eq. (1) if y is greater than 500. Recently
a particulate model of the lunar soil has been proposed
(Ref. VI-8) which ag.ces with both the eclipse and post-
sunset cooling.

A 0 e S B s 50 AL AP o -
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Fig. VI-2. Isothermal contours for landing site region of Surveyor |
obtained during totality of lunar eclipse.
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Fig. VI-5. Isothermal contours for landing site region of Surveyor VI obtained during totality of lunar eclipse.
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Fig. Vi-6. Isothermal contours for landing site region of Surveyor VIl obtained during totality of lunar eclipse.
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The bolometric albedos used in the following calcula-
tions are those given in Table VI-2 for each landing site.
The temperatures were corrected for the appropriate
moon/sun distance. Also, the normal to each surface
clement was assumed coincident with the local vertical.

A y value of 800 (Ref. VI-5) is typical for the lunation
of the equatorial Surveyor sites and was derived from
carth-based post-sunset measurements of mare areas in
the castern section (Ref. VI-7). The larger y values given
in the following paragraphs resulted from earth-based
eclipse measurements. The difference in y is thought to
be a consequence of heat exchange from only the upper-
most millimeters of soil during an eclipse, whereas a
different type of soil at a lower depth is involved during
the lunation warming and cooling phases.

The calculated lunar surface Lambertian temperatures
(Ref. VI-5)* for the homogeneous model at the Surveyor |
landing site are shown in Fig. VI-7. The specific values

| B P. Jones calculated the Lambertian curves for the different

Surceyor sites including post-sunset where the differentiation due
to v is significant.

for solar constant and lunar reflectivity (albedo) used
for each mission are given in Table VI-2. The time scale
was fixed assuming a flat moon surface at sunset. The
y = 800 intermediate curve in Fig. VI-7 is considered
most representative of the site. It is of some interest to
note that a y value of 1350 had been inferred for the
Surveyor | site freen earth-based eclipse measurements.
Temperatures calculated for the Surveyor IIl site are
shown in Fig. VI-§,

Thermal measurements were made of the Surveyor 111
site during the April 24, 1967, eclipse. Figure VI-9
shows a predicted cooling curve for the site from earth-
based measurements obtained during the December 19,
1964, eclipse (Ref. VI-2). When this curve was compared
with the theoretical eclipse cooling curves for a homo-
geneous model (Ref. VI-8), it was possible to infer a
value for y of 1400. Values of y in this range, as deter-
mined from eclipse calculations, are representative of
the insulating material that characterizes much of the
lunar surface. The warming curve in Fig. VI-0 represents
calculated equilibrium surface temperatures corres-
ponding to the insolation at each time.

LUNAR SURFACE TEMPERATURF X
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Fig. VI-7. Calcviated Lambertian temperature for Surveyor | landing site.
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Fig. VI-9. Predicted eclipse Lambertian temperature for Surveyor il landing site .
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Fig. VI-10. Calculated Lambertian temperature for Surveyor V landing site.
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The calculated Lambertian temperature for the
Surceyor V landing site is shown in Fig. VI-10. Figure
VI-11 is a predicted eclipse cooling curve for the site,
from ecarth-based measurements. By using the theoretical
eclipse cooling curves for a homogeneous model (Ref.
VI-8), a y of 1350 was obtained for the lunar surface
materiul,

The calculated Lambertian temperatures and earth-
based temperatures (Ref. VI-1) at the Surveyor VI landing
site are shown in Fig. VI-12, Each value has been plotted
at that time in November 1967 when the elevation angle

- of the sun was the same as when the measurement was
“made. These earth-based measurements show the direc-

| 200

tionality of lunar infrared emission; near local noon,
when the surface was observed from the same general
direction as the sun (i.e, when the phase angle was
small), the measured temperatures were higher than the
calculated Lambertian temperatures. Earth-based eclipse
observations show cooling during totality comparable
to that for « homogeneous model with a y of 1100.

The calculated Lambertian temperatures for the
Surveyor VII landing site are shown in Fig. VI-13. Also

400 o
240

200
380

160

120

-160
| 80 ' Eg OF 200
A A s roe | UMQARA‘_A - ]
20 40 20 40 20 40 20 40 20 40
08:00 0900 10:00 11:00 12:00 13:00

GMT (OCTOBER 18, 1967)

Fig. VI-11. Predicted eclipse temperature for Surveyor VI
landing site.
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shown are the earth-based measured temperatures, which
again show a directional effect distributed over a larger
portion of the lunar day. During the December 19, 1964,
eclipse, Ingrao, et al. (Ref. VI-9) made measurements of
Tycho to a 9-sec-of-arc resolution up to a few minutes
before the end of totality. These eclipse observational
data fit the cooling curve for a homogeneous model
with y = 450 inside the crater and with y = 1100 outside
the crater by 30 sec of arc. It should be noted that a
y = 1091 was erroneously used in Ref. VI-10 for post-
sunset temperatures outside the crater instead of 800
from actual post-sunset measurements (Ref. VI-7).

Although no earth-based measurements of the
Surveyor VII landing site region were made during the
lunar night, it was possible to obtain a post-sunset cool-
ing curve by interpolation in the following manner:

(1) Earth-based eclipse cooling curves were obtained
from the data of Ref. VI-2 for the crater itself,
the landing site region, and the environs outside
the anomalous region surrounding the crater.
These curves showed the landing site region had a
temperature difference over the environs only
0.27 as large as that for the crater itself.

(2) Post-sunset cooling curves were available for the
crater (Ref. VI-1); for the environs, a theoretical
curve for the homogeneous model with y = 800
was assumed.,

(3) A post-sunset curve for the landing site region was
determined by interpolating 0.27 of the way from
the environs curve to the crater curve, resulting
in the predicted X curve shown in Fig. VI-13,
This post-sunset curve corresponds to a y of 550
for the landing site region.

4. Directional Effects

It has been determined that, when the lunar surface is
illuminated by the sun, the observed brightness tem-
perature is not constant for different angles of observa-
tion; i.e., the surface does not behave like a Lambertian
surface (Ref. VI-11). This effect, ascribed to surface
roughness, causes the brightness temperature to be higher
when the phase angle is small (i.e., when the sun/
surface/observer angle is small) than when it is large.
(Qualitatively, the emission is greater when viewing the
lunar surface with the sun over one’s shoulder.) Such
directionality will have an effect on the radiation
received by the compartments on the Surveyor space-
craft to a degree depending upon the scale of the local
surface roughness.
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Fig. VI-'2. Earth-based and calculated temperatures for Surveyor VI landing site.

To correct the calculations for directional effects,
earth-based measurements over the entire lunar disk
were used for three sun angles. For a sun elevation
angle of 90 deg, the measurements of Sinton (Ref. VI-12)
were taken, which show the variation in radiance from
the subsolar point as a function of the angle of observa-
tion. For two other sun angles of 30 and 60 deg, the
infrared scan data for different phases made by
Shorthill and Saari were used. Albedo corrections for
each point were made from the full-moon photometric
data. The directional factor was determined fromr £q. (2)
by using a calculated Lambertian temperature at each
point.

Directional factors obtained in this manner were
i wrenced to a lunar surface element by a coordinate sys-
tem with azimuth and elevation . zles for the direction of
observation defined as follows. Azimuth angles were
measured from the normal projection of the sun direction

onto the surface. Elevation angles were measured from
the surface in the plane of observation. Directional

224

factors obtained over the globe were referenced to this

azimuth/elevation angle system. A least-squares cpher- |
ical harmonic fit, symmetrical with respect to plus and |
minus azimuth angles, was then computed for the data. |

A contour plot of the directional factor for a sun
elevation angle of 60 deg is shown in Fig. VI-14. Direc-
tional factors were, of necessity, obtained from global
measurements made on a variety of features. It is
possible, therefore, for a small area such as a Surveyor
landing site to have different directional effects than the
average sur’ice if the local roughness or surface con-
figuration d'‘fered significantly from the average.

B. Spacccraft Thermal Measurements

1. Spa.ecraft Description

The Surveyor spacecraft (Fig. VI-15) had a basic
structural frame of tubular aluminum which served as
a tetrahedral .nounting structure for the electronic gear
and propulsion system. The three spacecraft legs were
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Fig. VI-13. Earth-based, calculated, and predicted temperatures for Surveyor Vil landing site.

attached at the three corners of the base. The = _nar
array antenna and solar panel, mounted on a mast about
1 m above the apex of the structure, cast varying shadow
patterns on the spacecraft and the lunar surface through-
out the lunar day. Changes in shadow patterns occurred
as a result of the commanded repositionings of the planar
array antenna and solar panel and from the apparent
movement of the sun (about 0.5 deg/hr).

Generally, the spacecraft components in the sun-
illuminated areas had white painted surfaces that
provided a low-solar-absorptance and high-infrared-
emittance thermal finish. The polished aluminum under-
side thermally isolated the spacecraft from the lunar
surface.

The temperature data of various points in the space-
craft were provided by platinum resistance temperature
sensors. Each sensor was calibrated individually to
+2°K; other nominal system inaccuracies degraded the
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overall accuracy to +=4°K.* Most of the 75 sensors
measured internal spacecraft temperatures. Some, how-
ever, were externally located and were responsive to
the lunar surface radiation; four were located on the
outside panels of the two main electronic components,
on the solar panel and on the planar array antenna.

a. Compartment canisters. Compartments A and B
housed the spacecraft electronics and battery. A thermal
blanket of multilayer insulation surrounded the com-
ponents in each compartment, and in turn was covered
with an aluminum panel. A temperature sensor was
buitded to the polished-a;uminum inner surface of the
outloard face, i.e., the surface facing the blanket of
each compartment (see Figs. VI-16 and VI-17). The

‘These temperature sensors were low resolution; other sensors,
critical for spacecraft performance assessment, were calibrated to
*=1°K with an overall accuracy of =3°K over a narrow tempera-
ture range.
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Fig. VI-14. Contours of directionality for sun elevation an
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Fig. VI-15. Surveyor spacecraft configuration.
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Fig. VI-16. Surveyor model showing compartment A.
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Fig. VI-17. Surveyor model showing compartment B.
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